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Part 0

Review of Calculus.



1. Total Derivatives

DEFINITION 0.1. Let n,m > 1 be integers, let U C R™ be open, and let xo, € U. A function
f: U — R™ is called differentiable at x if there is a linear map L: R™ — R™ so that, for
sufficiently small v € R",
f(zo+v) = f(20) = L(v) + o(|v]).

More precisely, the statement is that
lim f(zo +v) — f(xo) — L(v)

v—0 ‘U’

=0.

When this is true, the linear map L is called the derivative or total derivative of f at x(, denoted
L = Df (o).

PROPOSITION 0.2. Let f: U C R" — R™, and let xy € U. The following facts are easy to
verify.

(1) If f is differentiable at a point x, then it is continuous at x.

(2) If f is constant then it is differentiable at all points x, and D f(z) = 0.

(3) If f is a linear map, then f is differentiable at all points x, and D f(x) = [, that is, for
any base point x, the derivative of f based at x is the linear map [D f(x)|v = f(v).

The usual “rules” of differentiation hold for this derivative, as follows.

PROPOSITION 0.3. Let f,g: U C R™ — R™ be differentiable at xy € U. Let yo = f(z0) €
V C R™, and let h: V — RP be differentiable at .

(1) f + g is differentiable at xo, and D(f + g)(xo) = Df(x¢) + Dg(xy).
(2) (Product Rule) Suppose m = 1. Then fg is differentiable at xo, and D(fg)(xo) =

f(x0)Dg(xo) + g(x0) D f(20).
(3) (Chain Rule) h o f is differentiable at xy, and D(h o f)(xq) = Dh(yo) o D f(xo).

The proofs of (1) and (2) are left as Exercises; for (3), see [3, Prop C.3, p.643].

2. Partial and Directional Derivatives

Given f: U C R” — R™ with zy € U, and a vector v € R", the directional derivative of f
at xy in the direction v, should it exist, is defined to be

. flzothv) — f(zo) d
D, = lim = —f(xg+t
f (o) B h dtf< 0+ t0) +=0
As a special case, when we let v be a standard basis vector, we get the partial derivatives. Note:
our standard notation for the coordinates in R™ is (z*, 22, ..., 2"). The standard basis for R" is
denoted {ey, ez, ..., €,}.

DEFINITION 0.4. Let f: U CR® - R, andletxg € U. For1 < j <mn, th¢ partial derivative
Of)0x7 = 0,f at xq is the ordinary derivative of [ at xo with respect to 7, holding all other
variables x* with i # j constant. That is

a5 - f(zo + hejy) — f(xo)
oxJ h—0 h

= %f(xo + t€j> = DEjf(x())’

t=0
should this limit exist.
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If the partial derivative 0; f exists at each point x, € U, then we can interpret 0, f as a function
U — R as well, and ask about its partial derivatives.

DEFINITION 0.5. Let U C R" be open, and let k € N. A function f: U — R™ is called C*(U)
if all mixed partial derivatives of length < k:
o' f
ale . e axﬂ ’
are continuous functions. If f € C*(U) forall k € N, we say f € C°°(U), and call such a function
smooth.

Let f: U C R" — R™ be C'. In terms of components f = (f!,..., f™), this means that the
m real-valued functions {f7: 1 < j < m} are in C'(U). Then we can form the m x n matrix

i of
)i = = (w0).
This is the Jacobian matrix of f. (To be clear: A; is the entry in the ith row and jth column of
the matrix A, sometimes denoted A;;.)

PROPOSITION 0.6. Let f: U C R™ — R™. If f is differentiable at xo € U, then the partial
derivatives 0, f (z9), 1 < j < n exists, and in terms of the standard basis, the matrix of D f(z¢) is
J f(xg). Conversely, if f is C*(U), then f is differentiable at each xy € U, and so again D f(x)
has matrix J f (o).

1§€§k7 jl?"'ujfgn

PROOF. By definition,

0,1(20) = (ot 1e)| = D0 )(0),

t=0
where o;(t) = xo+ te; is an affine map R — R" with «;(0) = x¢. Using Proposition[0.2] we have
[Da;(t)](s) = se;, and so by the chain rule, this derivative exists and

0;f(zo) = Df(x0) o Do (0).
In particular, we have [Da;(0)](1) = e;, and so this tells us that 0; f(z) = [D f(x¢)](e;), which is
precisely to say that 0; f(zo) is the jth column of the matrix of D f(x) in the standard basis. This

shows that .J f () is the matrix.
For the converse, see [6]. O

We therefore usually make no distinction between D f and J f when it is clear what basis we
are working in. Note, then, mimicking the above proof using the chain rule, we have in general

Duf(zo) = Lot 1) = Dfw))(e)

t=0
In other words: if f is differentiable, then v — D, f(z() is a linear map (it is the total derivative).
The linearity of this map is not at all clear from the definition of directional derivative; and, indeed,
it is not true for non-differentiable functions (even ones with all partial derivatives existing).

COROLLARY 0.7 (Chain rule for partial derivatives). Let f = (f*,..., f™) be a C* function
UCR" —» R™ letxg € U, and let g = (g*,...,gP) be a C* function V. C R™ — RP with
f(zo) € V. Thenfor 1 <i<p

9 Of 330 Zﬁkg $0 af (330)



PROOF. We simply calculate
[0;(g0.f)(x0)]" = 9;(g o f) (o) = [J(go f)(z0)]j = [D(go f)(o)]; = D [Dg(f (wo))Ji[Df (o)
k=1
and this is precisely what is stated above. U

COROLLARY 0.8. A composition of smooth functions is smooth.

The proof of Corollary [0.8]is left as an Exercise.

3. Taylor’s Theorem

We will have frequent use for Taylor approximations of smooth functions. In multivariate

form, it is useful to use multi-index notation. Denote [n] = {1,...,n}. For a positive integer k
and J = (j1,...,Jx) € [n]*, we denote for x € R"
0y =0, - 0;, a’=ala?. . gt

Let k be a positive integer, and f € C*(U) for some open set U C R". For p € U, the kth order
Taylor polynomial of f at p is the polynomial function

Pyf (w;p) = Z Zan -p)”.

m= 0

Notably we have the first and second order expansions

Pif(z;p) = f(p) + Zﬁjf(p)(xj —p),

Pof(:p) = Puf(aip) + 5 3 00,1 (0)(x' — ) (o — ).

ij=1

Taylor’s theorem says, in a precise sense, that f(z) = Py f(z;p) + o(|x — p|*). Here we will state
and prove this theorem in its most useful version: with integral remainder term.

THEOREM 0.9 (Taylor’s Theorem). Let U C R"™ be open and convex, let k be a positive integer,
and let and f € C**Y(U). Then for any points z,p € U,

f(x) = Pf(a;p) + % > (z—p)’ /1(1 — )"0 f(p+t(x —p)) dt. (0.1)

" Je[n]k+1 0

PROOF. We prove this by induction on k. For £ = 0, the desired statement is
+Z / 8;f(p+ t(x — p)) dt.

To see why this is true, let u(t) = f (p +t(x — p)). Our assumption here is that f is C'! in a convex
neighborhood of z, p, and so the function u (defined along the line joining x to p) is C*[0, 1].
Hence, by the Fundamental Theorem of Calculus,

u(t) — u(0) = / o (t) di = / Df(p+ 1z — p))](x — p) dt
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and this, together with the fact that u(0) = f(p), yields the result.
Now, suppose (0.1)) holds true for a given k. Fix a J € [n]**!. Then, integrating by parts,

/o (1=t)*0,f(p+t(x —p))dt
_ {_ (1 _ t)k+1

t=1

E+1 ot

1 _ k—i—la
k+1 +/0 &—@f(pn%(m—p))dt.

Orf(p+t(x — p))}

t=0

The first term is simply k+r18 ;f (p). For the second term, we compute by the chain rule that that

O @)+ 1 =) = D (0sH) o+ ta — )’ — )

j=1

Thus, summing over J, we have

Z (z _p)J/O (1—=t)*0;f(p+t(x —p))dt

JEn]k+1
1 1 :
=7 2 W= g Y @) @ p) 00 (p+ e - p)
JE[n)k+1 Jen]k+1 jen]
1 1 /
:m Z 3Jf(P)(x—P)J+m Z (I—P)J Oy f(p+tlx—p)).
* J€[n]k+1 + J'€[n]k+2

But, by the inductive hypothesis, this sum is k! times f(z) — Py f(x). Dividing out and combining
yields (0.1)) at stage k + 1, concluding the proof. O

COROLLARY 0.10. Let U be an open convex subset of R™, let p € U, and let f € C*1(U)
for some positive integer k. If all partial derivatives of order k + 1 of f are bounded on U — say
105f(y)| < M for J € [n]**! — then for x € U,

nF LM
_ P < T _ k!-i-l.
@) = Puf @) < Gyl =
PROOF. There are n**! terms in the sum on the right-hand-side of (0.I). The Jth term is
bounded by

1 o k M j j j j

—(x — 1—-)"Mdt = It — ) e (R — pIEE)|,

Fla=pl [a- Gl =) e
Now, set y = x — p. The product term is then |y7!| - - - [y7++1|, which can be written uniquely in the
form |yt - - - |y™|* for some non-negative integer exponents €y, . . . , €, satisfying e¢; + - - - + ¢, =
k + 1. Note that

k+1
2(k+1): 112 n2k+1: 112ry [, |2rn
R RN e P DK SR [ upttl
T yeens >0
r1+-Frn=k+1
Z |y1|2€1 .. |yn|25n‘

Taking square roots shows that [y - - - |y/*+1| < |y|**!. Combining this with the above completes

the proof. U



Taylor’s Theorem is often stated only in the form of Corollary This is useful for many
applications, but it fails to make clear an important regularity result: the terms in the o(|z — pl|*)
remainder are all of the form (z — p)’ (for some J € [n]**!) times a nice function — if the original
function is C**1**, then these term are themselves C*. We record this as a proposition.

PROPOSITION 0.11. In Taylor’s Theorem suppose f € C*1* for some ¢ > 0. Then the
remainder terms are (x — p)”’ times functions

1
oo [0+ e - p)ar
0
that are C*.

PROOEF. These are functions of the form fol g(x,t) dt where g(z,t) = (1—t)k0; f(p+t(x—p)).
Since f € C*1* 9, f € C* for any J € [n]**1, and so g is C* in both x and t. The result then
follows by differentiating with respect to x (repeatedly) under the integral, which is easily justified
in this situation (see, for example, [6]). O

4. Lipschitz Continuity

DEFINITION 0.12. Let (X, dx) and (Y, dy ) be metric spaces. A function f: X — X' is called
Lipschitz if there is a constant C' > 0 so that

dy (f(x), f(2") < C-dx(x,2), forall z,2' € X.

The function is said to be locally Lipschitz if, given vy € X, there is a neighborhood U containing
xo such that f|, is Lipschitz.

LEMMA 0.13. Let f: X — Y be a locally Lipschitz map between metric spaces. If K C X is
compact, then f|. is Lipschitz.

PROOF. By assumption, for each z € K there is neighborhood U, of x on which f is Lipschitz;
choose a radius d(x) so that B(x,26(x)) C U,; then there is a Lipschitz constant C'(x) so that

dy(f(z), f(2") < C(x)dx(x, ), for all z, 2" € B(x,26(x)).

Note that K is contained in the union of all the balls B(x,d(x)) for x € K. Since K is compact,
there are finitely many points xy,...,x, € K so that K C B(xz1,(z1)) U -+ U B(xy,,0(zy,)).
Define C' = max{C(x1),...,C(z,)} and 6 = min{o(z1),...,d(x,)}.
e Suppose d(x,z’) < §. We know there is a points z; € {x1,...,x,} so that dx(z,z;) <
d(x;). Then by the triangle inequality dx (z', z;) < dx(2',z) +dx(z, z;) < 0+ 0(z;) <
20(x;). Thus, both z, 2" are in U,; where f is Lipschitz with constant C'(z;) < C, and so
dy(f(z), () < Clx(z, ).
e Suppose, on the other hand, that dx (z, ') > 4. Since f is continuous, f(K') is compact
(Exercise), and hence it is bounded. Then we have

dy (f(z), f(z")) < diamf(K) < diamTf(K)

This shows that f is Lipschitz on K, with constant < max{C, diamf(K)/d}. O

dx(z, ).

The most prevalent examples of Lipschitz functions R" — R™ (equipped with their usual
Euclidean metrics) are C' functions.
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PROPOSITION 0.14. Let U C R" be an open subset, and let f: U C R™ — R™ be C. Then
f is locally Lipschitz.

PROOF. Let zyp € U, and fix any closed ball B centered at 2, with B C U. Note that B is
convex, so for any a,b € B the whole line segment between a and b is contained in B. By the
chain rule, ¢ — f(a + t(b — a)) is differentiable, and so by the fundamental theorem of calculus
applied to its components, we have

1
d
F0) = f(a) = [ Gita i)
0
Applying the chain rule, this gives

F(b) — fla) = / Df(a+t(b—a))(b—a)dt.

We can therefore estimate

If(b)—f(@)lﬁ/0 [Df(a+t(b—a)l(b—a)ldt.

Given any m x n matrix A and vector v € R™, by the Cauchy-Schwarz inequality we have |Av| <
|Ala|v| where | A, is the Hilbert-Schmidt / Frobenius norm of A:

A=) > 14

i=1 j=1
Thus, we have |[Df(a + t(b — a))](b — a)| < |Df(a+ t(b — a))|2|b — a|. By assumption f €
C*(U), which means that x — D f(z) is a continuous matrix-valued function, and therefore so is
x — |Df(z)|2. Hence, M = maxy | D f|s exists. Since |Df(a + t(b— a))|a < M, we therefore
have

() — f(a) s/o b~ aldt = Mb—al.

So f is Lipschitz on the neighborhood B (the interior of B) of x, with Lipschitz constant <
M. U

The converse of Proposition [0.14]is true in a sense: if f is locally Lipschitz on an open set in
R"”, then the f is differentiable almost everywhere.

DEFINITION 0.15. A subset N C R" is said to have measure zero if, for any € > 0, there is a
countable collection of balls { B;}3%, with N C \J;Z, By, and 372 Vol(B;) < .

THEOREM 0.16 (Rademacher). Let f: U C R"™ — R™ be a locally Lipschitz function. Then
f is differentiable almost everywhere: the set of points in U at which f is not differentiable has
measure zero.

This theorem is beyond our present purview; the interested reader can find several proofs
quickly by Googling.

The best kind of Lipschitz function is one whose Lipschitz constant is < 1.
DEFINITION 0.17. A function f: X — Y between metric spaces is called a contraction if
dy(f(2), f(2') < dx(z,2'),  forallz,a’ € X.

If there is a constant X € [0, 1) such that dy (f(x), f(2')) < Mdx(x,2’) forall x,x2’ € X, then f is
called a strict contraction.



The most basic result for strict contraction is the Banach fixed-point theorem.

THEOREM 0.18 (Banach). Let X be a non-empty complete metric space. If f: X — X isa
strict contraction, then f has a unique fixed-point in X : a unique point v € X such that f(x) = .

PROOF. First, uniqueness: if f(x) = x and f(y) = y, then we have

d(z,y) = d(f(x), [(y)) < Ad(z,y)

and since A < 1 this is only possible if d(x,y) < 0, meaning = = y.

Now for existence. Fix any initial point zy € X, and consider the sequence of iterates of f:
x1 = f(xo), v2 = f(x1), and in general x,, = f(x,_1) = f"(zo). We will show that x,, converges
to a point x, and that this limit is a fixed point of f (hence the unique fixed point). First, note that

d(xpi1, ) = d(f(zn), f(2n-1)) < Ad(Tp, Tpo1).
Iterating this n times yields
d(Tny1, 70) < N'd(21, 70).

Thus, by the triangle inequality, for any m > n, we have
A2, 1) < d(@p, Tpyp1) Fd(Tni1, Tngo)FFd( @1, Tp) < (NHNT e X D d (20, 21).

The sum is
m—n—1

Z)\J_/\” Z )\k<—n—>0asn—>oo

This shows that (z,,)22 is a Cauchy sequence. Since X is a complete metric space, it follows that
there is a limit z = lim,,_,, ,,. Now, using the continuity of f,

flx)y=7f <nh_>r£10 mn> = lim f(x,) = hm Tpi1 = .

n—o0

Thus, x is a fixed-point of f. 0J

5. Inverse Function Theorem

Let f: U C R™ — R™ be a function differentiable at x,. Suppose that f has a differentiable
inverse in a neighborhood of x¢: so f~!(f(z)) = x for x in a neighborhood of x(. Denote by I,
the n X n identity matrix. Then by the chain rule

Iy = D(x = x)(w0) = D(f " 0 f)(wo) = [D(f1)(f (x0))][Df (wo)]. 0.2)

That is: the derivative D f(z¢) has an inverse matrix (which is D(f~)(f())). A matrix can only
be invertible if it is square, and so immediately we see this is only possible if n = m.

A smooth function from an open set U C R" onto V' which possesses a smooth inverse is
called a diffeomorphism. The above calculation shows that diffeomorphisms only exists between
like-dimensional open sets, and any diffeomorphism has invertible derivative at each point.

The inverse function theorem is a kind of converse to this: if the derivative D f(z¢) is an
invertible matrix, then f itself has a differentiable inverse in a small neighborhood of z(: i.e. f is
a local diffeomorphism. We will state this in the smooth (C'*°) category, but it holds true for C*
or just differentiable functions just as well.
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THEOREM 0.19 (Inverse Function Theorem). Let U C R"™ be open, and let f: U — R" be
smooth. Suppose that, for some point xo € U, D f(x) is invertible. Then there exists a connected
neighborhood Uy C U of xo, and a connected neighborhood Vy C f(Uy) of f(xo), such that
flu, : Uo = Vo is a diffeomorphism.

PROOF. To begin, we rescale and recenter: let g(z) = [Df(z0)] " (f(z + o) — f(z0)); then
f(z) = [Df(zo)]g(x — xo) + f(z0), and so the statement of the theorem is equivalent to showing
that ¢ has an inverse in a connected neighborhood of 0. Note that ¢g(0) = 0 and Dg(0) = I,.
Also note: since x — Dg(x) is continuous, so is x — det Dg(x); since det Dg(0) = 1, there is a
neighborhood of 0 where Dy is invertible, and so by shrinking the domain of g (which is U + x)
if necessary, we will assume Dy is invertible everywhere on the domain of g, which we denote U’.

Set h(z) = x — g(z); then Dh(0) = I,, — I,, = 0. Since = — Dh(x) is continuous, it follows
that for all sufficiently small =, | Dh(x)]; < 3; so choose § > 0 small enough that B(0,0) C U’
and | Dh(z)|s < 3 for |z| < 4. Thus, by Proposition if 7,y € B(0,9),

|h(z) — h(2')] < glz —2/|.

In particular, taking =’ = 0 and noting that 4(0) = 0, this gives |h(z)| < || for |z] < 0.
Now, since g(z) — g(2') + h(z) — h(z') = z — 2/, we have
| — &' < [g(x) — g(2)| + |M(z) = h(a')| < |g(x) — g(2')| + 3le — 2’|, for @,y € B(0,9).

Rearranging this yields

|z — 2’| < 2[g(x) — g()]. (0.3)
This shows that g is one-to-one on B(0, §).
_ Claim: given y € B(0,0/2), there is a unique = € B(0,9) with g(z) = y. To see this, define
h(z) =y + h(z) =y + x — g(x); thus g(z) = y iff h(x) = 2. So it behooves us to show that h
has a unique fixed point. First note that

- o 1
B <yl + h@)] < 5 + 5ol <6, for [o] <6

and so » maps the complete metric space B(0,§) into itself. We note also that |h(z) — h(z')| =
\h(z) — h(z')] < 3]z — 2’|, and so h is a strict contraction. Thus, the claim follows from Theorem

Now, set Vj = B(0,46/2) and U = B(0,6) N g~'(Vy). These are both open sets. The above
argument shows that g: U} — Vj is a bijection. From (0.3)) we see that g~ is Lipschitz continuous,
and it follows that the preimage g~!(V})) is also connected. All we have left to do is show that g~*
is smooth. If we knew this, (0.2) would show immediately that D(g~')(g(x)) = [Dg(z)]~". In
fact, we begin by showing directly that g~ is differentiable, with total derivative given by this
formula. That is: fix y € V{, and let z = ¢g~'(y). Then for ¢ # y in V), setting 2/ = g~ (y/) # =,
we have

9 W) =9 W)~ Dg@I W —y) _p) i1 (D)@ —x) — (¥ —y)
ly' —y] = [Dy(=)] ( Y —yl )
_ el e (9 — g(z) — Dg(z) (2" — 2)
o 1patal™ 7 )
Note that |2’ — z|/|y’ — y| < 2 by (0-3). Since g~' is continuous, as ¢y’ — y, ¥’ — z. Now,

as ¥’ — x, Dg(2') — Dg(z) since g is C'. Since the matrix function A — A~! is continuous,
it follows that [Dg(2’)]™' — [Dg(z)]™'. Since g is differentiable at x, the quantity inside the
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braces tends to 0 as ' — z. All together, this shows that g~! is differentiable at x, with derivative
[Dg(x)] .

Thus far, we have shown that g ! is differentiable, and its derivative at y is given by [Dg(z)]~! =
[Dg(g='(y))]~*. As a function of y, this is a composition:

—1
't g7 W) & Dl () ¥ [Dglg™ ()], 04)
where here Dg denotes the map = — Dg(z), and t(A) = A~ is the inverse map on matrices. Each
of these functions is continuous (indeed ¢ is smooth by, say, Cramer’s rule, which expresses the
entries of A~! as rational functions of the entries of A), and this shows that the map y — D(g~')(y)
is continuous; hence gt is C'.

Finally, we show g~! is smooth inductively: suppose we have shown ¢g~! is C*. Then the maps
g~tand Dg in (0.4) are C*, and ¢ is C*°, which shows that D(g~!) is C*. Hence its components,
the partial derivatives of ¢!, are C*, which is precisely to say that g~! is C**!. Induction now
shows that g € C'*°, concluding the proof. OJ

6. Implicit Function Theorem

An alternative way to view the Inverse Function Theorem is as follows: given f: R® — R",
consider the function ®: R™ x R"™ — R" given by ®(z,y) = y — f(x). Then the level set
®(z,y) = 0 can be (globally) described as the graph of y as a function (f) of x. The Inverse
Function Theorem tells us that, if D f(x() is invertible, then this level set may also be described
(locally) as the graph of x as a function of .

Put in those terms, there is a natural generalization to the case when n # m.

THEOREM 0.20 (Implicit Function Theorem). Let U C R"™ x R™ be open. Denote the co-
ordinates on R" x R™ as (x',... 2" y',....y™). Let ®: U — R™ be a smooth function, fix
(x0,Y0) € U, and let zy = P(x0, yo). Suppose that the m x m matrix

i)

is invertible. Then there are neighborhoods Vo C R" of x¢o and Wy C R™ of yy, and a smooth
function f: Vo — Wy such that the level set ®~1(z9) N (Vy x Wy) is the graph of y = f(x); that is

forall (z,y) € Vo x Wy, ®(x,y) = zy ifand only if y = f(z).

Before giving the proof, we give an example to illustrate the theorem.

1<i,j<m

EXAMPLE 0.21. Do the equations
2

r—y=a
v —2=5b
Z—r=0

determine (x, y, z) implicitly as functions of (a, b) in a neighborhood of (z, v, z,a,b) = (0,0,0,0,0)?
To answer, we phrase the question in terms of the level set of a smooth function, and calculate its
derivative:

2z =1 0 -1 0
®(z,y, 2,a,0) = (2*—y—a,y*—2—b,2°~z), D®(z,y,z,a,b)=| 0 2y -1 0 -1

-1 0 2z 0 0
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We want to know if (x,y, ) are locally functions of (a, b); to apply the implicit function theorem,
we must consider the 3 x 3 sub-matrix corresponding to d,, d,, and 0, which is

2¢c —1 0
0 2y -1
-1 0 2z

We can readily compute that the determinant of this sub-matrix is 8zyz — 1. So, at the point
r =y = z = a = b= 0 (which does indeed satisfy the equations), this matrix has determinant —1
which is # 0. It therefore follows from the Implicit Function Theorem that, indeed, (z, y, z) can be
expressed locally as a function of (a, b) near this point. In fact, this holds true in a neighborhood
of any point (z,y, z, a, b) satisfying the equations except possibly when zyz = 1.

We might ask instead if (z, z, a) can be expressed locally as a function of (y, b). To answer this
we need to look at the sub-matrix corresponding to 0., 0., and J,, which is

20 0 -1
0 -1 0 |, withdeterminant constantly equal to 1.
-1 2z 0

So this matrix is non-singular at all points, and so indeed (x, z,a) can be expressed locally as
a function of (y,b) near any point. Indeed, a little calculation will show that (x, z,a) can be
expressed globally as

z=(y* —b)*
z=1y"—b
a=(y*—b)'—y.

Caution, though: in general, even if the appropriate sub-matrix is always non-singular, the only
guarantees that there is a local impact function near each point. It does not generally imply that
there is a global implicit function, as there is in this example.

PROOF. We consider the auxiliary function W: U — R™"xR™ defined by ¥V (z,y) = (z, ®(x,y)).
Then we compute the Jacobian:

In OTLXm
[%(1’0, yo)} 1<i<m [%(wo, ?/0)}
1<j<n

D\I](x(b ?/0) =

1<i,j<m

This is a block lower-triangular matrix, with both (square) diagonal blocks invertible (by assump-
tion of the theorem for the lower right block) at (z,y) = (z¢, o). It follows that DW(xq, yo)
is invertible. It therefore follows from the Inverse Function Theorem that there exist connected
neighborhoods Uy of (xg,y) and Yj of (g, z9) such that ¥: Uy — Y is a diffeomorphism. Uy
contains a product neighborhood V' x W of (z,yo), so shrinking Uy if necessary and setting
Yo = W(V x W), wlog we assume Uy = V' x W.

On this neighborhood, we have a local inverse function ¥~!: R” x R™ — R" x R™. We may
then write it in the form U~(x,y) = (A(xz,y), B(z,y)), and thus

(z,y) = W(V " (2,y)) = V(A(z,y), B(z,y)) = (A(z,y), 2(A(z,y), B(x,y))). 0.5)
Thus A(z,y) = x,and so V~!(x,y) = (z, B(z, y)) for some smooth function B: R" x R™ — R™.



Now, let Vo = {x € V: (x,29) € Yo} and Wy = W, and define f: Vo — Wy as f(z) =
B(x, zp). Again from (0.3), it follows that

20 = ®(x, B(z, 29)) = ®(x, f(z)), for xz € Vj.

This shows that the graph of f is indeed contained in ®!(z;). Conversely, let (z,y) € Vo x W,
be any point where ®(z,y) = 2. Then ¥ (z,y) = (z, ®(x,y)) = (, 20), and so

($, y) = \Ij_l(mﬁ z0) = (z, B(x, ZO)) = (‘737 f(&?)),
showing that y = f(z). So any such point is in the graph of f. This completes the proof. U

7. Solutions of ODEs

An initial value problem is a system of ODEs (ordinary differential equations) of the following
form: given an open interval J C R, an open subset U C R", a continuous function F': J x U —
R™, an initial time ¢, € .J, and an initial condition y, € U, we seek an R"-valued differentiable
function y defined on (a subset of) J satisfying

y(t) = F(yo, y(t)), y(to) = vo-

Note: y(t) = y'(t) = %; the notation ¢ is convenient when there are superscript around, and is
common (especially in physics) to denote a time derivative, which will be our perspective in this
course.

The fundamental theorem, stated below, is that if the driving vector field F' is sufficiently
smooth (at least locally Lipschitz), then there always exists a unique solution to the initial value
problem for any given initial data z(. (The solution may only exist for a short time.) Moreover, the
dependence of the solution on the initial data is as smooth as the driving field. This last point is not
often covered in ODE courses (because it is much harder to prove), but it will be very important to
us in this course.

The special case in which the driving field £’ does not depend explicitly on time ¢ is called the
autonomous case. It turns out the general case can be reduced to the autonomous case, as we will
see later; for now, we restrict to autonomous systems.

THEOREM 0.22 (Picard-Lindelof Theorem for Autonomous ODEs). Suppose U C R"™ and

J C R are open, and F': U — R" is locally Lipschitz. Fix a point (ty,yo) € J x U, and consider
the initial value problem

y(t) = F(y(t)), y(to) = Yo (ODE)

(1) LOCAL EXISTENCE: There exists an open interval Jy containing t,, and a C' function
y: Jo — U that solves (ODE]).

(2) UNIQUENESS: Any two differentiable solutions to (ODE) agree on the intersection of
their domains.

(3) SMOOTH DEPENDENCE ON INITIAL CONDITIONS: Let J; C R be an open interval
containing to and let Uy C U be open. Suppose that 0: Jy x Uy — U is a function such
that y(t) = 0(t,yo) is a solution to with initial condition yo. Then 0 is as smooth
as F (i.e. if F € CF(U) then § € C*(Jy x Uy)).

REMARK 0.23. As we will see in the proof, a priori the interval .Jy on which the solution y
exists depends on the initial condition x(; however, this interval depends on z( in a smooth way if
the boundary of U is smooth. In this common kind of situation, it then makes sense for the function
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6 in (3) to be defined on a uniform interval .J, for varying initial conditions, as we explicitly assume
there.

An important technical tool in the proof of Theorem [0.22]is the following ODE comparison
theorem (which is a generalized version of Gronwall’s inequality).

LEMMA 0.24 (Gronwall’s Lemma). Let J C R be an open interval, and let f: [0,00) —
[0, 00) be Lipschitz. Suppose w: J — R™ is a differentiable function which satisfies the differential
inequality
() < f(lult)),  forall te .
Fix ty € J, and suppose v: [0,00) — [0,00) is continuous, and differentiable on (0,00), and
satisfies the initial value problem

o(t) = fu(t),  ©(0) = [ulto)]-

Then, for all t € J, it follows that |u(t)| < v(|t — to]).

PROOF. First, by shifting @(t) = u(t + to) and J = J — t,, we may wlog take £, = 0 (and
so we rename .J to .J and @ to u). Let J* = J N [0,00). If ¢ is such that u(t) = 0, then the
desired inequality |u(t)| < v(|t|) holds trivially as v > 0; so we restrict our attention to the set
{t € J*: u(t) > 0}. Since u is differentiable, hence continuous, this is an open set; on this set,
|u(t)| is also differentiable. We can then calculate

d 1
e = Wu(t) ) < t )|IU( a®)] = la(@)] < f(u®)]), (0.6)

where the first inequality is the Cauchy-Schwarz inequality, and the second is an assumption of the
lemma.

Now, let A be a Lipschitz constant for f, and define w(t) = e~ (|u(t)|—v(¢)). Then w(0) = 0,
and for t € JT, the desired conclusion |u(t)| < v(t) is equivalent to w(t) < 0. Well, if ¢ € J* and
w(t) > 0 (meaning that |u(t)| > v(t) > 0), it follows that w is differentiable, and we can calculate

(t) = —Ae(fu(t)] — v(t)) + e A2 2 (u®)] = v(®)
(

< —Ae M ([u(t)] = v(t) + ‘At(f u(t)]) = f(v(2)))

which follows from (0.6)) along with the assumption ©(¢) = f(v(t)). But A is a Lipschitz constant
for f, and so

f(lu@)]) = fo@) < [f(lu@)]) = fFe@)] < Allu@)] = v(t)] = Alu(t)] = v(1))-
This shows that w(t) < 0.
Since w(0) = 0, if w were differentiable for all ¢ € J* we could now conclude that w(t) < 0
which would conclude the proof. As it stands, we need to be a little more careful. Suppose, for a
contradiction, that there is some time ¢; € J* where w(t;) > 0. Define

T =sup{t € [0,¢1]: w(t) <0}.

Then, since w is continuous, w(7) = 0, and by definition w(t) > 0 for 7 < t < t;. But then
w is differentiable on (7, ¢;), and continuous on [7, ¢;], and so by the Mean Value Theorem there
is some ¢t € (7,t;) where w(t) > 0, even though w(t) > 0, contradicting the above calculations
showing that if w(t) > 0 for ¢ € J* then w(t) < 0. Thus, we have shown that w(t) < 0 for
te Jt.

)
)
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To conclude, we simply replace ¢t by —t in the above argument to show the result also holds for
teJ =JnN(—o0,0]. O

Let us now proceed to the proof of Theorem [0.22] We begin with the easy case: uniqueness.

PROOF OF THEOREM [0.22](2). Let yy, y2 be two solutions of (ODE) defined on the same in-
terval Jy, but with potentially different initial conditions. Shrink the interval slightly to an open
interval J; containing ¢, such that J; C Jy. The union of the two continuous paths yg(Jl) and
y2(J1) is a compact subset of U. So, by Lemma the locally Lipschitz vector field F' is
globally Lipschitz on this union of paths; let C' be a Lipschitz constant. Thus
d
2 (w1(t) = 92(?5))‘ = [F(y:(t)) = F(y2(t))] < Clya(t) — v2(2)]-

Applying Lemma with u(t) = y1(t) — 2(t), f(v) = Cv, and v(t) = e“Yy1(to) — y2(to)]
yields

[91(t) = ya(B)] < el (to) — wa(to)],  t € .
Thus, if the initial conditions y;(ty) = (%) are the same, then y;(t) = y(t) for all ¢ € .J;. Since
every point of J; is contained in some closed subinterval .J; of .J, the result now follows. U

No we continue with the existence proof.

PROOF OF THEOREM [0.22] -(1) . By assumption F' is locally Lipschitz on U. We begin by re-
stricting to some closed ball B=2B (o) C U that containst ¥, (we choose r small enough that
this closed ball is contained in U); by Lemma F is Lipschitz on B.

They key idea is to rewrite as an integral equation:

i) =+ [ Fl(s)) ds. 0.7)

to
Eq. is equivalent to by the fundamental theorem of calculus. Indeed, if y is any
solution to (ODE), since F' is (assumed) continuous, it follows from that y € C*(.Jy), and
so the fundamental theorem of calculus applies. Conversely, if y: Jy — U is any continuous
function satisfying (0.7), again the continuity of F' shows that, by the fundamental theorem of
calculus, y satisfies (and therefore is C'! as above). Henceforth, we show that has a
solution.
We now introduce a linear operator on the space C°(.Jy; B) of continuous maps .J, — U:

(Ly)(t) :xo+/ F(y(s)) ds.

to
(Note that we have not yet defined the interval Jy; for the time being, the definition depends on an
arbitrarily chosen open interval .J, C J.) For any continuous y, as F' is continuous, the integrand
of Iy is continuous, and hence (by the fundamental theorem of calculus) Iy € C'(Jy;R™) C
C°(Jo; R™). That is,
I: CO(J07 ) — CO(Jo,Rn)

is a linear operator. Note that any solution of (0.7) is a fixed point for I, and vice versa. To
prove such a fixed point exists (and conclude the proof), we want to put a metric space structure
on C%(Jo; U) and show that [ is a strict contraction, to use the Banach fixed point theorem. The
delicate point is that I does not a priori map C°(Jy; U) back into itself. This is where the choice
of Jy comes in: we can make it small enough that / does map it into itself, simply because F' is
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bounded. Let M = supg |F|, and choose 0 < ¢ < /M. We will take Jy = (ty — €,to + €). Then
we have the following.

Claim. The linear operator I maps C°(Jy; B) into itself. To see this, since we’ve already
discussed above that I maps continuous functions to continuous functions, it suffices to show that
Iy(t) € Bforany t € Jy. To that end, we estimate as follows:

Ty(t) — ol = |yo + / F(y(s)) dz — o

This proves the claim.

Now we must introduce a metric on C°(Jy; B) and show that I is a strict contraction, which
will allow us to use the Banach Fixed Point Theorem to prove that I has a unique fixed point,
concluding the proof. There is a standard metric for continuous functions on a compact set, given
by the sup-norm: ||y||, = sup, |y|. Thus, we define

¢ ¢
S/ |F(y(3))]ds§/ Mds < Me <.
to to

oo (Y1, y2) = sup [y1(t) — ya(t)].
J€Jo

It is a standard result that this is a complete metric on C°(Jy; B) if .Jy is compact; in our case, we
have functions y that are continuous on a bigger interval J. We are taking Jy = (o — €,%o + ¢€)
where (so far) we know € < /M. We must also choose ¢ small enough that the closed interval
[to — €,to + €] is contained in J. Then we know that our solution is in C°(Jy; B), which is a
complete metric space in d... (Note: completeness is just the statement that any uniformly Cauchy
sequence of continuous functions has a continuous limit.)

So, we are left to show that [ is a strict contraction on the metric space C°(Jy; B). To guarantee
this, we need one more constraint on ¢. : Let C' be a Lipschitz c constant for F on B; then we make
sure that ¢ < 1/C. Then we have for any two y,y» € C°(Jy; B

/t:F(yl(s))dS—/t:F( 2(s)) ds <sup/ |F(y1(s)) — Flys(s))| ds

teJo

doo(Iy1, Iy2) = sup
tedo

< sup/ Clyi(s) — ya(s)| ds
to

teJo

t
< C-Sup/ doo (Y1, Y2) ds

tedo to
= C‘t - t0|doo(1/1792) < Ce- doo(yly 3/2)~

Since we choose € < 1/C, the constant Ce is strictly < 1, and hence, by the Banach fixed point
theorem, I possesses a unique fixed point in C°(Jy; B). As discussed above, this fixed point is the
desired solution to (ODE).

To summarize: we have shown that for any ¢ > 0 small enough that Jy = (o — €,ty + €) is
contained in .J, and satisfying C'e < 1 and Me < r (where C'is a Lipschitz constant for F', M is
the maximum of F', and r is the distance from g, to the boundary of U), it follows that has
a solution which exists on the interval .J,. ]

REMARK 0.25. This proof is often called “Picard iteration”: we showed there is a solution by
appealing to the Banach fixed point Theorem[0.18] The proof of that theorem is by iteration. So, in
total, the above proof shows that the solution to can be achieved by iteration of the operator
I starting at any continuous function: i.e. the solution is given by y(¢) = lim,, ., ™ (yo)(t) (Where,
for convenience, we choose our starting point to be the constant function y = ).
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For extra nerdiness, we will refer to this proof as “the Picard maneuver”. :)

As for Theorem [0.22(3), which is an important result for us: the proof is quite involved and
technical, so we will leave it for the time being. The interested reader may find it on [3, pp.
667-672].

We conclude this section by showing how the general (non-autonomous) case follows as a
special case of the autonomous case (in one dimension higher).

THEOREM 0.26 (Full Picard-Lindelof Theorem). Suppose U C R™ and J C R are open, and

F: J x U — R" is locally Lipschitz. Fix a point (to,y0) € J x U, and consider the initial value
problem

y(t) = Ft,y(),  ylto) = bo. (ODE’)

(1) LoCAL EXISTENCE: There exists an open interval Jy containing ty, and a C* function
y: Jo — U that solves (ODE]).

(2) UNIQUENESS: Any two differentiable solutions to agree on the intersection of
their domains.

(3) SMOOTH DEPENDENCE ON INITIAL CONDITIONS: Let Jy C R be an open interval
containing to and let Uy C U be open. Suppose that 0: Jy x Uy — U is a function such
that y(t) = 0(t,yo) is a solution to (ODE) with initial condition yo. Then 0 is as smooth
as F (i.e. if F € C*(U) then § € C*(Jy x Uy)).

PROOF. Let F = (1, F) be the R""!-valued vector field whose first component (which we
label F° for convenience) is constantly 1; this vector field is locally Lipschitz since F' is. Consider
the following autonomous ODE in R"*!:

y(t) =F(y(t) = (LFE (1), y(1),  y(to) = (to. o). (0.8)
The first component of this equation is simply 4°(¢) = ¢ with initial condition y(ty) = to, whose
unique solution is y(¢) = t. Hence, given the unique solution y = (3°,y) of (0.8)) (guaranteed to
exist by Theorem [0.22{(1)), the last n components y give a solution to (ODE’)), which is unique by

Theorem 2) (since uniqueness of y clearly implies uniqueness of ), and depends as smoothly
as F' on initial conditions by Theorem 3) since F € C*iff F € C*, OJ
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CHAPTER 1

Smooth Manifolds

1. Smooth Surfaces in R?

A smooth manifold is a generalization of a classical smooth surface. The most basic kind of
surface is the graph of a smooth function. That is: if f: U C R" — R™ is smooth, then the graph
L(f,U) ={(z,y) € UxR™: y = f(x)} is a smooth surface. What does this mean? Consider the
associated function ¢: U — R™ x R™ given by

(z) = (z, f(2)).
By definition, 1 is a bijection between U and I'(f, U). In fact, it is more than a bijection: it is a
homeomorphism. The set I'( f, U) is a (topological) subspace of R” x R™, and it inherits a topology
from this imbedding; the function ¢ is a continuous bijection from U onto this space I'(f, U), and
its inverse is also continuous. (This is left as an exercise.) So, the surface I'(f, U) is, topologically,
the same as the open set U in R".
Not every surface is the graph of a function, globally.

EXAMPLE 1.1. The n-sphere is the subset of R"*! of points unit distance from the origin:
S® = {x € R""!: |z| = 1}. Itis not the graph of any function of any variable z7 in terms of the
other n variables, as any coordinate line 27 = ¢ with |¢| < 1 passes through S™ in two points. In

terms of coordinates, S™ is the set of points (x!, ..., 2""!) such that (1) + - - + (2""1)? = 1;
that is, S" is the level set of the function ®(z!,... ") = (z')*+- - -+ (2™*1)? at height 1. Now,
D®(x) = 2[z',..., 2", This row matrix is never 0 for z € S", which means that it is always

full rank. Thus, at every point z, € S", we can find some coordinate 27 such that % # 0, and by
the Implicit Function Theorem, there exists a smooth local function f: V' C R™ — R so that, near
xg, S" is the graph of 27 = f(z!,... 2771 27t .. ™). Thus, even though S™ is not the graph
of a smooth function globally, it is locally.

This motivates our more general definition.

DEFINITION 1.2. Let n < d be positive integers. A smooth n-dimensional surface in R¢
is a set S C R with the property that, for each point vy € S, there is an open set V,, C R",
and a smooth function f: V, — RY™ and some partition of coordinates v = (x%',... x")
and w = (1 ... aka-n) (where {j1, ..., jn, k1, kain} = {1,...,d}), such that x € S with
x ~ (v,w) and v € V,, if and only if w = f(v). In other words, a smooth n-dimensional surface
in R? is a subset which is locally the graph of d — n variables as functions of the other n.

This definition is set up precisely to conform to the Implicit Function Theorem. Indeed, let us
make one more definition.

DEFINITION 1.3. Let ®: R" x R™ — R™ be a smooth function. A point c € R™ is called a
regular value for @ if, for any x in the level set ®~1(c), the derivative D®(x) has full rank m.

COROLLARY 1.4. If ®: R" x R™ — R™ is a smooth function and ¢ € R™ is a regular value
of @, then the level set ®~1(c) is a smooth n-dimensional surface in R"™™.,

25
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PROOF. Choose m pivotal columns in the matrix D®(z); then the m x m submatrix composed
of these columns is invertible. The Implicit Function Theorem therefore implies that the level set
®~1(c) is locally the graph of a function of these pivotal m variables in terms of the remaining n
variables. This is the definition of a smooth n-dimensional surface. U

EXAMPLE 1.5. The Orthogonal Group O(n) consists of those n x n real matrices () with the
property that QT @) = I, (i.e. invertible matrices with Q' = Q). Note that the condition is that, if
Qs is the ith column of @, then [Q T Q] = (Q;, Q;) = 0!; so the columns of @) form an orthonormal
basis for R™. Of course, since Q7' = Q' we also have QQ" = I,,, and so the rows of () also
form an orthonormal basis for R”. It is a group under matrix multiplication: if )1, Q2 € O(n),
then (Q1Q2)"" = Q3'Q7" = QI QT = (Q1Qx) sand (@) = (Q7)~" = @, 50 O(n) is closed
under product and inverse (and clearly contains the identity 7,,). Note that, if z,y € R" are vectors,
and Q € O(n), then (Qz,Qy) = (QTQz,y) = (x,y); that is, O(n) consists of linear isometries
of R™. In fact, it is the group of all linear isometries of R".

By definition, O(n) is the level set ®~1(1,,) where ®(A) = AT A. The function ® is a smooth
map from M, — M, (indeed, all its entries are polynomial functions); here M,, is the n?-
dimensional vector space of n X n real matrices. It is better to view this map having a smaller
codomain: the set M3 of self-adjoint (i.e. symmetric) matrices, since ®(A)T = (ATA)T =
ATA = ®(A) € M3 It is easy to check that the dimension of M:* is @ So we have a
smooth function

o: M, — M*
and our set of interest is the level set O(n) = ®~!(I,,). Now, let us compute the derivative of .
For any given A € M,,, D®(A): M,, — M3 is the linear map given by

[DO®(A)](H)=A"H + H" A.
(Showing this is the case, from the definition of the derivative, is left as an exercise.) Now, consider

this derivative at any point Q € O(n). In fact, if X is any symmetric matrix X € M??, then by
taking H = 1QX, note that

[DF(Q)(3XQ) =3QTQX +3XTQTQ = 3(X + XT) = X.

This shows that the linear map D®(Q): M,, — M?>® is surjective, i.e. full-rank, for any Q) € O(n).
Thus, 1, 1s a regular value of @, and so by Corollary O(n) is a smooth surface in M,,, whose

dimension is n2 — Mrth) _ nn-1)
2 2

2. Topological Manifolds

A smooth manifold is a generalization of a smooth surface. In fact, we will eventually see that
it is no generalization at all: every n-dimensional smooth manifold is a smooth surface in R? for
some d < 2n. However, we do not want to be biased by the imbedding of our manifold, and instead
view it as an abstract space. Before we get to smooth manifolds, we must first define (topological)
manifolds.

DEFINITION 1.6. An n-dimensional manifold M = M" is a second-countable Hausdorff
space that is locally Euclidean. To be precise: M is

e SECOND-COUNTABLE: there is a countable collection % = {U, }nen of open sets in M
with the property that any open set in M is a union of elements of U .
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e HAUSDORFF: given any two distinct points p, q € M, there are two open sets U,V C M
sothatp e U,qe V,andU NV = &.

e LOCALLY EUCLIDEAN: given any p € M, there is an open neighborhood U C M of
p that is homeomorphic to an open set in R". Let U be such an open set in R", and let
p: U — U be a homeomorphism. The pair (U, v) is called a coordinate chart near p.

The second-countability condition is a requirement to prevent exotic topological spaces that
are “too big” from being manifolds. The Hausdorff condition is there to prevent us from including
exotic, pathological spaces (like the real line with two origins) from being manifolds. These are
technical conditions; the heart of the definition is (3), that M is locally Euclidean.

PROPOSITION 1.7 (Smooth surfaces are manifolds). If S is an n-dimensional smooth surface
in RY, then S in an n-dimensional manifold.

PROOF. Since R? is second-countable and Hausdorff, so is any subspace, including S. Now,
from the definition of smooth surface, we know that, for any xy € S, there is a partition of co-
ordinates = ~ (v,w) with v € R" and w € R4 " and an open set V' C R", and a smooth
function f: V — R9™™, so that the graph I'(f, V') coincides with the surface S near . The func-
tion ¢(z) = (z, f(z)) is a homeomorphism onto its image, and so the set U = (V') is an open
neighborhood of z in S, with a homeomorphism ¢ = ¢~ 1: U — V. U

EXAMPLE 1.8 (The n-sphere). As shown in the previous section, the n-sphere S™ is a smooth
surface, and so by the previous proposition, S™ is an n-dimensional manifold. Let’s looks specif-
ically at some standard coordinate charts on it. For each j € {1,...,n + 1}, consider the (open)
half spaces:

+ gl n+1 n. j
H ={(z",...,2"") € R": 27 > 0}.

Define U]i = H ]i N S™, the northern and southern hemispheres. It is easy to check that UjjE

is the graph of the function z; = £ f(z',... 27 ... 2"), where f: B" — R is the smooth
function f(u) = /1 — |u|?. Here B" = {u € R™: |u| < 1} is the unit ball, and the notation
(', ... 27 ... ") means 27 is omitted from the list: i.e. this is the point
(2, ...z, 2" = (2, 2 T ) e R
Now, any point z € S™ is contained in at least one of the hemispheres U, . . ., Uril. Thus, for a
point in U Ji, we have the coordinate chart goj»[ U ji — B" given by
+ 1 " 1
@i (x) = (zt, ... a9, 2"

which is a homeomorphism whose inverse is y — (y, £ f(y)) (reordered so that the f(y) coordinate
is in the jth entry).

Now, let’s consider a manifold that is not evidently a subset of a Euclidean space.

EXAMPLE 1.9 (Real Projective Space). The real projective space RP" is defined to be the
set of all 1-dimensional subspaces of R"™™; that is, points in RP" are lines through the origin in
R™"!, It is made into a topological space via the quotient map 7: R\ {0} — RP", where
7(x) = span{z}. (This means that a set U in RP" is open iff 7~ (U) is open in R"**\ {0}.) Note
that RIP" can also be thought of as the quotient of the n-sphere by the equivalence relation z ~ —z
(i.e. antipodal points are identified). It is left as an exercise to the topologically-minded reader to
prove (or look up the proof) that RP" is second-countable and Hausdorff.
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For1 < j <n+1,letV; c R*\ {0} be the set of points where 7 # 0, and let U; =
7(V;) € RP". Thus U is the set of 1-dimensional subspaces of R"*! that are not parallel to the
x; = 0 plane. The preimage 7 !(U;) is easily seen to precisely equal V;, which is open, and so
by definition U; is open in RP™. Since no 1-dimensional subspaces of R™*! are parallel to all
coordinate planes, it follows that every point in RP" is contained in at least one of the U;.

Now, define p;: U; — R" by

—(x ,...,;j,...,x"“).

1 n+1 .
o(m(z,...,2")) = po

This map is well-defined since 7(z) = m(Az) for any non-zero scalar A. Note that p: 7: V; — R”
is continuous, and so by the definition of the (quotient) topology on RP", it follows that ¢; is
continuous. What’s more, it is a homeomorphism: it is straightforward to verify that its inverse is
given by

Lo

goj_l(ul, oou™) =a(ut T L ),
which is also evidently continuous. Hence, RPP" is locally Euclidean (with patches in R™), and
hence is an n-dimensional manifold.

Finally, an example for building manifolds out of others.

EXAMPLE 1.10 (Product Manifolds). Let M, ..., M, be manifolds of dimensions n4, ..., ng.
Then M; X - - - X Mj, is a manifold of dimension nq + - - - +ny. Indeed, the product of any finite (or
countable) collection of second-countable Hausdorff spaces is second-countable Hausdorff. For
the local Euclidean property, if (py, ..., px) € My X - - - x My is a point in the product, then choose
a coordinate chart (Uj, ¢;) near each p;, and note that (U; X - - - X Uy, @1 X - - - X ;) is a coordinate
chart near (py, ..., pg).

In particular, taking the circle S (which is the n-sphere in the case n = 1), the n-torus is the
product T" = St x - -+ x St = (SY)™. It is a (fun) n-dimensional manifold.

3. Smooth Charts and Atlases

Niively, we might expect that a smooth manifold should be one where the charts (U, ¢) come
with smooth functions . (This is certainly the case for the hemisphere charts on the n-sphere
given in Example [I.8]) However, this doesn’t really make sense in general: a manifold M is
an abstract topological space, and so we do not know how to define smoothness for a function
p: U C M — R". In Example the set M was constructed already as a subset of R"*!, and
so the notion of smoothness is present. In general, we want to avoid this case, and work with
manifolds abstractly.

In fact, we are going to turn this question around: the point will be to define what it means for a
function f: M — R" to be smooth. Again, the néive choice is to define this locally: taking p € M
and a chart (U, ¢) at p, we should insist that the composite function fop™1: p(U) C R" — R" be
smooth. This is, in fact, the definition we will use, but we must be careful. In general, there will be
many charts at p, and the definition of smoothness should not depend on which one we use. Thus,
for this notion of smoothness to be well-defined, we require a consistency condition.

DEFINITION 1.11. Let M be a manifold, and let (U, p) and (V, 1) be two charts such that
U NV # @&. The transition map from (U, ) to (V, 1)) is the composite map

wogp*lmp(UﬂV)%w(UﬁV}.
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Note that o(U N'V) and (U N'V) are open subsets of R", and ) o ¢~ is a homeomorphism
between them. The two charts are said to be smoothly compatible if the transition map 1) o !
is a diffeomorphim.

A collection of charts whose domains cover all of M is called an atlas 7. If all the charts in
o/ are smoothly compatible, we call it a smooth atlas.

EXAMPLE 1.12. Following Example consider the two charts (U, ¢f) and (U; ,@2)
Note that U;" N Uy is the portlon of the 01rcle in the first quadrant, and we have ¢ (U N U2 ) =
ps (U NUY) = (0,1), and ¢y (w,y) = y while o5 (2,y) = x. Then (5 )~ (z) = (z,V1 — 2?),
and so the transition map from ] to ¢ is

i o (p3) (z) = V1—a

This is a smooth map on the unit interval; in fact it is a diffeomorphism there. Similar calculations
show that all the transition maps in the atlas & = {(U ji, gpj[): 1 < j < n+ 1} are diffeomor-
phisms, making this a smooth atlas on S"**,

EXAMPLE 1.13. Following Example[1.9] consider the atlas of charts (U;, ¢;) on RP™. Assum-
ing, for convenience, that 7 > j, we can compute that

1

~1/,1 ny _ 1 5 i—1 i n
Qi 0 ¥; (u,...,u)—J<u,...,uﬂ,...,u ,1,u,...,u),

which is a smooth map from ¢;(U;NU;) onto ¢;(U;NU;). The inverse is given by a similar formula
(with the 1 first and omitted variable second), and so the transition maps are all diffeomorphisms.
Hence, this is a smooth atlas for RP".

EXAMPLE 1.14. Given smooth atlases on My, ..., My, their products give a smooth atlas on
My x - x M.

We would now like to define a smooth manifold to be a manifold in possession of a smooth
atlas. But this is not careful enough, for two reasons.

e [t is possible for a manifold to possess two or more smooth atlases that are not smoothly
compatible with each other. This means that the definition of smooth function on the
manifold will again be ill-defined: a given function’s smoothness depends on which atlas
one chooses to use. Hence, the smooth atlas itself must be a part of the definition —
different smooth atlases on the same manifold define different smooth manifolds.

e On the other hand, it may well be that two distinct smooth atlases give rise to precisely
the same class of smooth functions. In this case, we do not wish to consider the two
manifold-atlas pairs to be distinct smooth manifolds. We could address this point by
defining a smooth manifold to be an equivalence class of manifold-atlas pairs, but there
is an easier way, as follows.

4. Smooth Structures

DEFINITION 1.15. Let M be a manifold. A smooth atlas </ on M is called complete or
maximal if it is not properly contained in any larger smooth atlas. That is, < is complete if, given
any chart (U, ) that is smoothly compatible with all the charts in <7, it follows that (U, ) € <.

A complete atlas on M is called a smooth structure on M. A smooth manifold is a pair
(M, o), where M is a manifold, and <7 is a smooth structure on M.
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The apparent disadvantage of the complete atlas definition of a smooth structure is that such
objects are very large, and difficult to describe. For example, the set of all charts smoothly compat-
ible with the 2(n + 1) charts in the “hemispheres” atlas of S in Example|1.8|includes charts with
all possible open sets U as domains, and then on each one a huge uncountable mess of coordinate
chart functions . Not to worry, though: we can still talk about the smooth structure on the sphere
by specifying only those 2(n + 1) charts, due to the following.

LEMMA 1.16. Let M be a manifold, and let </ be a smooth atlas on M. Then there is a unique

smooth structure o/ on M that contains <. (It is called the smooth structure determined by
)

PROOF. We define .27 be be the set of all charts that are smoothly compatible with every chart
in «7. Since < is a smooth atlas, &/ C <. In particular, o is an atlas. We need to show three
things.

(1) <7 is a smooth atlas (i.e. all its charts are smoothly compatible).
(2) < is a smooth structure (i.e. it is complete).
(3) < is the unique smooth structure containing ..

(1) We must show that if (U, ) and (V1)) are two charts in o7 with U NV # @, they are
smoothly compatible. That is, we must show that ) o p=: (U N V) — (U N'V) is smooth.
(We actually need to show it is a diffeomorphism, but in the proof we do this for all pairs of charts,
including these two in reverse, showing that the inverse is also smooth.)

Fix apointp € UNV, and let z = ¢(p) € ¢(U NV). Since & is an atlas, there is some
chart (W,9) € o with p € W. By the definition of .27, (U, ) and (V) are both smoothly
compatible with (W, ). Hence, both of the maps 1} o o ~* and 1) o ¥ are smooth on their domains.
Thus o' = (o) o (VY op™!) is smooth on a neighborhood of z. This was for an arbitrary
point z € (U NV), and smoothness is a local property, so 1) o ¢! is indeed smooth on (U NV).
This shows that the two charts are smoothly compatible, and so .27 is an atlas.

(2) We now show that <7 is a complete smooth atlas. But this is pretty easy: since &/ C <,
if (U, ) is any chart that is smoothly compatible with every chart in .27, then it is automatically
smoothly compatible with every chart in .27 — which means, by definition, that (U, ¢) € 7.

(3) Let £ be any smooth structure containing .<7. Since 4 is an atlas, all its charts are smoothly
compatible, and so in particular every chart in % is smoothly compatible with every chart in 7.
But that means, by definition, that Z C .o/. But 4 is assumed to be complete, and since every
chart in .« is smoothly compatible, it follows that Z = .o, concluding the proof. 0

EXAMPLE 1.17. The Euclidean space R™ comes with a standard smooth structure, which is
the smooth structure determined by the single coordinate chart (R™, Idg.). But there are other
distinct smooth structures on R™ as well. For example when n = 1, consider the chart (IR, )
where 1(z) = 23, which is a homeomorphism R — R. By Lemma there is a unique smooth
structure on R containing this chart. It is not the standard smooth structure; for, if it were, the
two charts (R, Idg) and (IR, 7)) would be smoothly compatible. But note that Idg o 1)~ is the map
y — y'/3, which is not smooth.

Let’s consider now a few more examples of smooth manifolds.

EXAMPLE 1.18. Let M be a smooth manifold, with complete smooth atlas «/. If W C M is
any open subset, then IV is also a smooth manifold, with smooth structure determined by the atlas
{(U,9): (U,p) € &, U C W}. Note: since o/ is complete, its coordinate charts that happened
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to be contained in W already included a covering of 1/, so the resulting collection of restricted
charts is indeed an atlas.

So, in particular, any open subset of R" is a smooth manifold. An example of this form gives
us another member of the classical family of Lie groups: G L(n), the group of all invertible n x n
matrices. Since it can be described as det ™" (R \ {0}), and det is continuous while R \ {0} is open,
it follows that GL(n) is an open subset of M, = R"’. Thus, GL(n) is a smooth manifold (with
the subspace smooth structure).

In fact, GL(n) is an open dense subset of M,,. To see this, let A € M, be any matrix. Let
pa(A) = det(A — AI,,) be its characteristic polynomial. This polynomial has n complex roots (the
eigenvalues of A). Let 7 = min{|\|: A # 0,pa(A) = 0}. Then A —¢€l,, is invertible for 0 < e < r.
This shows G L(n) is dense in M,,.

The next example, the Grassmannian manifold of k-planes in R", is a generalization of real
projective space.

EXAMPLE 1.19 (Grassmannians). For 0 < k < n, let Gr(n, k) denote the set of all k-
dimensional subspaces of R". (So, for example, Gr(n + 1,1) = RP" as in Example[1.9]) Problem
7 on Homework 1 shows how to define the standard smooth structure on the Grassmannian that
makes it into a smooth manifold.

In fact, Homework 1 Problem 7 relies on Homework 1 Problem 6, which is essentially the
same as Lemma 1.35 (the “Smooth Manifold Charts Lemma”) in [3]. We state this again as a
proposition here, since it allows us to dispense with a lot of the separate topological preliminaries
when working with a smooth manifold. Also, to be slightly more general, instead of using a fixed
Euclidean space R", we allow the actual model Euclidean space to vary from point to point (as long
as the dimension is fixed), specifying a Hilbert space for each chart. Note that all the usual notions
(the norm topology, open sets, continuous and smooth maps) make sense in a finite-dimensional
Hilbert space, without imposing the coordinate structure of R™.

PROPOSITION 1.20. Let M be a nonempty set. Let J be an index set. Let n be a positive
integer. For each j € J, suppose
o U; is a nonempty subset of M,
e H; is a real Hilbert space of dimension n, and
o p;: U; — Hj is an injective map whose image is open in H;.
Furthermore, suppose that
e there is a countable subset I C J so that | J,.; U; = M, and
e for any two points p # q in M, either there is a single U; with p,q € U, or there are
disjoint U; N U, = @ withp € Uj and q € Uy,
Finally, suppose that each of the transition maps
Ok O goj_l: 0;(U;NUg) = ¢(U;NU), j.keld
is smooth (as a map from an open subset of H; to Hy,). Then there is a unique topology on M for
which each y; is a homeomorphism onto its image, making M a topological manifold. Moreover,
if \j: H;j — R" is a given isometric isomorphism, then the set o = {(U;,\jo p;):j € J}isa
smooth atlas on M.
The proof of Proposition[I.20]is left as Problem 6 on Homework 1. We will use this proposition

frequently. Moreover, from here on, we will use the terms chart and smooth atlas to refer to the
nominally more abstract objects above, where the coordinate patches are in finite-dimensional
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Hilbert spaces (of fixed dimension) whose representation may vary from chart to chart, rather than
necessarily a fixed R".

REMARK 1.21. We could even loosen the a priori requirement that all the model spaces H;
have the same dimension 7, only requiring that they be finite dimensional. In this case, it follows
from the last requirement (that the transitions maps be smooth) that the dimension of ; is constant
along each connected component of M; the proof of this is also part of Problem 6 on Homework
1. But this definition would allow, for example, the disjoint union of S' and S? to be considered a
smooth manifold, meaning dimension would not be well-defined for disconnected manifolds. We
will exclude this possibility.



CHAPTER 2

Smooth Maps

Now having defined a smooth manifold (with the idea of giving meaning to smooth functions
on said manifolds), we can define smooth maps. Note: the words map and function are usually
used interchangeably; here, we will try to be consistent about reserving the word function for a
map whose codomain is a Euclidean space R", while map could mean a function between any two
manifolds.

NOTATION 2.1. A smooth manifold is a pair (M, o/)) where <7 is a smooth structure on M. It
will be more convenient to just say “let M be a smooth manifold,” with the given smooth structure
understood as part of the given data. In this case, if we must refer to the smooth structure explicitly,
we will use the notation .27);.

1. Definitions, Basic Properties

DEFINITION 2.2. Let M and N be smooth manifolds. A map F': M — N is called smooth
if, for each p € M, there is a chart (U, p) € <ty with p € U, and a chart (V,) € oy with
F(p) € V, such that F(U) C V, and the composite map

77/)oFog0_1: o(U) = (V)
is smooth.

In other words: a smooth map is a map that is smooth in local coordinates. This is well-defined:
suppose we have two charts (U;, ¢;) at p and (V},4,) at F'(p) for j = 1,2. Since they are each
chosen from a smooth atlas, the transition maps between them are smooth. Thus, if £’ is smooth
(in the above sense) with respect to (Uy, ¢1) and (V4,4), then on Uy N Uy

Yro Fogy! = (2o¢)o(droFopl)o(pmop,’)
is a composition of smooth maps, and is also smooth. This is precisely the reason for the smooth
compatibility condition in the definition of smooth atlas to begin with.
There is one slight subtlety in the definition: we require that the chart in the codomain (V1))
satisfy F'(U) C V. This is necessary to even make sense of the composition ¢) o F' on all of U.

PROPOSITION 2.3. Let M, N be smooth manifolds. A smooth map F': M — N is continuous.

PROOF. Fix a point p € M. Choose charts (U, ) at p and (V, ) at F((p) so that F(U) C V
and 1) o F o =1 is smooth on o (U). This composite map is therefore continuous. Thus, on U, we
have

Fly=19"to(oFopt)oyp
is a composition of continuous maps, and hence is continuous. This shows that /' is continuous on
a neighborhood of the arbitrary point p € M; thus F'is continuous. 0

33



34 2. SMOOTH MAPS

Using the continuity of F', the following alternate characterization of smoothness is often use-
ful.

PROPOSITION 2.4. Let M, N be smooth manifolds. A map F: M — N is smooth if and only

if the following holds true. For every p € M, there is a smooth chart (U, @) at p and a smooth
chart (V1) containing F (p) such that U N F~Y(V') is open in M and

YoFop i oUNF (V) = (V)
is a smooth map.

The proof is left as an exercise. Note: the condition that U N F~!(V) is open here is a replace-
ment for the choice of U,V with F(U) C V in the definition. Without this explicit requirement,
the alternate characterization of smoothness would allow for discontinuous maps.

EXAMPLE2.5. Let F: R = Rbe F' = 1 ): F(v) =0ifz < Oand F(x) = 1ifx > 1. Here
we take the usual smooth structure determined by (R, Idg) for R in the domain and codomain. For
any = # 0, one can take either (—oo,0) or (0, 00) (equipped with the identity map) as a chart in
the domain, and R in the codomain, to see that F' is smooth (of course) near x. For x = 0, take
U=(-%%)andV = (3,2). Then F~(V) = [0,00), and so U N F~ (V) = [0, 1), which is not
open in R. Ignoring this condition, however, and noting that all the coordinate functions are Idg,
the composition Yo Fop™ on o(UNF~(V)) = [0, 3) is just the map ¢po F o~ ' () = z, which
is smooth (in the sense that it is the restriction of a smooth function on R to the set [0, %)) Hence,
the condition U N F'~1 (V) be open is crucial for smoothness to carry its usual meaning (and imply
continuity).

The next lemma follows immediately from the definition of smoothness, and its proof is left as
an exercise.

LEMMA 2.6 (Smoothness is Local). Let M, N be smooth manifolds. A map F: M — N is
smooth iff for every p € M, there is an open neighborhood U C M containing p so that F| is
smooth.

COROLLARY 2.7 (Smooth Gluing Lemma). Let M, N be smooth manifolds. Let {U;: j € J}
be an open cover of M. For each j, suppose F;: U; — N is a smooth map. Moreover, suppose
that Fj|Uijk = Fk|Uijk forall j, k € J. Then there is a unique smooth map F: M — N so that

F\Uj = [} foreach j € J.

PROOF. For any p € M, choose some U; > p, and define F'(p) = F;(p). This is well-defined
by the overlapping consistency condition: if p € Uy, as well, then F(p) = F;(p) = F(p). Clearly
this is the unique function F' with the desired property, so it remains only to show that F'is smooth.
This follows from Lemma [2.6} for any p € M, choose some U; > p; on this open neighborhood,
F |U]- = F} is smooth, and hence F' is smooth. O

2. Smooth Functions, and Examples

In the special case that our target manifold is a Euclidean manifold, we refer to a smooth map
f: M — R as a smooth function. By definition, this means that, for each p € M, there is a chart
(U, @) at p, and a chart (V, ) at f(p) in R, such that f(U) C V and v o f o ! is smooth on
©(U). In fact, it suffices to always take V' = R* and v = Id, giving the following apparently
stronger definition.
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DEFINITION 2.8. Let M be a smooth manifold, and let k be a positive integer. A function
f: M — R is called smooth if, for each p € M, there is a chart (U, ) so that the function

fop™:p(U) = R*

is smooth. This composite function is called the coordinate representation of f in the chart
U, ).

If this holds true, then evidently f is smooth in the sense of Definition (taking (V, ) =
(R¥ 1d)). Conversely, if f: M — R* is smooth in the sense of Definition 2.2/ with some codomain
chart (V, ¢) satisfying f(U) C V, then note that

fop =y lo(hpofop)

is well-defined since f(U) is contained in V', and is a composition of smooth functions, thus is
is smooth. Thus, the two definitions are equivalent. A similar argument shows that if M is also
an open subset of a Euclidean space R", then this notion of smoothness coincides with the usual
calculus definition.

In the special case k£ = 1, the set of smooth functions f: M — R is denoted C*°(M). In this
case, since we can add and multiply the valued f(p) for any p € M, C°°(M) has the structure
of a commutative algebra. This algebra can be used to recover the topological properties of the
manifold; this approach is the beginning of algebraic geometry.

Let us now consider some examples of smooth maps.

EXAMPLE 2.9. Let M = {(z,y) € R*: x > 0}. The function f(z,y) = z? + y? is smooth
in the classical sense. Let’s consider its coordinate representation in a different chart (other than
the identity chart on M, which is an open subset of R?. Let : (—5,%) x (0,00) — M be the
global polar coordinate chart ¢(r, ) = (r cos 6, rsinf). Then the coordinate representation of f,
f=fopl: (=5,%) x (0,00), is given by f(r,0) = r? (which is, just as clearly, smooth). It is
not uncommon in differential geometry to confuse the notations f and f , and simply refer to local
coordinate representation of f in the (r,60) coordinate as f(r,f) = r%. (This is common even in
most multivariate calculus classes.) We will try to avoid this, as it is confusing; but you will come

across it at some point, so try not to be afraid of what will look like obvious nonsense.

EXAMPLE 2.10. Itis easy to verify that all of the following maps are smooth on any manifold
M:

e Any constant map.
e The identity map M — M.
e If U C M is open, then the inclusion map U — M is smooth.

EXAMPLE 2.11. Let ¢: S™ < R"™"! denote the inclusion. Then, using the atlas of hemispheres
(cf. Example with gp;t(:pl, co ™Yy = (2t o 2o 2™, we have the coordinate repre-
sentations of ¢, i : gij(U ji) — R™! given by

fut, . u) = (uh T R = ()2 — = (um)2 L u)

which is smooth on the domain 7 (U;") = B" = {(u',...,u"): (u")*+ -+ + (u")? < 1}. Thus,
¢ 1s a smooth map.
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EXAMPLE 2.12. Let 7: R"™! \ {0} — RP" be the defining projection m(z) = spang{z}.
Then, in the coordinate charts (U, ;) for RP™ given in Example and using the identity coor-
dinates on R™** \ {0} (restricted to the set {x; # 0} so that 7 maps them into U;), we have

1 7:L,n+1) —

pjom(z,. .. —(xl,...,a/:},...,xnﬂ).

xJ
This is a smooth map on its domain, and so 7: R"™!\ {0} — RP" is smooth.

We can also build new smooth functions from old ones in the usual ways.

PROPOSITION 2.13. Let M, N, P be smooth manifolds. Let k be a positive integer.

@) If f,g: M — RF are smooth functions, then f + g: M — R is a smooth function, and

f-g: M — R (the dot product in the range) is a smooth function.
(b) If F: M — N and G: N — P are smooth, then so is Go F': M — P.

PROOF. Part (a) is left as an exercise. For part (b): fix a point p € M. By smoothness of G,
there is a chart (V1) at F'(p) in N, and a chart (W, ) a G(F(p)) in P with G(V') C W, such that
Yo Goy (V) — (W) is smooth. Since F' is smooth, it is continuous, and so F~(V) is
an open neighborhood of p in M. By the completeness of the atlas on M, we may choose a chart
(U, ) at p so that U C F~(V'), which implies that F(U) C V. By the smoothness of F' (and
the smooth compatibility of the atlas .%j;), we have ¢ o F'o o=t o(U) — (V) is smooth. Now,
(G o F)(U) = G(F(U)) C G(V) C W, and on (1),

Yo(GoF)oyp ! = (ﬁoGow_l)o(@DoFogp_l)
is a composition of smooth maps between Euclidean spaces, and so is smooth. Thus, by definition,

G o F'is smooth. O

EXAMPLE 2.14. The composition 7 o ¢: S* — RP", with + and 7 from Examples [2.11| and
2.12} is therefore a smooth map. This is the map which sense x € S™ to spang{z} € RP™. Itis a
2-to-1 covering map, since the preimage of any element 7(x) € RP" consists of the two antipodal
points {z, —z} in S". This is the usual map by which we visualize RP", as the quotient of S™ by
identifying antipodal points. We now see that this quotient map is smooth.

As usual, “vector-valued” maps are smooth iff all their components are smooth.

PROPOSITION 2.15. Let M, ..., M} and N be smooth manifolds. Let w;: My x--- My, — M;
be the projection map. Then 7; is smooth for each j. Moreover, if F': N — My X --- My, is any
map, then I is smooth if and only if F; = ;o I': N — M, is smooth for 1 < j < k.

The proof of Proposition [2.15|is left as an exercise.

3. Diffeomorphisms

Now that we know what “smooth” means for maps between manifolds, we can define the basic
morphism in the category of smooth manifolds.

DEFINITION 2.16. Let M, N be smooth manifolds. A diffeomorphism F': M — N is a
smooth map that possesses a smooth inverse. If there exists a diffeomorphism M — N, we say
that M and N are diffeomorphic; we write M = N.
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EXAMPLE 2.17. (1) The open unit ball B" is diffeomorphic to the whole Euclidean space
R", via the map
F(z) = — = whose inverse is F(y) = 4

V1= fa? VIt
So B" = R,

(2) Let M be a smooth manifold and let (U, ¢) be a chart in a smooth atlas. Then ¢: U —
©(U) is a diffeomorphism (its local coordinate representation in the ¢-coordinates is the
identity map, in either direction). So: a smooth manifold is locally diffeomorphic to R™.

One key immediate property of diffeomorphisms is invariance of dimension (which is ex-
tremely hard to prove for homeomorphisms).

THEOREM 2.18 (Invariance of Dimension). Let M, N be smooth manifolds. If M = N, then
dimM = dimN.

(Here dimM = n if M is an n-dimensional manifold.)

PROOF. Let F': M — N be a diffeomorphism. For any point p € M, choose smooth charts
(U,p) at pand (V,9) and F(p) with F(U) C V. Because F is a homeomorphism, it is an open
map, and so F'(U) is open; by restriction if necessary, wlog we may therefore take V' = F(U).
Then ¢ o F o p~t: p(U) — (V) is a diffeomorphism between Euclidean spaces, with inverse
po F~1 o~ But we know (cf. Section [5)) that diffeomorphisms can only exist between same-
dimensional Euclidean spaces. This concludes the proof. U

Here is a list of basic properties of diffeomorphisms that are straightforward to verify.

PROPOSITION 2.19. (1) A composition of diffeomorphisms is a diffeomorphism.
(2) A finite Cartesian product of diffoeomorphisms is a diffeomorphism.
(3) A diffeomorphism is a homeomorphism.
@) If F': M — N is a diffeomorphism between smooth manifolds, and U C M is open, then
F|;: U — F(U) is a diffeomorphism.
(5) The relation M = N (diffeomorphic) is an equivalence relation on smooth manifolds.
The last point in the proposition shows that we really want to think of a smooth manifold as

an equivalence class under the diffeomorphism relation: we don’t want to consider two smooth
manifolds to be different if they are, in fact, diffeomorphic.

EXAMPLE 2.20. Consider the alternate smooth structure on R from Example[1.17, where the
smooth atlas is determined by the global chart (R, p(x) = 23). Denote this smooth manifold by

R. This is not the standard smooth structure on R. However, consider the map
F:R— R, F(z)=az"
Then in local (i.e. global) coordinates, with (IR, Id) be the chart on R, we have
poFold'(z) = p(a*) =, Ido Flop™t(y) = F1(y'/3) = .
Thus, in local coordinates, F' is the identity map, which is clearly a diffeomorphism. We have

therefore shown that R = }N%

So R and R are “the same” after all (as smooth manifolds, they are diffeomorphic). This leads
naturally to the question: are there any smooth structures on the topological manifold R that are
not diffeomorphic to the standard smooth structure? It turns out the answer is no (and we may get
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to develop all the tools needed to prove that theorem in this course). A wider question is: given two
topological manifolds M and N that are homeomorphic, is it possible to find smooth structures on
them that are not diffeomorphic? This is a very difficult question in general, and is still a topic of
much current research. Here are are few answers in specific cases that are pretty mind-blowing.

o If dimM < 3, then there exists a unique (up to diffeomorphism) smooth structure on M.
[Munkres 1960; Moise 1977]

e If n £ 4, then the standard smooth structure on R” is the only one up to diffeomorphism.
However, there are uncountably many non-diffeomorphic smooth structures on R*. These
are called “fake R*s”. [Donaldson and Freedman, 1984].

e There are exactly 15 non-diffeomorphic smooth structures on S”. [Milnor, 1956; Kervaire
and Smale, 1963].

o If n > 3, there exists a compact topological n-manifold which possesses no smooth
structures at all.

4. Partitions of Unity

Since we must always work locally on a manifold, we want to be able to put local objects
together into a global object. The “smooth gluing lemma” Corollary is an example. But it
is too weak for most purposes: there we must know how to extend our smooth function from
one neighborhood to another where they are identical on the (big) intersection; this turns out to
be generally impossible to arrange if we didn’t already know of the existence of a global smooth
function in the first place. If we only wanted continuity, we only need to arrange agreement on the
intersections of closed sets, and this is much easier. But there’s no way to get smoothness this way.

The main tool that we will use throughout this course to overcome this technical problem is
called a partition of unity. The first step is to refine our cover of coordinate charts so that they do
not overlap oo much, and the resulting diffeomorphic patches of R™ are open balls.

Let M be a manifold, and let & be an open cover. Another open cover &’ of M is called a
refinement of & if, forany U € &”, thereis some V € & withU C V. A cover 0 is called locally-
finite if, for any p € M, there is a niechgborhood of p that only intersects finitely many U € O.
Our first lemma here shows the real reason we need to assume our manifolds are second-countable:
this guarantees the existence of locally-finite open covers.

LEMMA 2.21. Let M be a smooth manifold, and let O be an open cover of M. Then there is
an open cover 0" of coordinate charts that refines O, is locally-finite, and each coordinate chart
in 0" has compact closure, and is diffeomorphic to R™ (or B").

PROOF. By second-countability, M is o-compact (Exercise): there is a countable collection of
compact sets K, Ky, K3,...sothat M = |, K,. Now, let 1} D K; be an open set with compact
closure. Then V; U K, is compact, and similarly has an open neighborhood V5, with compact
closure. Continuing this way, we produce a nested sequence Vi, V5, Vs, ... of open sets, with
V, C V41, each with compact closure, such that Ky U - - - U K,, C V,,. It follows that M = |, V..
Then we also have M = Un A, where A,, are the closed annular regions A,, = V., \ V,._1 (where
we take Vy = &). These are all compact.

Fix n > 1. For each p € A, there is some W € ¢ with p € U. There is also some chart
(U, ) at p, and so U N W is an open set containing p. Let B be a ball in (U N W) small enough
that o' (B) C V,41 \ V,_2 (this is possible by the continuity of ¢); then B, = ¢ '(B) is a
neighborhood of p that is diffeomorphic to a ball (via ) and is contained in U and in V1 \ V},_s.
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(We call such neighborhoods coordinate balls.) Now, since A,, is compact, we may choose finitely
many B, of these that cover A,. Take ¢’ to be this countable collection of open sets for n > 1,
which are all by construction diffeomorphic to balls (and since each element is contained in some
V.11, it has compact closure). This gives an open cover of M subordinate to ¢’; we need only
show it is locally-finite.

Fix any p € M, and let B € ¢’ be a coordinate ball containing p, that was introduced at stage
n above. Then B C V,, 1. Now, if B’ € 0" was introduced at stage m, then it is not in V,,,_,, so as
long as m — 2 > n + 1, B does not intersect B’. Thus, the set of elements B’ that do intersect the
given neighborhood B of p are among those that were introduced at stages 1,2,...,n + 2. There
are only finitely many of these, and so &” is locally-finite, as desired. U

EXERCISE 2.21.1. The above construction produced a locally-finite open cover O’ that is
countable. In fact, in any second-countable space, any locally-finite open cover is countable.
Prove this.

Another technical result that will be useful in what follows is the shrinking lemma: any locally-
finite open cover can be shrunk a little bit (in the sense of shrinking each open set in the cover) and
still remain an open cover.

LEMMA 2.22 (Shrinking Lemma). Let & be a locally-finite open cover of M. Then each
U € O contains a subset U' with U' C U such that the collection of U’ is also a locally-finite open
cover.

PROOF. As discussed above, the cover & is countable, so list it & = {Uy,Us, Us, ...}. Con-

sider the set
Cr =0\ JU;
Jj=2

This set is closed: indeed, it is equal to U7 \ Uj>2 U;, forif p € OU; then, since U; is open, p ¢ Uy,
and so p € (J;5, U;. This shows U\ U;s2Uj € Ui \ U;s, Uj, and the reverse containment is
immediate.

Thus () is a closed set which is closed and contained in Uy, and satisfies M = C;UUsUU3U- - .
Choose any open set U] with the property that C; C U; C U] C Uy. Then {U;,U,,Us, ...} is an
open cover of M. Now proceed by induction: having produced U7, ..., U, let

Crr1 = Upr \ (U U UUL U Uy UUpysU---).

By the same argument as above, Cj4 is closed, contains Us, and M = Uy U --- U U] U Ciqq U
Up+2 U Uj43 U - - -. Choose any open set U;,, ; which satisfies C.41 C U;,; C Wﬂ C Ugys.

We need to show that {U], US, Uj, ...} is an open cover; this is where local-finiteness comes
in. Fix p € M; then there is a finite collection of U; containing p, and so let n = max{j: p € U;}.
By the above induction argument, {U], ..., U}, U,11,Upyo,...} is an open cover of M, and so
pe U VU U---U,UUpyy UUyyo U---. Butsince p is not in U; for j > n, it follows that
p € U;U---UU). This holds for any p, and so {U7, Uj, Uj, . ..} indeed form an open cover. (That
it is locally-finite follows from the fact that it is a refinement of a locally-finite open cover.) U

This brings us to our local tool for building smooth functions: a (smooth) partition of unity.

DEFINITION 2.23. Let O be an open cover of M. A partition of unity subordinate to O is a
collection of functions {1y : M — R: U € O} with the following properties:

o suppyy C U
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o 0 <¢y(p) <1lforallpe M
e The refinement O of O, given by U € 0" iff 1y is not identically 0, is locally-finite.
® > veoVu(p) =1 foreachp € M.

Note that the last condition (that the functions sum to 1) makes sense in light of the other
conditions: for any fixed p € M, the set of U € ¢’ containing p is finite, and so the set of ¢ for
which ¢y (p) # 0 is finite; hence the sum is always a finite sum.

The main theorem of this section is the assertion that every smooth manifold admits a smooth
partition of unity subordinate to the open cover of its smooth structure. This is an enormously
powerful theorem for building global smooth functions out of local ones. Indeed, let {(U;, ;) }jes
be the smooth structure of M. For each j, choose some smooth function fj R™ — R. Then

fi= fj o (p; is a smooth function on the smooth manifold U;. We can extend it to a function on all
of M by setting f; = 0 on M \ U;. This is not generally a smooth function, but that doesn’t matter:
we can define the global function f = > ; ¥; f; for a smooth partition of unity subordinate to the
open cover {U,};c;, and then f will be smooth (because the non-smooth parts of f; are smashed
to 0 by the compact support of ¢; inside Uj).

We will see how to use this technique in many important examples in what follows. First, we
need to see why a smooth partition of unity exists. The key is the existence of “smooth bump
functions” on R".

PROPOSITION 2.24. Let 0 < r < R < oo. There exists a smooth function h: R" — R with
the following properties:
(1) h(z) = 1for|x| <r.
(2) h(x) =0for|z| > R.
(3) 0 < h(z) < 1forr <|z| < R.

PROOF. First, it suffices to prove the proposition in the case n = 1: if h; is such a function in
the n = 1 case, then we can set h(z) = hy(|x|), which clearly possesses properties (1)—(3). The
function x — |z| is smooth on R" \ {0}, and so & (being a composition of a smooth function with
x +— |z]) is as well; it is also smooth at 0 since it is, by construction, = 1 on a neighborhood of 0.

To prove the existence of such an function h;: R — R, we first build a smooth version of a
cutoff function. Set f(t) = e /*1;5¢. Then f is smooth on R \ {0}. In fact, it is also smooth
at 0. First, continuity at 0 follows by 1'Hopital’s rule since lim,_,oe~'/* = 0 = f(0). Continuing
by induction, it is straightforward to verify that, for ¢ # 0 and any positive integer k, f*)(t) =
pr(t)e~1/t/t%* for some polynomial p,. This means, by I'Hopital’s rule, that lim,_,o f*)(¢) = 0.
On the other hand, we also have

(=1 () — fk=1) —1/t 42(k—1)
F0(0) = i O = TDO) _y pealBe
t=0 t t—0 t

=0

again by induction. Thus, f(*) exists and is continuous, for each &, and so f is smooth, as desired.
Note that f(¢) = 0 for ¢ < 0, while f(¢) > 0 for ¢ > 0. It is easy to then verify that

f(R—|t])
SR —1t]) + f(|t| =)

has the desired properties, concluding the proof. U

hl(t) -

COROLLARY 2.25. Let M be a smooth manifold. Let K C U C M with K compact and U
open. Then there is a smooth function f: M — [0, 1| with f = 1on K and f =00on M \ U.
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PROOF. For each p € K, choose a chart (U, ¢,) at p such that U, C U, and ¢,(p) = 0. Let
R, > 0 be such that the ball B(0, 2R,,) is contained in ¢, (U,). Choose some 7, € (0, R,), and let
h, be a smooth bump function as in Proposition with radii r, and R,. Then g, = h, o p,isa
smooth function on U,,. We can extend it to all of M by setting g,(q) = Oforqg € M\, " (B(0, R,))
(this agrees with the bump function on the preimage of the annulus B(0,2R,) \ B(0, R,), and so
the function is smooth by the smooth gluing lemma, Corollary [2.7). Hence, for each p we have
a smooth function g, which is 0 outside U,, and hence outside U, and g, is strictly positive on
Uy = ¢, (B0, Ry)).

Now, as K is compact, we can choose finitely many p,, ...,p; so that K C U, U---UU, .
Thus, the function ¢ = g,, + --- + ¢p, 1s a smooth function on M which is 0 outside U, and
which is strictly positive on K. By the compactness of K, this means that there is some 6 > 0
with g(p) > d forall p € K. Let k: R — R be a smooth transition function on the interval [0, J]:
k(z) =0forx < 0and k(z) = 1 for x > ¢, while 0 < k(z) < 1 for all z. For example, if h; is a
bump function as in Proposition with inner radius 0 and outer radius 24, then we could take

h(d—x), =<6
k(z) = )
(z) {1, x>0

Then the function f = k o g has the desired properties. U

THEOREM 2.26. Let M be a smooth manifold, and let O be an open cover. There is a smooth
partition of unity subordinate to 0.

PROOF. To begin, refine the open cover of smooth charts to a locally finite one & all of whose
elements are coordinate balls with compact closure, cf. Lemma and define vy = 0 for
U ¢ O. Now, apply the shrinking lemma to produce a new locally-finite cover &” refining & so
that for each U € & there is a U’ € ¢’ with U’ C U. By our construction, the open sets U € ¢
have compact closure, and therefore U’ is compact. By Corollary there is a smooth function
fu: M — [0,1] such that fiy = 1 on U’ and supp fy C U. Define f = > veo Ju- As the cover is
locally-finite, this is a finite sum at each point. For each p, there is some neighborhood V' so that
only finitely many U € & intersect V; thus, on V/, f is this fixed finite sum of smooth functions,
and so is smooth. Moreover, Since the U’ cover M, it follows that f > 0 on M. Thus, we may
define ¥y = fy/f. These are smooth functions, whose supports are subordinate to the locally-
finite cover €; they clearly take values in [0, 1], and have been designed sothat ), , vy =1. O

5. Applications of Partitions of Unity

PROPOSITION 2.27. Let M be a smooth manifold, and let A, B C M be disjoint closed sets.
There exists a smooth function f: M — [0, 1] such that f~'(0) = Aand f~'(1) = B.

PROOF. This is an exercise on Homework 2. U
We may talk about smooth functions on any subset of a smooth manifold.

DEFINITION 2.28. Let M, N be smooth manifolds, and let A C M be any subset. A map
F: A — N is called smooth if, for each p € A, there is an open neighborhood U, C M and a
smooth map F,,: U, = N so that F| ., = FP|AmU,,'
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One might expect the definition of smoothness on A to be the nominally stronger statement
that F' is the restriction of a smooth function on a neighborhood of all of A. As it turns out, these
are equivlalent for closed sets A and functions taking values in R¥.

PROPOSITION 2.29. Let A C M be closed, and let f: A — RF be a smooth function in the
sense of Definition Let U be any open neighborhood of A. Then there is a smooth function

f: M — R such that f’A:fandsuppfg U.

PROOF. For each p € M, choose a neighborhood U, and a local smooth extension fp of f
to U, as in Definition wlog assump U, C U (.e. replace U, by U, N U if necessary).
Then the collection {U,: p € M} U {M \ A} is an open cover of M. Fix a smooth partition
of unity {¢,: p € M} U {¢y} subordinate to this cover (so, in particular, suppv, C U, and
supp o C M\ A).

For each p € A, the function 1, fp is smooth on U, and 0 outside the closed subset supp 1, C
U,; hence, we can extend it to a smooth function on all of M by setting it equal to 0 outside

supp 1. Then define
f = Z ¢p]; p*

peEA

By local-finiteness, at each point ¢ € M there is a neighborhood where this is a fixed finite sum,
and thus defined a smooth function on that neighborhood; thus f € C>°(M,R*). Note that 1)y = 0
on A. Thus, by the partition of unity property, we have for g € A,

L= wpla) + o) = Y yla);

pEM peM

and so since fp(q) = f(q) for g € A, we have

F@) =@ fple) =D u(@)f(a) = f(q).

peEM peEM

This shows f is a global smooth extension of f as desired. We need only show that supp f cU.
This is left as an exercise. U

REMARK 2.30. We may use a partition of unity here since the codomain of f is R* where we
can employ vector space operations. If we don’t have this, not only does the above proof not work,
but the result is generally false. For example: the identity map f: S' — S! is smooth, both in the
intrinsic sense of a smooth map between smooth manifolds, and in the above sense of a map being
smooth on a closed subset of R?; but this map has no smooth (or even continuous) extension to a
map R? — S'. Indeed, suppose f: R? — S'is C' and satisfies f(u) = u for u € S'. Then the
curve v,(t) = (rcost,rsint) in R? has a C'! image f o v, in S!. We can compute the winding
number n(7,, 0) of this curve about 0 in the usual way:

T Y
foyr V x2 + y2 V ‘1.2 + y2
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By assumption f o v, has image contained in S!, so this is the same as

n(y-,0) = f zdy — ydx
Jorrr

2m
d d
:/ [fl(r cost,rsint)afg(r cost,rsint) — fo(r cost,rsint)%fl(r cost,rsint)| dt
0

2w

= fi(rcost,rsint)[—0; fo(r cost,rsint)rsint + Oy fo(r cost, rsint)r cost] dt
0

2
- / fa(rcost,rsint)[—0y fi(rcost,rsint)rsint + Oa f1(r cost, rsint)r cost] dt.
0

Because f; and 0, f; are continuous functions for 7, j € {1, 2}, this is evidently a continuous func-
tion of r. It is also integer valued (as a winding number), so it must be constant. By assumption,
when r = 1, n(v1,0) = 1, and so n(~,,0) = 1. But, by inspection, n(y,0) = 0, a contradiction.

Another application of partitions of unity that demonstrates their typical application is the
existence of a smooth exhaustion function. This is a smooth function f: M — R with the property
that f~!(—o0, c| is compact for each ¢ € R. Since f is defined everywhere, each point in M is
in one (and hence all larger) of these sublevel sets. On R", f(x) = |z|? is a smooth exhaustion
function; on B", f(z) = Tlx\? is one.

For any such function, the collection K,, = f~!(—o0, n] forms a nested sequence of compact
sets that covers M. So a smooth exhaustion function is a kind of smooth version of such a sequence.

(Of course, this only really makes sense for a non-compact M .)

PROPOSITION 2.31. Let M be a smooth manifold. Then there exists a strictly positive smooth
exhaustion function f: M — (0, 00).

PROOF. Let {V;} be a locally-finite (thence countable) open cover of M, such that each V
has compact closure. Let {¢;} be a smooth partition of unity subordinate to this cover. Define
f=> ;Jw;. Forany p € M, there is a neighborhood on which only finitely many ¢; are non-zero,
and so f is smooth on a neighborhood of p, thus f € C*°(M). Moreover, f(p) > >_;1;(p) = 1,
so f is strictly positive.

Now, fix ¢ € R, and let N > c be a positive integer. If p ¢ |J;_, Vj, since supp; C Vj, it
follows that ¢;(p) = 0 for 1 < j < N. Thus

F)= Y i) =N Y ¢ip) =N v(p)=N>c.

J=N+1 j=N+1 j=1
That is: if p ¢ Uj_, V, then f(p) > c. The contrapositive statement is: if f(p) < c, then
D E U;VZI V. So the sublevel set f~!(—oc, c], which is closed since f is continuous, is contained in

the compact set Uj\;l Vj and hence is compact. This shows f is a smooth exhaustion function. [






CHAPTER 3

Tangent Vectors

1. Tangent Spaces

We typically view element in R with dual meaning: either as points in the metric space, or as
vectors in the vector space. In particular, if f: R™ — R™, then the derivative in a direction v € R"
at a point v € R"is D, f(x) = [Df(z)]v. Here we view v as a vector in R", which we must
therefore draw as an arrow anchored at the origin; but geometrically we think of it as anchored at
the point . We could be more formal about this.

DEFINITION 3.1. The tangent space to R" as a point x € R" is the vector space {x} x R".
We denote it by T, R".

This notation helps us record that the vectors are tangent fo the point x. This is helpful when
we want to talk about vectors tangent to a surface, for example.

EXAMPLE 3.2. The smooth surface S® C R™*! has a tangent space at each point z, consisting
of those vectors that are orthogonal to the position vector z itself. That is:

T,S" = {(z,v) € T,R""': v 1L 2} C T,R",
a subspace of the tangent space to R"™! at z.

This notation allows us to conveniently talk about tangent spaces to smooth surfaces imbedded
in R". We would like to talk about tangent vectors to manifolds that are not (a priori) imbedded in
R™. The presentation above of 7, S™ requires the imbedding: the tangent vectors live in the larger
space R""! (even if they form an n-dimensional subspace thereof). We therefore need another way
to talk about such tangent vectors that is intrinsic to the manifold itself.

There are many different (but, in the end, isomorphic) ways to do this. The one we will follow
is the most common: having essentially defined the smooth structure on M by selecting which
functions will be called smooth, we also define tangent vectors in terms of smooth functions. The
key observation is that the space T, R™ can be identified with the space of directional derivative
differential operators D,| at the point x, for v € R™. We will therefore define tangent vectors to
be such operators. The question is: how can we intrinsically define such operators without already
having an explicit v € R" to deal with? The answer lies in the product rule: for any directional
derivative D,|, at the point z € R" (acting on C*°(R")), we have the product rule

Dy(f9)l, = f(x) Dugl, + g(z) Duf], -

It will turn out that this property uniquely defines all directional derivative operators at z. We call
operators satisfying this property derivations.

DEFINITION 3.3. Let M be a smooth manifold, and p € M. The space of derivations
Der, (M) at p is the space of linear operators X,,: C* (M) — R with the property

Xp(fg) = f(p)Xpg + 9(p) Xy f.
45



46 3. TANGENT VECTORS

Let us record two key properties of derivations that follow immediately from the definition.

LEMMA 3.4. Let M be a smooth manifold and p € M, and let X,, € Der, M. Then
(a) for any constant function f € C>*(M), X,,f =0, and
(b) if f,g € C(M) with f(p) = g(p) = 0, then X,(fg) = 0.

PROOF. For part (a), note that if f = c then f = c- 1 where 1 is the constant function taking
value 1. Thus, by linearity X,,f = X, (c1) = cX, 1, and so it suffices to prove that X, 1 = 0. This
follows from the fact that 1 = 12 and the derivation property:

Xpl = X,(1%) = 1(p) X, 1 + 1(p) X, 1 = 2X,1
and this implies that X, 1 = 0. Part (b) follows directly from the derivation property:

X,(fg) = f(p)Xpg9+ g(p) X, f =0+0=0.
O

Elementary as these properties are, they actually allow us to prove that, on R", Der,R" consists
exactly of the directional derivative operators D, |, for v € R".

PROPOSITION 3.5. Fix p € R". The map v, (p,v) w D,|, is an vector space isomorphism
T,R™ — Der,R".

PROOF. We already noted that directional derivative operators D,| , are derivations at p, and
so the map is well-defined. It is straightforward to verify that it is a linear map. Now, let v €
ker 9, so that D, f(p) = 0 for all f € C*°(R"™). Taking f(z) = 27 for 1 < j < n, we have
0= [Df(p)lv= e v =17, the jth component of the vector in the standard basis. This shows that
v = 0, and so U, is one-to-one.

It remains only to show that it is onto. Fix X,, € Der,R". Motivated by the previous argument,
define the vector v by taking its jth component in the standard basis to be X,(z — z7). We will
show that X, = 9, (p,v) = D,|,. By Taylor’s Theorem [0.9] we have

F@) = 1)+ 300 ) + 5 D = b #) [ (L= 000,10+t ).
i—1 ij=1 0

From Proposition , the functions © +— fol(l —1)0;0;f(p + t(x — p)) dt are smooth. Thus,
setting g'(x) = z* — p' and W/ (p) = (27 — p’) fol(l —1)0,0;f(p+t(x —p)) dt, the functions g', h/
are smooth and satisfy ¢‘(p) = h/(p) = 0 for 1 < 4,5 < n, and we have

F@) = £6) + 3050 — )+ 1 3 o @),
i=1 ij=1
By Lemma [3.4] it follows that
Xof = Zn:Xp (0:f(p) (=" = p")) = Zn:@f(p)vi = Dufl,
i=1 i=1
as desired. U
We thus have an intrinsic realization of the geometric tangent space 7,R"™: we can view it as

the space of derivations Der,R™. So, for example, instead of talking about the vector [1,0, —2]"
tangent to p € R3, we could instead think of this vector as the first-order differential operator
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(01 — 203)|,, acting on C°°(R?). With this description in mind, we are prompted to define tangent
spaces on manifolds accordingly.

DEFINITION 3.6. Let M be a smooth manifold, and p € M. The tangent space 1,,M to M at
p is defined to be the space Der, M of derivations at p. That is, the tangent space is the set of linear

operators X,,: C°(M) — R satisfying X,(fg) = f(p) X9+ g(p) X, f forall f,g € C(M).

There is an important technical point to understand here: while the derivations formally act on
smooth functions defined on all of M, they really only depend on the behavior of the functions in
an arbitrarily small neighborhood of p.

LEMMA 3.7. Let X,, € Der, M, let f,g € C*>°(M), and let U be any open neighborhood of p
in M. If fl; = gl then X,,(f) = X,(9).

PROOF. Let h = f — g, so h € C°(M) satisfies h = 0 on U. The support supp & is a closed
set disjoint from U. Now, let ¢/ be a bump function that is identically equal to 1 on supp h, and
satisfies ¢)(p) = 0. Then vh is identically equal to h: if h(p) # 0, then (¢Yh)(p) = 1-h(p) = h(p),
and otherwise (¢h)(p) = 0 = h(p). But then, by Lemma [3.4] since ¢)(p) = h(p) = 0, we have
X,(h) = X, (¢h) = 0. By linearity of X, this means 0 = X, (h) = X,(f —¢g) = X,(f) — X, (9),
so X,(f) = X,(g) as desired. O

By virtue of Proposition when M = R", Der,M is an n-dimensional vector space. A
priori, it may not be clear that this space is finite-dimensional (or non-zero) on a general manifold.
We will shortly see that it has the same dimension at every point p, equal to dimM. Indeed, this
will follow from the fact that M looks like R™ in some neighborhood of p. To understand how this
works, we first need to understand the generalized version of the total derivative.

2. The Differential / Tangent Map

For smooth functions F': U C R™ — R™, we have the total derivative DF'(p): R" — R™, the
best linear approximation of F' near p. In fact, in our new language of anchoring vectors at base
points, it is clear that we should think of DF(p) as a linear map from 7T,R"™ to T, R™. That is,
after all, how we draw the associated vectors. It also makes a great deal of sense in terms of the
chain rule: if we have F': R® — R™ and G: R™ — R*, then we have D(G o F)(p): T,R" —
TeorpRF satisfies D(G o F)(p) = DG(F(p)) o DF(p), where DF(p): T,R" — Ty,)R™, and so
we see that the evaluation point F'(p) in DG is necessary for the composition to even make sense,
so that DG(F(]?)) : TF(p)Rn — TGOF(p)Rk.

Now, by Proposition 3.5} we may view T, R" as Der,R"™ via the isomorphism J,,. Thus, we can
view DF(p): T,R" — T, R™ as a linear map Der,R" — Derp(,R™; i.e. let us define

dF,: Der,R" — Derp,)R™, dF, = Vpp) o DF(p) o 19;1. (3.1)
This conjugated total derivative is called the differential of F' at p. That is, for any X, € Der,R",
dF,(X,) is a derivation in Der,R™. So
dFy(X,) = Vp) (DF(p) (0, (X}))) -

Let 9, (X,) = (p,v). Then DF(p)(9,"(X,)) = [DF(p)l(p,v) = (F(p), [DF(p)]v) € Trp)R™.
The action of 15, is to convert a vector into the directional derivative operator in the direction of
that vector, and so

dFy(Xp) = Dipr)o] gy -
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In other words, if f € C°°(R™), then dF, (X ) is the derivation in Derp(,)R™ with action

dFy(X,)(f) = Dprte(f)| g, = [DFE@)IIDF (D).
Now, employing the chain rule, this means that
dF,(Xp)(f) = [D(f o F)(p)]v. (3.2)

On the other hand, niively, given an element X, € Der,, M, how could we make it act on C*>°(R")?
Well, for any f € C°(R™), the push-forward function f o F'is in C*°(R"), which is the domain
of the operator X,,. Since we have X, = ¥,(p,v) = D,|,, we have

Xp(foF)= Dy(foF),=[D(foF)(p)o. (3.3)
Comparing (3.2)) and (3.3)) leads to the following immediate, but deep, observation.

PROPOSITION 3.8. Let F': U C R"™ — R™ be smooth. The differential map dF,: Der,R" —
Derp ) R™ of (B.1)) is given by

dF,(X,)(f) = X,(fo F), X, € Der,R", f e C(R™).

In other words: by building the derivatives right into the definition of the vectors, the total
derivative map becomes nothing more than the (pointwise) push-forward by F': the natural com-
position map needed to fit the pieces together (thanks to the chain rule).

We can thus discuss the differential of a smooth map between manifolds.

DEFINITION 3.9. Let M, N be smooth manifolds, and let F': M — N be smooth. Forp € M,
the differential dF), is the map T,M — Tr )N defined by

dF,(Xp)(f) = Xp(f o F), Xy, € T,M, f € C™(N).
Note that, if f, g € C*°(V), then setting Yr(,) = dF,(X,) we have

Ve (f-9) = Xp((f-9) o F) = Xp((fo F) - (g0 F))
=(foF)P)Xy(go F) + (go F)(p)Xp(f o F)
= f(FP)Yrp)(9) + 9(F®)Yre)(f)-

That is: Yy is indeed in Derg, IV, and so dF), is well-defined.

The collection of names/notations for this map is essentially uncountable. Some authors call it
the differential, others the total derivative, still others the unimaginative tangent map. You might
see it denoted as dF,, = DF(p) = F'(p) = T,F, oreven as dF' = DF = F' = TF with
the p suppressed. Another popular notation is F,, which highlights the fact that the map (in this
language) is nothing more than the (pointwise) push-forward from Der, M to Derg, N, via the
map F'. We will try to be consistent with the notation df},, and the name differential.

Here are some basic properties of differentials of smooth maps than can be readily verified
from the definition.

PROPOSITION 3.10. Let M, N, P be smooth manifolds, with F': M — N and G: N — P
smooth maps. Let p € M.
(@) dFy,: T,M — Tp)N is a linear map.
(b) d(G o F), = dGp(y) o dF,.
(C) d(IdM>p = IdTpM
(d) If F'is a diffeomorphism, then dF, is a linear isomorphism, and (dF,)™" = d(EF'~) p().
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PROOF. We will prove (d), leaving the other parts to the reader. Let ¢ = F'(p); then we have
dF,: T,M — T,N and d(F~'),: T,N — T,M. We compose them: for X, € T,M,Y, € T,N,
feC®(M),and g € C*(N),

[d(F_l)q o dFy(X,)|(f) = [dF,(Xp)|(f o F_l) = X,((fo F_l) o F) = X,(f)
[dF}, 0 d(F~1)(Yo)l(9) = [d(F™)y(Y)l(go F) = Yy((go F) o F7) = Y, (g).
Thus d(F~ 1), 0 dF, = Idp,y and dF, o d(F '), = Idr,n. O

From our (pre-derivation) definition of the tangent space 7, R" to R", it’s clear that if we restrict
to an open subset U > p, T,U = T,R". In terms of derivations, this equality cannot be strictly
true (since derivations in Der,R"™ act on a different space than those in Der,U). Nevertheless, the
differential allows us to identify them in a natural way, on a general smooth manifold. After all,
Lemma 3.7|shows that derivations act locally.

PROPOSITION 3.11. Let M be a smooth manifold, and let U C M be open. Denote by v: U —
M the inclusion map (which is smooth). For any p € U, the differential dv,: T,U — T,M is a
linear isomorphism.

PROOF. Suppose X, € T,,U is in ker(d,). Fix any f € C*°(U), and some open neighborhood
B of p such that B C U. By Proposition there is a smooth extension f € C*>(M) so that
f |z = flg. Then f and f] |,; are smooth functions in C'*°(U) that agree on the open neighborhood
B of p, and so by Lemmal3.7| X,,(f) = X,(fl,). But f|, = f o+, and so

Xp(f) = Xp(f 01) = duip(Xp)(f) = 0.
This shows that X, = 0. Thus, d.,, is injective.

For surjectivity, let Y, € T,M. We define X,, € T,U as follows: as above, fix some open
neighborhood B of p with B C U, and for f € C*(U), define X,(f) = Y,(f) where f is any
smooth function on M which agrees with f on B. This is well-defined by Lemma and it is
easy to verify that X, is a derivation. We claim that di,(X,,) = Y,,. Indeed, for any g € C*(M),
we have

dup(Xp)(g) = Xp(got).
By definition, X, (g o ¢t) = Y,(h) for any smooth extension of g o |5 to M. The function g is
such an extension, and so di,(X,)(g) = Y,(g), as desired. Thus, du,, is surjective, completing the
proof. U

We therefore canonically identify 7,,U = T, M, keeping in mind that the derivations in 7,,U
act on functions in the larger space C'>°(M ) by acting on any smooth extension from a function in
a neighborhood of p in U.

REMARK 3.12. One way to avoid this slight complication is to define derivations a little dif-
ferently: in light of Lemma we may think of the domain of a derivation X, not as the space
C> (M), but as the space of equivalences classes of smooth functions that agree on any neigh-
borhood of p. Such an equivalence class is called a germ, and the space of germs at p is usually
denoted C;°(M). Then we might define the tangent space to be the set of derivations of C3°(M).
This makes the local nature of the tangent space clearer, and it greatly simplifies the proof of
Proposition (since C°(M) = C°(U)). In particular, this means we don’t need to use smooth
extensions, whose existence depends on bump functions. If we were interested in analytic mani-
folds, we would have no choice but to use the germ definition, since analytic functions are too rigid
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to allow the kinds of restriction/extension arguments above. But we will stick with the present
formalism, since the topic is already highly abstract, and we don’t want to complicate it more than
necessary.

With this precise statement that the tangent space is local, combined with the local Euclidean-
ness of the manifold, we can quickly prove that 7,,M is an n-dimensional vector space at each
p € M (where n = dim M).

COROLLARY 3.13. If M is an n-dimensional smooth manifold, then for each p € M, T,M is
an n-dimensional vector space.

A

an open set U C R By Proposition|3.10(d), it follows that dy), is an isomorphism T,U — T, U.

By Proposition _ we have T,U = T,,M, and Tw(p)f] = T, R™. By Proposition the latter
is isomorphic to R", concluding the proof. 0

PROOF. Fix p € M, and let (U, go) be a chart at p. Then p: U — Uisa diffeomorphism onto

One more general useful identification is the tangent space to a product, which can be thought
of as the direct sum of the tangent spaces.

PROPOSITION 3.14. Let My, ..., My be smooth manifolds, and let M = M; x --- X Mj.
Denote by mj: M — M, the projection map for 1 < j < k. Fix a point p = (p1,...,pr) € M.
Then the map

d(m), ® - - @d(mg)p: T,M — T, My & --- & T, M,

is a linear isomorphism.

The proof is left as an exercise.

3. Local Coordinates

Tangent vectors are now viewed as abstract derivations. However, we can make these concrete
in local coordinates. Fix p € M, and let (U, ) be a chart at p. Denote by p = ¢(p) and U = ¢(U).
Lett: U — M and i: U — R" to be the inclusion maps. Then, following the proof of Corollary
3.13|

diy o dp, o (di,) ' T,M — T;R"

is a linear isomorphism. Note: we will usually ignore the maps d¢ and di and consider them to be
the identity: that is, we use the isomorphism property of Proposition [3.11] to identify the tangent
space of an open subset of a manifold with the tangent space of the manifold. Thus, we will
(somewhat informally, but consistently) think of dy, as an isomorphism from 7}, M onto T;R".
Now, T;R" has a canonical basis: starting with the canonical basis {e',...,e"} of R, the
images under the isomorphism ¥, are the derivations D.,; 2 P for 1 < 7 < n. Since dyp, is

P Bad
an isomorphism, the preimages of these derivations form a basis for 7),M/. Here is another standard

)

abuse of notation: we denote these preimages 5| :
7 1p

o . afol\ , . [0
= (dypp) <@ﬁ>—d(s& )ﬁ(%

dai

p
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So 52 ‘p is a derivation acting on C*°(M) (or C*°(U)). How does it act? Untwisting the definition,

given f € C°°(U), we write it in local coordinates as f = fopt: U — R. Then by the definition
0

of the differential, we have
(H)=dle ™) | 5=| | ()= 0
» A oxJ 5 8953

0
0xJ
In other words: a canonical basis for 7T,U = T,M is given by the n derivations whose ac-
tions are to take the partial derivatives of smooth functions in the chart coordinates. The vectors
% ey % are called the coordinate vectors at p; it is important to note that they depend
z! Ip zn Ip
on the chart ¢ of choice.

(or )= L),

EXAMPLE 3.15. Let M = R3, and consider the chart (U, ¢) where U = {(z,y,2) € R®: = >
0},and p: U — (0,00)x (-5, 5)x(0,7) is the spherical polar map whose inverse is ¢ (p, 0, ¢) =
(pcosBsin ¢, psinfsin ¢, p cos ¢). Fix a point p = (o, Yo, 20) € U, with spherical polar coordi-
nates p = ¢(p) = (po, fo, o). The 3 coordinate vectors at this point are the derivations

0 0 0
dpl, 00|, 99|,
These are just the images, under the isomorphism ¥J;, of the standard basis vectors e, e?, e® in

(p, 0, ¢)-space. The more interesting question of expressing them as vectors in terms of the original
(z,y, z)-coordinates is discussed below, in Example [3.18]

€ T,U. (3.4)

Thus, every vector X,, € T),M can be expressed uniquely as a linear combination
X, ZXJ— , XJeR 1<j<n

How do we compute the components X/ J for a given X,? Well, for any f € C*°(U),

Zp@xﬂ Zpﬁﬂ

So, in particular, taking f(z) = z7 yields simply X,(f) = X]. Thus, we compute the components

by evaluating X, on the n smooth functions f for which f=fo e () =27,1 < j <n.
What are these functions? They are f(p) = ¢ (p), where o = (!, ..., ¢") (the n component
functions of p: U — R™). So XJ = X,(¢7); this is often (abusively) written as X,,(2/), writing

o(p) = (@ (p), ..., 2"(p)).
EXAMPLE 3.16. Following Example[3.15| consider the derivation -2 ‘ € T,,U (where U is the
x > 0 open half-plane). We want to express

52 | as a linear comblnatlon of the coordinate vectors

(3-4). To do this, we need expressions for the coordinates (¢, %, ) = (p, 0, ¢) (rather than the
inverse o' (p, 0, ®) = (z,y, 2)). Once we have these, we then have
o _op| O a6 N 0¢
0z|, T 0z, 8p 32

0

89

(For example, we know p = /22 + y2 + 22 so ? = £ = cos ¢; so the coefficient of a% is

2 p
p
cos ¢g.) Of course, what we see is simply the chain rule again.
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Now that we can express vectors in local coordinates, we can also write the differential in local
coordinates. Let F': M™ — N™ be a smooth map between smooth manifolds. Let (U, ¢) be a
chart at p, and let (V1)) be a chart at F'(p). Then we have a coordinate representation of F:

F=v¢oFop i oUNFY(V)) = (V).

As above, let p = p(p). We denote the components of ¢ as (2!, ..., 2™) and the components of v
as (y, ..., y").

PROPOSITION 3.17. In terms of the coordinate bases { % » }

for Tr, N, we have
0 OFF 0
dr, <8xﬂ ) = 2 G (p) Y

In other words: in local coordinates, the matrix of dF), is precisely the Jacobian matrix of the

coordinate representation F of the function. The differential has been cooked up to be a coordinate-
independent version of the Jacobian matrix.

SforT,M and{ %

F(p) }1<j<n

1<j<m

, 1 <7< m.
F(p)

PROOF. By definition,

0 1 0
%p—dﬁﬁ )ﬁ(@ﬁ

0 0
F, =d(Fop ™) | =—| |.
d ((9$3 p) d(Foe™)p (81’] ﬁ)

Now, since F' o cp_l =1y to ﬁ’ we therefore have
0
=d(y~ dF
ﬁ) W < (ax]

d<Foso—1>ﬁ(aaj )—dw— P, (83 ))

Now, the inside expression is the differential dﬁ}, of a map between Euclidean spaces, acting on

a derivation on Euclidean space. By definition (3.1)), this is the total derivative Dﬁ(ﬁ) acting on
the vector corresponding (via v;) to % P (which is the unit basis vector ¢/) expressed in terms

and so

of derivations in the coordinates a;:k o) The matrix of the total derivative is just the Jacobian
F(p

matrix, and so we have

a " 9FF 9

Using linearity and the fact (by definition) that
0
ro) O

0
d(¢_1)ﬁ(ﬁ) (a_yk

proves the result. 0

F(p)

F(p)
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As a final exercise in our discussion of tangent vectors in local coordinates, let us consider a
change of coordinates. That is: consider two charts (U, ¢) and (V,%) at p € M, and as usual
denote the components of ¢ as (z!,...,2") and the components of ¢ as (y',...,y"). Then the
transition map 1) o ¢! is the map taking (x',... 2") to (y',...,y"). This is a special case of the
above discussion, where we take the identity furﬁgon F =1d;;: M — M and express it in these
local coordinates: ¢ o o1 =) o Idy; o o' = Id,,. Hence, from Proposition we have

0 = 0dy)* D
>_Z Oz (?) oy*

9|,

— d(idu), ( =

Again, this is just another statement of the chain rule.

0
N — oxJ P oyF

(3.5)

k=1 Id s (p) P

EXAMPLE 3.18. Continuing Examples and [3.16; our manifold is M = R?, and we have
some base point p in the x > 0 half-plane. We have two sets of coordinates: ¢ = (p, 6, ¢) and
¥ = (z,y,z). From (3.5)), we can express the coordinate vectors in the spherical coordinates in
terms of the Euclidean ones, via

o Oxr, . 0 dy 0 0z,. 0

8_pp_8_p(p>8_a:p+8_()8_ +a—p(p)$p
g Oz, . 0 dy 0 0z,. 0

o6 = o6? az| T a6 3y "0\ 5 ‘
0 oxr, . 0 oy 8‘ z ‘
5], = 56 5| * 55

where p = p(p) = (po, 0o, ¢p) is the base point’s spherical coordinates. In this case, we have the
explicit coordinate transformation (z, y, z) = op 1 (p, 0, ¢) = (pcos O sin ¢, psin O sin ¢, p cos ¢),
and so we can explicitly write down the Jacobian yielding

2 = cosbsin g —| + sinbysinpg —| + cos g —

apl, Oz |, |, 0z|,

g = —po sin by sin ¢ 2 —+ po cos by sin ¢pg —

89p_ Po 0 Oaxp Po 0 anp

g = pp cos O cos ¢g g + po sin By cos ¢g 2 — po sin ¢g 3
0¢ ) ox » dy ) 0z »

Note: by transforming these derivations first via (di)™!)y ) into partial derivative operators in the

i
(z,y, ) coordinates, and then into vectors in Ty, R* = {¢(p)} x R? via the isomorphism 9.,
we get the three vectors

cos B sin ¢g —po sin By sin ¢g Po cos By cos ¢g
ep, = | sinthsingy |, eg, = Po €os B sin ¢g . €g = | posinbycos Py
Ccos Qg 0 —po sin ¢

These vectors are routinely used by physicists and engineers. They are the standard basis vectors
in spherical coordinates (at the point p whose spherical coordinates are (pg, 6y, Po))-
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4. Velocity Vectors of Curves

Let M be a smooth manifold. A smooth curve in M (perhaps more accurately a smooth
parametrized curve) is a smooth map «: (a,b) — M for some open interval (a,b) C R. Fix
to € (a,b), and let (U, ) be a local chart at p = a(ty) in M; then we can express the curve in local
coordinates as &(t) = ¢ o a(t). The velocity vector to the curve &(t) = (&'(t),...,a"(t)) is the

vector in R”
dat dan & :
—(to),...,— (1 = —(tg)€e’.
(S0 ) = 3 5 e
Realizing the tangent space T&(to)f] as Derg(4)(R™), the velocity vector is

Lt Y 9 |

Jj=1

(3.6)

(to)

whose action on f € C‘X’(R”) is (by the chain rule)

doﬂ

Now, & = ¢ o «, and if we take f € C°°(M), restricted to U, and let f = f o ¢! as usual, then

this means the velocity vector to the local coordinate representation & of «v at ¢ acts as a derivation
on C*(M) by

(F)= S (Foa)

to)

to

fto)(f) = —(foa)

This is our definition of the velocity vector to the curve « at time ¢, which is manifestly coordinate
independent. In fact, noting that «: (a,b) — M is a smooth map between manifolds, we can

interpret the velocity vector as
d
= dato N (f ) '
t dt t
0 0
Here we write % instead of 2

" Bt lyy 3 is common when there is only one variable; it is the standard
basis vector for 73, (a, b). So, to summarize:

b(to)() = S5(f o)

DEFINITION 3.19. Let (a,b) C R be a nonempty open interval, let M be a smooth manifold,
and let o: (a,b) — M be a smooth curve. For any t, € (a,b), the velocity vector of « at time t,
is defined to be the derivation

. d
Ol(to) = dOétO (%
to

In local coordinates, it is given by the usual expression (3.6).

> S Ta(to)M-

In fact, we can use velocity vectors of curves to naturally characterize all tangent vectors. First
note that all tangent vectors are velocity vectors to (lots of) curves.

LEMMA 3.20. Let M be a smooth manifold, p € M, and X,, € T,M. There is some smooth
curve a: (—e, €) — M for some € > 0 with «(0) = p so that &(0) = X,
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PROOF. Let (U, ) be a chart at p, and with ¢ = (z',...,2"), write X, in coordinates
X, =2, X7 % ,- Because U = ©(U) is open and p = ¢(p) € U, there is some ¢ > 0

so that the straight curve G(t) = t(X},...,X}) for : [t| < €} is contained in U. Define a(t) =
@' (t(X},...,X})). The above computations (cf. e.velocity.local) show that &(0) = X),, as de-
sired. U

What’s more: velocity vectors of curves transform naturally under smooth maps.

LEMMA 3.21. Let M, N be smooth manifolds, and let F': M — N be a smooth map. If
a: (a,b) — M is a smooth curve in M, then § = F o a: (a,b) — N is a smooth curve in N, and

forany ty € (a,b),
)) = dFy ) (a(to)).

O

B(to) = dFu(ig)(é(to))-

PROOF. This is just the chain rule for differentials:

d d d
to) ( © a)to <dt to> (to) ( Qg (dt

dt
Lemmas[3.20]and[3.21] give a method for computing differentials that is often the most effective
in practice.

B(to) = dB, (

COROLLARY 3.22. Let M, N be smooth manifolds, and F': M — N a smooth map. Fix
p € M, and X,, € T,M. Then
dFy(Xp) = (Foa)(0)
for any smooth curve o: (—e, €) — M such that a(0) = p and &(0) = X,,.

(Here we have used the “prime” notation instead of the “dot” notation, since it is hard to put a dot
over top the composition. We will generally use these two interchangeably for velocity vectors of
curves.) If F'is presented in a form other than an explicit coordinate representation, Corollary
is often the best way to actually calculate the differential dF,. We will use this frequently in what
comes.

REMARK 3.23. Corollary shows us yet another equivalent construction of the tangent
space: we can define 7),M to consist of equivalence classes of smooth curves a: (—¢,e) — M
with a(0) = p. We want the equivalence relation to somehow say that all elements should have
the same ¢(0); not having defined the tangent space yet, we instead follow the above discussion
and say that two curves «, (3 are equivalent if, for every smooth function f: M — R, the two real-
valued curves f o« and f o 3 have the same velocity vector att = 0: i.e. (foa)'(0) = (f o 5)'(0).
Thus, we think of tangent vectors based at p as “infinitesimal curves” through p. The preceding
corollary then shows that there is a bijection from this construction to the derivations we’ve chosen
to use. What’s more, as Lemma hints at, in this construction of 7,,M, the differential dF), is
simply the map which sends a vector [«] (the equivalence class of some curve «) to [F' o al; the
chain rule then shows this is well-defined. This is a very nice geometric way to picture the tangent
space; it has the significant disadvantage that there is no obvious vector space structure (indeed,
the best way to see that 7, is a vector space is to use the bijection to our tangent space to import
it).
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5. The Tangent Bundle

We now have a good understanding of the tangent space at a point, 7;,//. We can then put all
of them together to form the fangent bundle.

DEFINITION 3.24. Let M be a smooth manifold. The tangent bundle 7'M is the disjoint union

T™ = | | T,M.

peEM

It carries a natural projection map 7: TM — M, defined by w(X,) = p for X, € T,M.

For example, as we can identify 7,R" & {p} xR", wehave TR" = | | . {p}xR" = R"xR".
In some sense, this should work for any manifold, since 7,,M = R" for every p. However, this is
purely set-theoretic; there is more interesting structure we can put on 7'M, and it typically will not
amount to just M x R". Indeed, 7'M can be (naturally) given the structure of a smooth manifold
of dimension 2n.

To make 7"M into a smooth manifold, we refer to Proposition[I.20; we can define the topology
and smooth structure all in one shot. We need to define the charts. To that end, begin by selecting
some covering set of charts (U, ) of M. For each such U, let U = 7 !(U): the collection of all
vectors X, anchored at all points p € U. Now, let p(p) = (z'(p),...,z"(p)) for p € U. Then any
element of 71 (U) can be written uniquely in the form

X Z b 8:101
We therefore define a coordinate chart ¢: U— R x R" by
P(Zu

Notice that the image $(U) = ¢(U) x R™ is an open subset of R” x R”, and the map is a bijection
here — its inverse is given by

) (xl(p),...,x"(p),X;,...,Xg):(gp(p),X;,...,Xg). (3.7)

~—1 1 n 7
2 Z, Sy = E - s .EGQDI/.
( ° ’ ) = ‘ J »~1(z) ( )

To apply Proposition we need to verify the last three conditions for the charts ((7 , ) for
T M. First, by selecting a countable set of the (U, o) that cover M, the corresponding countable
collection of ((7 ,©) cover T'M. Moreover, if X, and Y, are distinct elements of 7'M, then either
p = g and so X, and Y, =Y/, both lie in a single chart ((7 ,¢) (for any U containing p), or p # ¢ in
which case (by the Hausdorff assumption on M) there are disjoint charts U,V on M with p € U
and ¢ € V/, in which case U and V are disjoint charts containing X, and Y7,.

Thus, it remains only to show that the transition maps are smooth. Let (U, ¢) and (V,¢)) be

charts on M with UNV # &, and let (U ¢) and (V, 1) be the corresponding charts on 7M. Then

FUNV)=pUNV)xR*and (U NV) =1(UNV) x R" are open subsets of R" x R". We
can compute the transition map

Vo i pUNV)XR" 5 p(UNV) x R
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explicitly. Denote the components of ¢ as x = (z',...,2") and the components of 1) as y =
(y',...,y"). Then for any point p € U NV, and any v € R",
- .0 & 8yk 0
~1
P (:c,v)zg v —| = v == (z) 5%
= Ol | a0 Ozl > OyF |,

from (3.5). Hence

1/)055‘1@1’):(?/@)2 97 ) Z 8xJ )

This is evidently a smooth function of (z, v). Thus, we have satlsﬁed all the conditions of Proposi-
tion and so 7'M is a smooth manifold. What’s more: in the chart ((7 , @), wehave # = mop !
has the action 7(z,v) = z, which is smooth.

Let us summarize this discussion as follows.

PROPOSITION 3.25. Let M be a smooth manifold. The charts in (3.7) define a smooth atlas
that makes T'M into a smooth manifold, and the projection map w: T'M — M is a smooth map.

As noted, while 7'M 1is locally isomorphic to M x R", this is typically not the case globally.
(We will see some examples a little later on on the course.) If 7'M = M x R", we say the tangent
bundle is trivial. One case where the tangent bundle is trivial is when the manifold itself has global
coordinates.

PROPOSITION 3.26. Let M be a smooth manifold, and suppose there is a single chart covering
M (i.e. there exists a diffeomorphism ¢: M — U for some open subset U C R"). Then TM is
diffeomorphic to M x R™.

PROOF. In the discussion preceding Proposition 3.25] we showed that for any chart (U, ¢), the
bundle chart (U, @) is a diffeomorphism onto ¢(U) x R™. Since M = 7~ *(M) = T'M, and since
@(M) = U, this proves the proposition. O

REMARK 3.27. It can happen that 7'M is trivial even if there is no global chart for M (indeed,
this is true for all Lie groups, which we will study in the following two quarters). But typically
T'M is non-trivial. For example, it is known (due to deep work of Adams) that 7'S™ is trivial iff
n € {1,3,7}. The tangent bundle T'S? is not diffeomorphic to S* x R? (we will be able to prove
this, at least in a restricted form, in a few more pages). What 4-manifold is it? Think of it this way,
for general n: at each point p € S", we can identify 7,S™ = R". We can then further identify this
with S" \ {—p}, via stereopgraphic projection from the point p. Gluing these together, then, we
have

TS"=8" x 8" \{(p,—p): p € S"}.
It is the product of two spheres with the anti-diagonal removed. When n = 1, this is a torus with
one complete (twisted) circle “unzipped”, which just gives the cylinder S! x R as expected. For
n = 2, this unzipping does not work, and the bundle is not trivial.

Now, suppose F': M — N is a smooth map. We have studied its differential dF),: T,M —
Tr N pointwise. Now that we know how to glue the tangent spaces together to form a manifold,
we can glue these maps together as well to form a smooth map between tangent bundles.

PROPOSITION 3.28. Let M, N" be smooth manifolds, and let F': M — N be a smooth map.
Define a map dF: TM — TN as follows: for any p € M and any X, € T,M, dF(X,) =
dF,(Xp) € TppyN C T'N. Then dF is a smooth map (called the global differential of F').
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PROOF. Fix a chart (U, ¢) in M, and look at the action of dF on the neighborhood UcTM:
in local coordinates, we have

UK TLOF
podFop H(at, ... 2™ vt .. 0™ = <F1(x),...,F"(x),Z 0 (x)v’,. 0 (x)v]> .
j=1

dzd o oz7

j=1
This is smooth (since F'is smooth). 0]

We end this section by stating properties of the global differential, which follow immediately
from the same properties of the pointwise differential (cf. Proposition [3.10).

PROPOSITION 3.29. Let M, N, P be smooth manifolds, with F': M — N and G: N — P
smooth maps.
(b) d(Go F) =dG odF.
(¢) If F is a diffeomorphism, then dF': TM — TN is a diffeomorphism, and d(F~') =
(dF)~.



CHAPTER 4

Vector Fields

1. Definitions and Examples

Let M be a smooth manifolds. A vector field on M is simply a choice of a tangent vector at
each point. In other words, it is a map X : M — T'M, with the property that X (p) € T,M for
each p € M. This can be written as follows: let 7: TM — M be the projection 7(X,) = p for
any X, € T, M. Then a vector field is a function X : M — T'M with the property that

mo X =Idy.

That is: X is a right-inverse to the projection 7. Such a map is generally called a section, so a
vector field is a section of the tangent bundle. While X : M — T'M is not valued in R", we can
still talk about it roughly in those terms since, for each p, the value X (p) = X, of X is in T,M
which is a vector space. In particular, we define as usual the support supp X of a vector field to
be the closure of the set {p € M : X, # 0}.

We will largely be concerned with smooth vector fields (in the sense of being a smooth map
between the two smooth manifolds M and 7'M). There is a simple characterization of smoothness
here (in local coordinates).

LEMMA 4.1. Let X be a vector field on a smooth manifold M; so X is a function p — X, €
T,M. Then X is smooth if and only if for any coordinate chart (U, @) on M with o = (z*,..., z"),
in the coordinate representation

X Z P 8331

the functions p — Xg are smooth functions U — R.

4.1

PROOF. In the natural coordinate chart ((7 , ) on T'M, the representation of the vector field at
any point p € U is given by

(o

Thus, if we write X in local coordinates (U, ) on M and (U, &) on T'M, this gives X = o X oy
is the map U = (U) — R?" given by

X' 2" = (2.2 X @), X (2)

) = (2'(p),. .. ,a:”(p),X;, . ,X;).

where X7(z) = X;,
chart), and the map X between open subsets of Euclidean space is smooth iff its components are
smooth. Thus, X is smooth iff X is smooth iff X7 are smooth for 1 < j < niff p — X/ are

smooth for 1 < 57 < n, as claimed. OJ

L) By definition of smoothness, Xg 1s smooth iff Xg is smooth (for every

59
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NOTATION 4.2. We denote the set of smooth sections of 7'M, i.e. smooth vector fields on M,
as 2 (M). A vector field that is not in 2" (M) is often called a rough vector field.

EXAMPLE 4.3. Any vector field in 2" (R") has a representation of the form X = 37 | X7 2,
for functions X' ..., X" € C*°(R"). These are the kinds of vector fields discussed in vector
calculus. With the identification X ~ (X!, ... X™), one can think of such a vector field as a
transformation R” — R"™. This is the wrong picture in general, since it means abandoning the
structure of having the vector X, anchored at the point p.

An important specific example is the Euler field £ € 2 (R"), given by
0
E,=az'— n
T 9 . et oxm
It points radially outward, with magnitude equal to the distance of the point from the origin.

Thought of as a transformation, it is just the identity map; this bears no relation to its behavior. We
will come back to this example later through the chapter.

T

EXAMPLE 4.4. Realize S' as the unit circle in C: S' = {u € C: |u| = 1}. Letexp: R — S!
denote the map exp(f) = ¢, which is a smooth map. If a < b € R and b — a < 2, then
exp is a diffeomorphism from (a b) onto its image exp(a,b) C S'. This gives us charts (U, §) =
(exp(a, b), (exp|,;)~"). In the associated chart coordinates (U,) on TS, any vector field has the
form X (0) = f(0)% L. Let us take f = 1, so we have just the coordinate vector field % on U.

Now, let (¢, d) be any other open subset of R, and let (V,$) = (exp(c,d), (expl,,)~!). If
UNV # @, then for any point u € U NV we have § = 0(u) and ¢ = ¢(u) defined so that
e’ = exp(f) = exp(¢) = €. It follows that ¢ = 6 + 2n7 for some integer n (and since both
f and ¢ are smooth functions, n is constant on U N V). Hence d%|u = d%\u. This means we can
define a global vector field this way: it is defined to be |, in any coordinate patch (U, 6) for U
an open strict subset of S' where @ is a right-inverse to exp. It is clearly smooth in any such patch,
and the above argument shows it is well defined. Even though there is no global coordinate chart
to define it, we still commonly denote it d%

Since a vector field is a smooth map M — T'M, all our tools for smooth maps readily apply.
Additionally, since we can (almost) think of a vector field as a function (taking values in a vector
space), some of those relevant tools also apply, such as Proposition [2.29

PROPOSITION 4.5. Let A C M be a closed set, and let X be a smooth vector field on A
(meaning that the map X : A — TM is smooth in the sense of Definition 2.28 for any p € A,
there is an open neighbhoorhood V' and a smooth extension of X|,,, to U). If V is any open

neighborhood of A in M, there is a smooth vector field XeZ (M) such that X |4 = X and
suppX C U.

PROOF. This is an exercise on Homework 3. O

COROLLARY 4.6. Let M be a smooth manifold and p € M. Let v € T,M. There is a smooth
vector field X € Z (M) such that X, = v.

PROOF. The set {p} is closed. Let (U, ) be any chart at p; then v = > v %!p for some

coefficients v7. The constant-coefficient vector field (given by the same sum) is smooth on U, and
is equal to v at {p}. Hence, by Proposition there is a global vector field X € 27 (M) which
agrees with X on {p}, i.e. X(p) = v as required. O
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Proposition {.5| works here because we can use partitions of unity and “add and multiply in the
codomain”. That is, even though 7'M is not typically a vector space, it is still possible to use vector
space operations there locally. Another consequence of this is that 2" (M), the space of smooth
sections of 7'M, is a vector space — in fact, it is a C*°(M )-module.

PROPOSITION 4.7. Let M be a smooth manifold. Given X,Y € 2 (M), define X +Y to
be the vector field (X +Y), = X(p) + Y(p); for f € C°(M), define fX to be the vector field
(fX), = f(p)X,. These are smooth vector fields, and the operations so-defined make Z (M) into
a C*(M)-module.

PROOF. X +Y and fX are defined to be vector fields (for each p the result is a vector vield at p
because 7, M is a vector space, and they are defined to be based at p). Writing in local coordinates
shows that they are smooth vector fields (because X, Y, and f are smooth). Verifying the module
properties is a trivial exercise. U

So, for example, (4.1) could be thought of not only as a decomposition at each point, but as an
equality between vector fields in 2" (U):

— J
X—g X@xj
J=1
0

where X7 is the smooth function p Xg, and % is the smooth vector field p — 7| .
T zJ |p

2. Frames

Continuing the theme of vector space terminology applied to the tangent bundle, we have the
following.

DEFINITION 4.8. Let M be a smooth manifold. A collection X, ..., X, € Z (M) of vec-
tor fields is called linearly independent if {X;(p),..., Xy(p)} is a linearly independent set
of vectors in T,M for each p € M. (This is, of course, only possible if k < dimM.) If
span{Xi(p), ..., Xx(p)} = T, M for each p, we say that X3, . .., X, span the tangent bundle. A
frame for M is a spanning set of linearly independent vector fields.

EXAMPLE 4.9. (1) The vector fields {8%1, s &%} form a frame for R". More generally,

if (U, ¢) is any chart on an n-manifold, the coordinate vector fields (with the same notation
as above) form a frame for U.

(2) The vector field d% on S' is a frame. Here is a nice way to view it (acting on S' C C) that
will be useful in the next example. Writing the vector field in the original framework (i.e.
applying ¥, ! at each point u € S'), this vector field is simply X, = iu for u € S*.

(3) The 3-sphere S? is defined to be the set of unit-norm points in R*. There is a nice algebra
structure on R* called the quaternions: we realize R* as spang{1,i,j, k} where i, 7, k
are linearly independent and satisfy ij = —ji = k, jk = —kj = 1, and ki = —ik =
j. Extending this product by linearity defines an associative, non-commutative division
algebra, the quaternions [H (which is an example of a Clifford algebra).

We define three vector fields X,Y,Z on R* = H by X (z) = iz, Y(x) = jz, and
Z(x) = kx (where we suppress the “based at z” pair notation). These can be written
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explicitly in terms of the standard R* coordinates x = (2!, 22, 23, 2*) as

—x? —a3 —xt
X! xt —x3
X(z) = 4| Y(x) = 7l ) Z(x) = 22
x3 —x? Xt

These are linear functions of the coordinates, and so are smooth. One can readily check
that the four vectors {u, X (u), Y (u), Z(u)} form an orthonormal basis for R* whenever
|u| = 1. This shows that the vectors X (u),Y (u), Z(u) are tangent to S* at u, and are or-
thonormal, so linearly independent. Since dim7,S® = 3, it follows that X (u), Y (u), Z(u)
span T, S3. Thus, these three vector fields X, Y, Z form a frame for S3.

As part (1) above points out, it is always possible to find a local frame — i.e. a frame for an
open neighborthood of any given point. But global frames are harder to come by. One might
hope that something like the trick in part (3) of the example should work on any sphere, but this is
decidedly false. While something like this works on S, it doesn’t work on any sphere S™ unless
n € {1,3,7}. For example, the Hairy Ball Theorem asserts that, if n is even, there does not exist
a smooth (or even continuous) vector field on S” that vanishes nowhere. (For an elementary proof
of this fact, see the beautiful paper [4].)

A smooth manifold that admits a global (smooth) frame is called parallelizable. Parallelizable
manifolds have trivial tangent bundles.

PROPOSITION 4.10. Let M™ be parallelizable. Then there is a diffeomorphism F: M x R" —
T M such that F(p,v) € T,M for every p € M. In particular, T M is trivial.

PROOF. Fix a frame {X3,..., X, } for M, and define F by
F<p7 (Ulv SR 7Un)) = Ule(p> +e Uan(]?)

Then F(p,v) € T,M as claimed. Note that F is clearly a bijection: as { X7, ..., X,,} is a frame,
every vector X, € T,,M can be written uniquely in the form v' X, (p) + - - - + v"X,,(p) for some
v=(v',...,v") € R",and so F~(X,) = (p,v). We need only show that ' and F"~! are smooth.
This is an exercise in writing vector fields in local coordinates (and changing coordinates), and is
left to the reader. U

The converse of Proposition 4.10]is also true in the following specific sense. We call TM a
trivial vector bundle if there is a diffeomorphism F': M x R™ — T'M with the properties

(1) F(p,v) € T,M forallp € M and v € R", and
(2) foreachp € M, F| (p}xR" is a vector space isomorphism R" — T}, M.

Such a diffeomorphism is called a trivilaization of T'M. Proposition {.10| really shows that if
M is parallelizable then T'M is a trivial vector bundle, and the converse is also true: if F'is a
trivialization, then selecting any basis {e', ..., e"} of R", the vector fields X;(p) = F(p, e;) are a
frame for M.

So, in particular, the Hairy Ball Theorem shows that 7'S™ is not a trivial vector bundle whenever
n is even, while Example 4.9| shows that T'S* and T'S? are trivial vector bundles. The question of
whether it might still be true that 7'S™ = S x R" (via a diffeomorphism that does not preserve the
bundle structure) is more delicate. The answer is still no for n ¢ {1, 3, 7}, but we don’t have the
technology to prove it just now.
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3. Derivations

A vector X, € T,M is a derivation at p. In particular, it is a certain kind of function
X,: C*(M) — R. Denote this function space as X,, € Fun(C*(M),R). Thus, a (rough)
vector field is a function X that takes values in Fun(C* (M), R):

X € Fun (M, Fun(C*(M),R)).
For any sets A, B, C, there is a natural identification
¢: Fun (A, Fun(B, C)) — Fun (B, Fun(4, ())
given by

(s(F)(b)) (a) = (F(a)) (b).
(It is immediate to check that this is a bijection; it will also preserve any reasonable extra structure
on the spaces A, B, C, as we will see.) So, in our case, let X be a (rough) vector field on M. Then
¢(X) € Fun (C*>*(M),Fun(M,R)): X can be viewed as a function which eats smooth functions
f € C(M) and spits out real-valued functions on R. The action is

(«(X)() (p) = Xp(f)-

A good notation for functions that allows us to omit the explicit reference to the variable p is to
just represent it as an empty set of parentheses () when needed; so we have ¢(X)(f) = X()(f).

The defining properties of X, are that it is linear and obeys the product rule at the point p. It
then follows that, for o, 5 € R and f, g € C*°(M),

s(X)(af +8g) = X(af + Bg) = aX)(f) + BX((9) = as(X)(f) + as(X)(g).

That is to say: both the domain C*°(M) and codomain Fun(M, R) of ¢(X) are linear spaces, and
¢(X) is a linear map. As for the derivation property, we have

<(X)(f9)(p) = Xp(fg) = F(P) Xp(9) + 9(p) X, (f) = F(p) (<(X)(9)) (p) + 9(p) (<(X)(f)) ()

The expression on the right is a sum of products of functions M — R; so we have the identity

s(X)(fg) = f(X)(g) + gs(X)(f).

DEFINITION 4.11. A rough derivation on M is a linear function D: C*(M) — Fun(M,R)
with the property that D(fg) = fD(g) + gD(f) for all f,g € C>®(M). If D takes values in
C>® (M), we call it a smooth derivation, or just a derivation.

Our discussion above thus shows that if X is any (possibly rough) vector field on M, then ¢(X)
is a rough derivation. From now on, we will abuse notation and drop the ¢, and identify the vector
field X as this rough derivation: the action of the vector field is X (f)(p) = X, (f) (where we now
stop writing the second set of parentheses since we are identifying X (f)(p) = X (p)(f))-

Now, we know that each tangent vector X, is locally-defined: the value X,,(f) depends only
on the germ of f at p. This gives us a restriction operation on vector fields that does not make sense
in general for functions defined on C*°(M). If U C M is an open subset, then we have a vector
field X|;; which is a (rough) derivation C*(U) — Fun(U, R). Its action (cf. Proposition [3.11)) is

Xy (9)(p) = X,(9) (4.2)

where ¢ is any smooth function on M whose restriction to some neighborhood of p agrees with
g there. (Here we witness the identification of 7,,U with 7,,M.) What this means is that, viewing
X as a rough derivation, its domain is not really C*°(M); it is the “sheaf of germs of f” (an
object which formally encodes the notion of making two functions equivalent if they agree on a
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neighborhood of each point, in a way that doesn’t mean the two functions are equal). In particular,
it follows that, for any f € C'°°(M) and any open set U C M,

Xy (fly) = XDl -

With this in hand, it becomes easy to characterize when a (possibly rough) vector field is
actually smooth.

PROPOSITION 4.12. Let X: M — T'M be a possibly rough vector field, and identify it as a
rough derivation as above. The following are equivalent.

(a) X is smooth.
(b) X(f) € C®(M) forevery f € C®(M).
(c) For every open set U C M and every g € C*°(U), the function X| (g) is in C=(U).

PROOF. We prove the chain of implications (a) = (b) = (¢) = (a).

e (a) = (b): If X is a smooth vector field, then for any point p € M, choose a chart
(U, ) and write X, = Y7, X7(p) 2 ‘p. By Lemma the coefficient functions X7

97
are smooth functions on U. Thus, interpreting X as a rough derivation, we have for
fe (M)

X(NW) = %) =Y X0) as| (1= 002D o)

which is a smooth function of p € U. Thus X(f) is smooth in a neighborhood of p, for
any p € M, proving that X (f) € C*(M).

e (b) = (c): We assume X is a smooth derivation, so in particular X (f) € C*°(M) for
all f € C°°(M). Now, let U C M be open, and take any g € C*°(U). Fix any p € U,
and let ¢ € C°°(M) be a function that agrees with g on some neighborhood p (such a
smooth extension can be constructed with a bump function, cf. the proof of Proposition

[3.T1). Then by (4.2), we have
Xy (9)(p) = X,(9) = X(9)(p)

and since X (g) is smooth by assumption, this shows X|;; (¢) is smooth at p. This holds
forevery p € U, so X|, (g) € C>*(U).

e (c) = (a)Letp € M, and let (U, ) be a chart at p. By assumption, for any g € C*°(U),
X/ (g) is smooth at p. In particular, denoting ¢(p) = (z'(p), ..., z"(p)), the functions
z7 are C*™ on U, and so X/, (27) are smooth at p. But we can compute these functions
from the coordinate representation of the vector field X:

Xy ()0) = Xyla?) = 3" X% 5| (a9) = XO(p).

Hence, the conclusion is that the component functions X7 are smooth at p foreach p € U.
By Lemma.1} it follows that X is a smooth vector field.

O

Thus, if X € 2 (M) is a smooth vector field, viewed as a rough derivation X : C*(M) —
Fun(M, R), it is actually a derivation C*°(M) — C°°(M). This turns out to be an equivalence.
For the precise statement, it is useful to return to the ¢ notation one more time.
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THEOREM 4.13. Let M be a smooth manifold. A function D: C>*(M) — C*®(M) is a deriva-
tion if and only if D = ¢(X) for some X € 2 (M).

PROOEF. Proposition shows that if X € 27 (M) then ¢(X) is a smooth derivation, leaving
us only to prove the converse. Thus, given a smooth derivation D: C*°(M) — C*(M), define
a vector field X : p — X, the only way possible: X,,(f) = (D(f)) (p) (which is precisely to say
that ¢(X) = D). It is immediate that, since D is a derivation, f — (D(f)) (p) is a derivation at
p, so X, € T,M, defining a rough vector field. Furthermore, since X, (f) = (D(f)) (p) is (by
assumption) a smooth function of p, it follows from Proposition that X is a smooth vector
field, concluding the proof. U

Henceforth, we will identify .2 (M) with the space of smooth derivations on M (sometimes
denoted Der(M)).

4. Push-Forwards

Let M, N be smooth manifolds, with a smoothmap F': M — N.If p € M andv € T,,M, then
we transport v to a vector w = dFy,(v) € Tpe,)N. We might then expect that we can do the same to
push forward a vector field X € 2 (M) to a vector field on N. The ndive approach doesn’t quite
work, however. The vector dF,(X (p)) it tangent to F'(p) € N, so the only possible choice would
be to define the pushed-forward vector field as Y (¢) = dF,(X(p)) where ¢ = F(p). But this is
problematic for two reasons: (1) if F'is not onto, then there are some points ¢ € N that are not of
the form ¢ = F'(p), and so dF' gives us no way to assign tangent vectors to those points. And (2)
if F' is not one-to-one, there are some distinct points p; # py € M for which ¢ = F(p;) = F(p2).
But in this case, there’s no reason to expect that dF}, (X (p;)) = dF},,(X(p2)), and so this “’push-
forward” will, in general, not define a unique tangent vector at q.

This, the relation Y (F'(p)) = dF,(X(p)) does not generally define a vector field Y from X.
But this relation may still hold between two vector fields. When it does, we say X and Y are
F-related. Since we now know we can view a smooth vector field as a derivation, let us translate
the notion of F'-relation in that language.

PROPOSITION 4.14. Let F': M — N be a smoothmap, X € Z' (M), andY € 2 (N). Then
X andY are F'-related iff

X(foF)=Y(f)oF, vV feC®(N).
PROOF. Simply compute that, for any p € M,

X(foF)(p)=X,(foF)=dF,(X,)(f),
while

Y(f)o F(p) = Y(N)(F®) = Yre(f)
O

EXAMPLE 4.15. Let X be the (global) coordinate vector field on R (day X = % with global
coordinate ¢ on R). Let F': R — R? be the smooth map F(t) = (cost,sint). Note that the image
of F is just the unit circle S*, which amply shows how there can be no (unique) way to transport X
to all of R? via F'. However, there are plenty of F-related vector fields Y to X. The most canonical
one is 5 5

Y oo —y L
xay Yor
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the curl field. (Note that Y|, is the vector field (% of Example ) To see this, we just compute:
for any f € C*°(R?),

d . of , : of :
X(foF)(t) = %(f(cost, sint)) = a—(cost, sint)-(— Slnt)—l—a—(COSt, sint)-(cost) = (Y f)(F(t)).

x Y

So X and Y are F-related. Note, however, that since F' can only “see” what happens to Y on S',
if we take any smooth vector Y’ field on R? that agrees with Y on S*, then X and Y’ will also be
F-related.

The one case where there is a unique F-related vector field to a given X € 2 (M) is when F
is a diffeomorphism.

PROPOSITION 4.16. Let M, N be smooth manifolds and let F': M — N be a diffeomorphism.
Let X € 2 (M). Define F.(X) € Z (N) by

Then F.(X) is the unique smooth vector field on N that is F-related to X.

The vector field F,(X) is called the push-forward of X by F. One might think of Y as “a
push forward of X by F” whenever F'is a smooth map and X, Y are F'-related, but this is not
uniquely defined unless F'is a diffeomorphism.

PROOF. Let Y, = F,(X)(q) be the (a priori rough) vector field defined by (.3), and let p =
F~'(q). Then (#3) the statement Y, = dF},(X,,), which is precisely the statement that X and Y are
F-related. This shows that Y is the unique (rough) vector field that is F'-related to X. It remains
only to show that Y is in fact smooth. But by definition it is the composition

-1
NS TS TN
which is a composition of three smooth maps, and is hence smooth. 0

COROLLARY 4.17. Let F: M — N be a diffeomorphism, and let X € 2 (M). Then for
f e C>®(N),
(F(X)(f)) o I = X(fo F).

Push forwards, and more generally F'-relatedness, will be how we measure “naturality” of
transformations of vector fields. Proposition 4.16] shows the unique way to push a vector field
along a diffeomorphism, which shows that 2" (M) and 2" (V) are naturally isomorphic whenever
M and N are diffeomorphic. More generally, if we have a smooth map F': M — N between
manifolds, we will generally understand the behavior of a vector field on M to be “the same” as a
vector field on N if they are F'-related.

5. Lie Brackets

We now think of vector fields in 2" (M) as derivations: linear operators on C'*° (M) that satisfy
the product rule. Locally, we know such operators can be expressed as first-order differential
operators. Thus, the composition of two vector fields will, locally, be a second-order differential
operator. Such operators are not derivations. Indeed, let us compute in general for two derivations
X,Y € Der(M): for f € C*(M),

XY (fg)=X(f-Y(g)+g-Y(f)=1[f XY(9) +Y(9)X(f)] +1g- XY(f) +Y(f)X(9)]
=f-XY(g)+g- XY(f)+X()Y(9) + X(9)Y([).
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So, we see that the defect of XY from being a derivation is

XY (fg) = [f - XY(g9) +g- XY (f)] = X(f)Y(9) + X (9)Y(f).

This is typically not 0; it happens only when (viewed as maps M — T'M) the supports supp X
and supp Y are disjoint.
So we cannot usually compose derivations to get a derivation. But we can take their Lie
bracket:
(X,Y]=XY -YX. 4.4)

LEMMA 4.18. Let X, Y € 2 (M). Then [X,Y] € 2 (M).

PROOF. For any linear operator A: C*°(M) — C®(M), let T'y: C*(M) x C>*°(M) —
C*° (M) measure the defect of A from being a derivation,

Pa(f,9) = A(fg) = If - Alg) + g - A()].
Then A € 2 (M) if and only if © 4 = 0. As computed above, we have

Pxy(f.g9) = X(f)Y(g9) + X(9)Y (). (4.5)
Now, A — I'4(f, g) is linear, and so we have

I'xy) = 9Dxy — Dvx.
Subbing in (@.5)) yields, for all f, g € C*(M),

Pixy(fr9) = [X(NY (9) + X (@)Y (N)] = [Y (/)X (9) + Y (9) X ()] = 0.

O
EXAMPLE 4.19. Consider the following two vector fields on R?:
0 0 0
X=—, Y=0——y—.
ox’ . oy Yor

We will call these two vector fields X =“drive east” and Y =“steer”. Let’s compute their bracket:
for f € C=(R?),

o [ 0 0 0 a1\ 9
XY =52 <xa—y —ya—x> f= (“’a_y - y%) o
- Dty 480 etk

- fy + xfﬂ»‘y - yfa:ac - (xfya: - yfxa:) = a_y .

That is: the bracket of “drive east” and “steer” is “drive north™. This is why parallel parking works!
More in this later.

The Lie bracket of vector fields is a genuinely new operation: it is not just a new coordinate-free
version of some vector operation from vector calculus. Let us compute it in local coordinates.

PROPOSITION 4.20. Let M be a smooth manifold, let X, Y € 2 (M) be vector fields, and let

(U, ) be a coordinate chart with ¢ = (z!,...,x™). Express the vector fields in local coordinates

(as usual)
X|, = En XJ’i Y|, = f in.
v Oxd’ v e OxI

J=1
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Then, in local coordinates,

oYk __axk\ 9
— J _ v
X, Y], § : (X 0 Vo ) o

jk=1

PROOF. This is an elementary (if tedious) computation. Fix f € C*(M). To save space,
denote a%k f = fr, and %a%k f = frj. Since f is smooth, fj; = fi; as usual. Then (being clever
about naming indices) we have

() (Era) - (B8 ()

- Z <Xj@(kak) —Yj%(X’“fk))

J,k=1

The term inside the brackets expands (using the product rule) to

k k
X0 (h ) YL (kg = X0 fu -

Grouping the first- and second-order terms into two sums, this gives

YIXEfis.

n

n k
[KYMf=§:CW fi =Y axn)+§]XWWw—WX%m

: OxJ :
J:k=1 Jik=1

Finally, break up the second sum and reverse the dummy indices:

SNOXY =Y YIXFfy = XV - ) YEXI =0,
k=1 jk=1 k=1 k=1
where the final equality comes from the identity fi; = fjx. 0J

In particular, if all the coefficients X7 and Y are constant, then [X,Y]|,, = 0. (A special case
of this is when X = % and Y = % for some fixed j, k; then the fact that [X,Y] = 0 is just
the statement that f;;, = fi; for smooth f, which we used in the proof.) Whenever it happens that
[X,Y] = 0, we say that the vector fields X and Y commute. Thus, coordinate vector fields (and
in general constant coefficient vector fields) commute.

What does it mean for vector fields to commute? More generally: what does [X, Y] really
mean? Proposition [4.20] shows that it is a new vector field with components built out of the com-
ponents of X and Y together with their derivatives. In a sense, the goal of the next chapter is to
understand what this really means.

First, let us summarize some algebraic properties of the Lie bracket that will be very useful for
computations.

PROPOSITION 4.21. Let M be a smooth manifold, and let X,Y, 7 € % (M). The Lie bracket
satisfies the following properties.

(a) BILINEARITY: for a,b € R,
[aX +bY, Z] = alX, Z] + b]Y, Z],
[Z,aX +bY] =alZ, X]|+b]Z,Y].

—
[R—}

(b) ANTISYMMETRY:
X, Y] = —[V, X].
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(c) JACOBI IDENTITY:
(X, Y, 2+ [V, [Z, X[+ 2, [X, Y] = 0.
(d) For f,g € C*(M),
[f-Xog-Y]=fg- X, Y]+ (f - Xg)Y = (9- V)X,
PROOF. Items (a) and (b) are immediate from the definition. Item (c) is a simple if tedious

computation that is left to the bored reader. The mysterious item (d) is left as a homework exercise.
OJ

Let us take a moment to examine the Jacobi identity. In one sense, it is just a mnemonic for
how to “associate” three elements (the Lie bracket is non-associative). To try to make a little more
sense of it, we introduce some (important) notation. Given a vector field X € 2 (M), denote by
ady: Z — Z the linear operator

LX(Y) = [X’ Y]
Then we can rewrite the Jacobi identity as follows: first, using antisymmetry twice, write it as
(X, Y, Z]] = [[X,Y], Z] + [V, [X, Z]]. This can be written as

Lx([Y,2]) = [£x(YV), Z] + [V, Lx(Z)].

That is: if we take 2 (M) to be a (non-associative) algebra (called a Lie algebra), where the
product is [-, -], then the Jacobi identity says precisely that £y is a derivation on 2" (M). This
suggests that we can interpret £ x as a kind of “derivative with respect to X”’. We will make this
precise in the next chapter. We will also return to Proposition 4.21(d) in the next chapter, where it
will also make sense as a statement about the Lie bracket being a certain kind of derivative.

Let us conclude this section (and chapter) by noting that the Lie bracket is a “natural” object:
it preserves F'-relation for any smooth map F'.

PROPOSITION 4.22. Let M, N be smooth manifolds and let F': M — N be a smooth map. If
X1, Xo€ (M), Y1,Ys € Z(N), and if (X;,Y;) are F-related for j = 1,2, then [ X1, X5] and
[Y1,Y3] are F-related.

PROOF. We use the F'-relation twice to compute, for any f € C*(N),

XiXo(f o F) = Xa((Ya(f) 0o F) = (V1Ya(f)) o F,  and
XoXi(f o F) = Xo(Yi(f) o F) = (Y2Ya(f)) o F.
Thus
(X1, Xo](foF) = Xy Xo(foF)=Xo Xy (foF) = MYa(f))o F=(YaY1(f))oF = ([Y1,Y2](f))oF.
0]

COROLLARY 4.23. Let M, N be diffeomorphic manifolds via diffeomorphism F': M — N.
Let Xl,XQ < %(M) Then F*[Xl, XQ] = {F*Xl, F*XQ]






CHAPTER 5

Flows

1. Integral Curves

Let M be a smooth manifold, and let X € 2°(M) be a smooth vector field. So X(p) is a
tangent vector at p; in particular, it is the tangent vector to lots of curves passing through that point.
If o is a smooth curve with the property that, for every point p it passes through, its tangent vector
is X (p), it is called an integral curve of X. That is: the condition is that for a: (t_,¢,) — M,

a(t) = X(a(t),  te(t_ ty). (5.1)
EXAMPLE 5.1. Let M = R?, and take X = a%' Then it is easy to check that any curve of the
form a(t) = p + te', for any p € R?, is an integral curve: (t) = e! ~ £ = X(a(t)). Itis also

easy to see that () = p + te' is the unique integral curve passing through p at t = 0. Indeed, this
is a statement about an ODE: for any curve «(t) = (z(t), y(¢)),

0 d dx 0 dy 0
o =xtewy =i =da (G ) =G| +2I]
or a(t) dt|, dt Oz o(t) dt Oy o(t)
This sets up the ODE
dz dy
T=1Y =0 @0).u0)=p

and it is elementary to verify that the unique solution is «(t) = (z(t), y(t)) = p + te'.

In particular, we see that, for this example, given any p € M, there is a unique integral curve
aP of X that passes through p at time ¢ = 0, a?(0) = p; moreover, for any p, ¢ € R?, the images
of a? and o4 are either identical (if p* = ¢*) or disjoint (otherwise).

EXAMPLE 5.2. Let M = R? and take Y = xa% —yZ. Any integral curve a(t) = (x(t), y(t))
is determined by

0

x(t) By 0

D

_dx(?

- X(a) =afn = 2 T W2

a(t)
In other words, we have the ODE

a(t) a(t) a(t)

Subject to the constraint «(0) = (z(0),y(0)) = (zo, o), the unique solution is
a(t) = (z(t),y(t)) = (xocost — yosint, xgsint + yo cost).

When (z¢,y0) = (0,0), this is the constant curve «(t) = 0; otherwise, it is a counter-clockwise
circle. Once again, we see that, for every point p = (zg, o), there is a unique integral curve a?
with a?(0) = p, and the images of any two integral curves are either identical or disjoint.

71
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EXAMPLE 5.3. Let M = R?, and let X = 2.2 Then any integral curve a(t) = (z(t), y(t))
satisfies the ODE
i(t) = x(t)?,y(t) = 0.

The standard procedure is to “separate variables” and solve for x by % = dt. This only works if

x # 0, of course; if the initial condition is of the form «(0) = (0, yo), then we can easily check that

the constant curve a(t) = (0, yo) is the unique solution. Otherwise, if o # 0, the unique solution
with a(0) = (g, yo) is

t) = ;

x< a ]_/l’o — t’

If 2y > 0, the domain of this curve is t € (—o0, 1/x¢). As t T 1/, the curve accelerates off to co
along the line y = yo. As t | —oo, the curve approaches the point (0, yo). If o < 0, the betavior
is the same (in the opposite direction).

y(t> = Yo.

Integral curves always exist locally.

PROPOSITION 5.4. Let M be a smooth manifold and X € 2 (M). For each point p € M,
there exists an integral curve o for X defined on some time interval (—e¢, €) such that a(0) = p.

PROOF. Let (U, ) be a chart at p, with coordinate functions ¢ = (z',... z"). Write « in
local coordinates as a(t) = (al(t),...,a"(t)). (Technically we should write &(t) = ¢ o a(t),
but at this point we will start dropping that extra notation.) Also write the vector field in local

coordinates
0
; Ox’
Then (5.1)) becomes the ODE
dod .
d% = X/(al(t),...,a"(t)), 1<j<n
By Theorem (the Picard-Lindelof Theorem), there is a unique smooth solution «(t) with
a(0) = p, for some time interval (—e, €), proving the proposition. O

REMARK 5.5. The Picard-Lindelof theorem shows that the integral curve is unique in the chart
U. We will need more work to show that it is unique globally on M.

The next few lemmas investigate how integral curves respond to transformations of their vector
field.

LEMMA 5.6 (Dilation). Let M be a smooth manifold, and X € 2 (M). Let a: (t_,ty) — M
be an integral curve for X. For any a € R, the curve 6,(a): {t: at € (t_,t,)} — M defined by
do(@)(t) = a(at) is an integral curve for the vector field a X.

PROOF. This is just a calculation: for any ¢, € R with aty € (t_,aty), and any f € C°(M),
/ d d !/ /
0a() (to)(f) = | foda(a)(t) = —| (foa)(at) = a(foa) (ato) = ac’(ato) f = aX (da(a))].
to to
U

LEMMA 5.7 (Translation). Let M be a smooth manifold, and X € 2 (M). Let a: (to,t1) —
M be an integral curve for X. For any b € R, the curve ,(«): (to — b, t1 — b) — M defined by
() (t) = a(t + b) is also an integral curve of X.



2. FLOWS 73

PROOF. On Homework 3. [l

LEMMA 5.8 (“Integral curves are natural”). Let M, N be smooth manifolds with a smooth
map F: M — N. Let X € Z(M)andY € Z(N). Then X is F-related to Y iff F takes
integral curves of X to integral curves of Y (i.e. for every integral curve a: (t_,ty) — M of X,
Foa: (t_,t.) — N is anintegral curve of Y.

PROOF. Suppose X, Y are F-related, i.e. dF,(X(p)) = Y (F(p)) forall p € M. Let a be an
integral curve of X; thus o/(t) = X («(t)) for all ¢. So

(Froa) (t)dFaum(d/(t) = dFap (X (a(t))) = Y(F(a(t)) = Y(F o a(t)),

showing that F' o «v is an integral curve of Y.
Conversely, suppose F' maps integral curves of X to integral curves of Y. For any p € M,
choose an integral curve « of X with «(0) = p. Then

dF,(X(p)) = dFa)(X(a(0)) = dFu)(e’(0)) = (F o a)(0).

By assumption, F' o « is an integral curve of Y, which means that (F' o «)'(0) = Y (F o «(0))
Y (F(p)). This shows that X, Y are F-related.

Ol

2. Flows

In Examples[5.1]and we saw vector fields on a smooth manifold M whose integral curves
had the following property:

Given any p € M, there is a unique integral curve a,: R — M with a,(0) = p.
As Example [5.3] shows, this property does not always hold: in particular, the curve may not exist

for all time. Casting this aside for the moment, suppose X is a vector field with unique integral
curves {a,: p € M} all existing for all time. Then we can define a map

0:RxM— M, 0(tp) = a,t).

For fixed t € R, let ,: M — M be the map 6,(p) = 0(t, p). Note that 6y(p) = 6(0,p) = ,(0) =
p by definition; so 0y = Idy;. Now, let s,¢t € R, and consider 6(¢ + s,p). This is the point
a,(t + s): the point reached by the unique integral curve of X starting at p after time ¢ + s. On
the other hand, the translation Lemma asserts that ¢ — «,(¢ + s) is also an integral curve of X it
starts at ¢ = a,(s). That is, we have the relationship

ap(t+s) = au(t), where ¢ = au(s).

Translating this into 6-language, this says that 6(¢ + s,p) = 0(t,q) = 0(t, ap(s)) = 0(t,0(s,p));
or, more succinctly
0t+s = 9,5 o} 63. (52)
We can derive a number of consequences immediately from this.
e Foreacht € R, 6;: M — M is a bijection. Indeed, 6, 0 0_, = 0, , = 6y = Idy, so
(Qt)*l = 9_,5.
e Given any two integral curves «,, , either o, (R) = ay(R), or a,,(R) N ay(R) = 2.
After all, if there is some point r € a,(R) Nay(R), then there are times ¢y, so € R so that
r = a,(ty) = ay(so). This means that 0;,(p) = 05,(q). Applying (5.2)), we have, for any
L
0:(p) = Orgt—10(p) = 11, (01 (P)) = 01—ty (05(0)) = Orso—t0(a)-
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Le. a,(t) = au(t 4+ so — to) = (Tsg—to@q)(t), 80 @y, = Tg,—4y0y. The two curves are
translations of each other, and so (since both are defined for all time) they have the same
image, as claimed.

Motivated by this discussion, we define a flow as follows.

DEFINITION 5.9. A (smooth) global flow on M is a smooth function 0: R x M — M for
which, writing 0,(p) = 0(t, p), we have 6y = 1d; and (5.2)) holds.

From the above discussion, we see that each map 6, for fixed ¢ € R is a diffeomorphism of M: it
is a smooth map with inverse #_;, which is (by definition) also smooth. So a smooth global flow is
a 1-parameter group if diffeomorphisms.

Given a global flow, we get a collection of curves {6”: p € M} defined by 67(t) = 6,(p) for all
t € R. (So 0”7 is what we formerly called c,.) Since ¢ is smooth (in both variables), each curve «,,
is a smooth curve. By the second item in the discussion above Definition the images of these
curves are either identical or disjoint, and they (of course) cover M.

Our next proposition shows that any smooth global flow comes from a vector field as per the
discussion leading up to the definition.

PROPOSITION 5.10. Let 6 be a smooth global flow on M. For eachp € M, let 6 (t) = 0,(p) =
0(t,p), and define a vector X, € T,M by

X, = 67(0). (5.3)

Then the rough vector field X : p — X, is smooth, and for each p, 0P is an integral curve of X
starting at p.

We call the vector field X above the infinitesimal generator of the flow 6.

PROOF. Let f € C'°(M). Then we calculate

d

X(p)(f) = X,(f) = (7(0))(f) = d(6), (—

sy O
¥ 1) = o

0 AU

(0,p)

) (n=1

The function f o 6 is smooth, and hence so are its partial derivatives. This shows that X (f) is
smooth, and so by Proposition X is a smooth vector field.

Now, we must show that 6 is an integral curve of X starting at p. We have 67(0) = 0y(p) = p
by definition. Fix ¢y € R. Let ¢ = 6”(t(). Then we can compute, for any f € C*(M),

X@F = @O)) = 5| for =5 f00)
But 6,(q) = 6:(67(ty)) = 6; 0 b4, (p) = 114, (p) = OP(t + 1), and so
X(@f = G| 1+ 10) = @)

That is: we have shown that, as derivations,
X(6P(ty)) = 07(ty),  to €R.

This concludes the proof that 6" is an integral curve of X. U
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EXAMPLE 5.11. Let M = R", and define 6(¢,p) = e'p, the dilation (by exponential time).
This is a smooth map of both variables, with 6y(p) = p and 0,,,(p) = e5t'p = e*e'p = 0, 0 6;(p);
so # is a flow. Its infinitesimal generator F is the vector field

B Y L
= — fle'p) =) pe==(p)| =) p=—(p).
ot 0) 0) ]Zl oxJ - ]21 oxl

That is: E(p) = Z;‘:l x’ % ‘p is the Euler field of Example In other words, the Euler field is
the infinitesimal generator of dilations.

Ep)(f) f0(t, p))

T

As Example [5.3] shows, not every vector field is the infinitesimal generator of a global flow.
When this happens, we call the vector field complete; more on complete vector fields later. It turns
out that the only part that fails is the definition of the integral curves for all time. To deal with this,
we weaken the definition of a flow as follows.

DEFINITION 5.12. Let M be a manifold. A flow domain ¥ C R x M is an open set for which
each section P = {t € R: (t,p) € D} is an open interval in R containing 0. A (smooth) flow on
M is a smooth function 0. 9 — M defined on some flow domain, with the properties:

e 0(0,p) =pforallp € M, and
o foranyp € M, ifs € 2P and t € 2°P) satisfy s +t € PP, then

0(t,0(s,p)) = 0(t + s,p).

Some authors call such an object a local flow (to distinguish it from a global flow). As usual,
we let 0;(p) = 6P(t) = (¢, p); so O is a curve defined on the open interval Z?”. For fixed ¢, the set
of p for which 6,(p) makes sense is denoted M,:

My ={pe M: (t,p) € Z}.
9

EXAMPLE 5.13. In Example we found the integral curve «, of 2> starting at p = (o, yo)
was defined on the time interval (—oo, 1/x) of 2y > 0, on the interval (1/xg, c0) if z < 0, and on

R if £y = 0. So we define this as our flow domain:
D ={(t,(r,y) ERxR*: x>0t <1/x}U{(t, (7,9)) ERxR*: 2 <0,t>1/r} UR x ({0} x R)
={(t,(z,y)): xt <1,y € R}.

This is an open set. The definition as a union of three pieces shows that 2% for the three regions
z >0,z < 0, and x = 0. Drawing the picture, we see that (R?); = {(x,y): z < 1/t,y € R} if
t>0, (R, ={(z,y): z > 1/t,y € R}if t <0, and (R?)y = R>.

Putting the integral curves of the vector field together, the flow on this domain is

0(t, (x,y)) = (ﬁ,y) forz # 0, and 6(¢,(0,y)) = (0,v).

This is a smooth function on this domain. We can easily check that it satisfies the flow properties
(but we don’t need to, since this flow arose from the unique integral curves of a vector field).

Note that a smooth (local) flow defines a smooth vector field exactly as a global one does: if
0: 2 — M is a smooth flow, then for each p there is an open neighborhood (in R x M) of (0, p)
contained in . Thus, the proof of Proposition [5.10|carries through without alteration, and we find
that any flow has an infinitesimal generator defined by (5.3).

Given a flow # on a domain &, we can always restrict it to a smaller domain 2’ C & (provided
2’ is still a flow domain). For example, we could take the global flows of Examples and
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and restrict them to some flow domain smaller than R?. Then the infinitesimal generator would
still be the same vector field in each case — it is determined only by the behavior of the flow in any
small tubular neighborhood of the section {¢ = 0} in the flow domain. This highlights that one
cannot recover the flow domain from the infinitesimal generator, as we’ve defined things. But we
can fix this by insisting the flow domain be as large as possible.

DEFINITION 5.14. A maximal flow is a flow 0 on a flow domain & with the property that
the function 6 has no smooth extension to any flow domain larger than &%. A maximal integral
curve of a vector field is an integral curve which has no smooth extension to an integral curve on
a strictly larger interval.

With these definitions, vector fields and flows come into one-to-one correspondence.

THEOREM 5.15 (Fundamental Theorem on Flows). Let M be a smooth manifold, and let X &
2 (M). There is a unique maximal flow 0: 9 — M whose infinitesimal generator is X. Moreover,
the flow satisfies the following properties.

(a) For each p € M, the curve 0P is the unique maximal integral curve of X starting at p.

(b) If s € DP, then P96P) = PP — s ={t —s:t € PP},

(c) Foreacht € R, the set My is open in M, and 6,: M; — M _; is a diffeomorphism, with
inverse 0_;.

In order to prove Theorem|[5.15] we will first show that every vector field has a unique maximal
integral curve starting at any given point.

LEMMA 5.16. Let M be a smooth manifold, and let X € 2 (M). For each p € M, there is a
unique maximal integral curve o, with a,,(0) = p.

PROOF. For each p € M, by Proposition [5.4| there is an integral curve a: (—¢,,¢,) — M that
starts at p. Now, let & and & be two integral curves of X defined on intervals (¢_,¢,) and (_,,)
(not necessarily containing 0). Suppose the two time intervals intersect: (t_,t,) N (t_,t,) =
(a,b), and suppose there exists some ty € (a,b) with a(ty) = a(ty). We will show that, in fact,
a(t) = a(t) forall t € (a,b). To do this, define .J = {t € (a,b): a(t) = &(t)}. Thenty € 7,
so the set is nonempty. Now, fix any metric d,,; that metrizes the topology of M, and note that
T ={t € (a,b): dy(a(t),a(t)) = 0}. The function t — dps(a(t), a(t)) is continuous, and so
7 is the preimage of {0} under a continuous map; it is therefore a closed set.

Now, let ¢; is any point in .7. In a chart at a(¢;) = &(t;) € M, the condition that o and &
are integral curves passing through the same point at time ¢; shows that they are both solutions of
the same ODE, and hence they are equal in this chart (by the Picard-Lindeldf Theorem [0.22)). This
shows that, for any ¢; € .7, there is an open set of times containing ¢; at which the two curves
agree, meaning that there is an open neighborhood of #; contained in .7. Hence, .7 is open. As
(a, b) is connected, it follows that the clopen set .7 C (a, b) is equal to (a, b).

Hence, we have shown that any two integral curves of X that agree at one point must agree
on their common domain. Now, for any p € M, define Z” to be the union of all open intervals
containing 0 on which there is an integral curve of X starting at p. By the above, for any ¢t € 27,
all integral curves starting at p have the same value at ¢; so we may define () to be this common
value. By definition, «,, is an integral curve defined on this union of intervals. It is maximal: if
it could be extended, then that extension would have been included in the union. It is unique:
any other integral curve agrees with «y, at the time 0, and by the above, that means they agree
everywhere. This concludes the proof. U
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PROOF OF THEOREM [3.13] For each p € M, let 2” be the domain of the maximal integral
curve of X starting at p, and define 7 = {(¢t,p) € R x M : t € 27}. We then define §: 2 — M
by 0(t,p) = «,(t). As usual, we will write 7(t) = 6,(p) = 6(t,p). So, in particular, 67 = «,
which gives part (a) by definition. We will verify the following things.

(1) Forany p € M,if s € 97 and t € 2°P) satisfy s +t € 2P, then 0(t,0(s,p)) =
O(t + s,p).

(2) Part (b).

(3) Z is open, and 6 is smooth.

(4) Part (c).

()Fixp € M,lets € 27, and set g = 0(s,p) = 0P(s). The curve a: PP — s — M defined by
a = 7,07 is an integral curve (by the translation lemma) and starts at ¢. By Lemma[5.16] « agrees
with 07 on their common domain, which is precisely to say that if t € 29(?) with s +¢ € 2P then
01(t) = 150P(t) = 0P(t + s). Le. 0(t,0(s,p)) = 0(s + t, p), as required.

(2) In part (1), we saw that the domain of o was 2P — s; this must be contained in the domain
of the maximal integral curve, so 2 — s C Y7 = 29P)  On the other hand, since 0 € 2?, and
so —s =0—s € PP — s, we have —s € &9, and by the group law (verified in part (1)) we get
0%(—s) = p. Thus, applying the same argument with (—s, ¢) in the place of (s, p), we see that
21+ s C PP, proving the reverse containment, and giving part (b).

(3) This is the tricky one. We define a set W C & as follows: (t,p) € W iff there is some
product neighborhood J x U, where .J is an open interval containing 0 and ¢, and U an open neigh-
borhood of p in M, on which 0 is defined and smooth. Note that, with ¢ = 0, if we take a chart at p,
then in local coordinates we may apply the Picard-Lindel6f theorem (part 3: smooth dependence
on initial conditions) to conclude that ¢ is defined an smooth on a product neighborhood of (0, p).
Thus, W contains {0} x M, and so is not empty. What’s more, if (¢,p) € W, then all points in
the neighborhood J x U presumed to exist are also in W (they all have neighborhood J x U), and
so W is open. We will show that W = Z; this will show that & is open, and (by definition of
W) that 4 is smooth on its domain. We prove this by contradiction: suppose there is some point
(1,p0) € 2 \ W. By the above, 7 # 0. Wlog, assume 7 > 0 (the 7 < 0 case is similar).

Let to = inf{t € R: (t,po) ¢ W}. Since 6 is defined and smooth in some product neighbor-
hood of (0, pp), we must have ¢, > 0. Since t; < 7 and 2" is an open interval containing 0 and
7, it follows that ¢y € Z7°. Set gy = 6P°(t,). By the above discussion, there is some neighborhood
Uy of qo and an interval (—e, €) such that (—e¢, €) x Uy C W. The idea is to now use the group law
to show that this neighborhood can be translated to give a smooth extension of 6 to a neighborhood
of (to, po), contradicting the definition of .

To be precise: choose some ¢, < t, within distance € (so ¢, +¢ > t,) and such that 67°(¢;) € U
(possible because 67 (ty) = qo, Uy is a neighborhood of ¢y, and 67 is continuous). Now, by
definition of ¢, since t; < to we have (t1,pg) € W. This means there is a product neighborhood
(t1 — ,t1 +) x Uy contained in W, which means that 0 is defined and smooth there — and (since
t1 — ito) also below: 6 is smooth on [0, + ) x U;y. By taking U; small, we may assume that

O(t1, Uy) C Uy (since §(t1,po) € Up). Now we define our extension: 0: [0,t; +¢€) x Uy — M is
defined to be

’ O, 00, (p), peUpt; —e<t<t)+e.
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The group law for ¢ guarantees that this is well-defined (it agrees on the overlap), and by the
preceding discussion 6 is smooth. Now, by the translation lemma, each curve t — 6(t,p) is an
integral curve, and so 6 is a smooth extension of # to a neighborhood of (%o, py). This contradicts

the choice of . Hence, there cannot have been any point (7,py) € 2 \ W, concluding the proof
that W = 9.

(4) Finally, we prove (c). Since Z is open, M; = {p € M: (t,p) € Z} is open (by the
definition of the product topology on R x M). Using part (b), we have

peEM, = te P —= 9"V =—gr _t — —tec PP — 4,(p) e M_,.

This shows that 6,(M;) C M_;. Now, the group law shows that 6; 0 0_,(p) = p forall p € M_,.
What’s more, the same argument as above with ¢ and —¢ reversed shows that 6_,(M_;) C M,. So
any p € M_, is equal to 0;(q) for a point ¢ = 0_,(p) € M,. This shows 6; mapso M, onto M_,.
The argument also shows that it is a bijection with inverse #_,. Since the flow is smooth, both 6,
and 6_; are smooth, and hence they are diffeomorphisms. U

Thus, every smooth vector field X is the infinitesmal generator of a unique maximal flow 6;
we call it the flow generated by X or simply the flow of X.

To conclude our present discussion, let’s note that Lemma(5.8] which says that integral curves
are natural, implies that the collection of all integral curves together (the flow) is also a natural
construction.

LEMMA 5.17 (“flows are natural”). Let M and N be smooth manifolds, and let F': M — N
be a smooth map. Let X € 2 (M) andY € Z (N), with flows 0 and n respectively. If X,Y are
F-related, then for eacht € R F(M;) C N;, and ;o F = F 0 0, on M;:

M, —E - N,
th lnt
M_ o N_;

PROOF. By Lemma [5.8] given ant p € M, the curve F o 6” is an integral curve of Y, which
starts at F'o0”(p) = F'(p). By uniqueness of (maximal) integral curves, the maximal integral curve
n¥'®) is defined on at least the interval 2”, and F o 87 = ) on this interval. This means that

peEM, = te P = te 2P — F(p) e N,

which is equivalent to F'(M,;) C N,. What’s more, the statement F'(#7(t)) = n*®)(¢) forallt € 9P
is precisely the statement that 7, o F'(p) = F o 6,(p) for all p € M,, as desired. O

COROLLARY 5.18. Let M and N be a smooth manifolds, and let F': M — N be a diffeomor-
phism. If X € 2 (M) with flow 0, then the flow of F,(X) is n;, = F o 0; o F~, with domain
N; = F(M,) for eacht € R.

As we mentioned just above Definition a vector field is called complete if it is the in-
finitesimal generator of a global smooth flow. In light of Theorem we can phrase this more
accurately as: a vector field is complete if its flow is global, i.e. if its integral curves all exists for
all time. It is generally quite hard to decide when this is the case. Example like [5.1] and [5.2] that
can be solved completely explicitly are rare. Usually it is difficult to decide whether a given local
integral curve can be extended. We do have the following tool.
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LEMMA 5.19 (Uniform Time Lemma). Let M be a smooth manifold and X € 2 (M). Sup-
pose there is a uniform ¢ > 0 so that, for every p € M, the integral curve 0P of X starting at p is
defined on (—e¢, €). Then X is complete.

This is a typical “bootstrapping” argument. Let ¢ = 67(¢/2); by assumption 6 also extends
past time €/2, so let r = 04(¢e/2); by assumption, §" extends past time €/2, so let s = 0"(¢/2);
and so forth. Then the group law shows that 67(¢) exists up to time 3¢/2: 67(t) = 6°(t — ¢) for
e <t < 3e/2. We can continue this way extending €/2 time units at a time, out to co. In the proof,
we give a shorter treatment of this idea by a contradiction proof.

PROOF. For a contradiction, we assume that there exists a p € M for which 2?7 is bounded
above (a similar proof works in the case it is assumed to be bounded below). Fix some time ¢, with
sup PP — e < tg < sup Y. Let ¢ = 6P(t(). By assumption, 67 is defined on (—¢, €). So we may
define a curve a: (—¢,ty + €) by

a(t) = 6P (t), —e <t <sup2?,
0t —ty), t—e<t<to+e

By the group law, we have §9(t — to) = 0(t — to,q) = 0(t — to, 07 (ty)) = bi—t, 0 01, (p) = 6:(p) =
0P (t). This shows that the two pieces of the definition of « agree on their overlap. By the translation
lemma, « is an integral curve, and it starts at p. But « is defined on a domain strictly larger than
the maximal domain 2P of 6P, which is a contradiction. O

This gives us at least one class of vector fields that are complete.
THEOREM 5.20. Every compactly supported smooth vector field is complete.

PROOF. Let X € 27 (M) be compactly supported, with X = supp X. Let p € K; then, since
the flow 6 of X is defined on an open set, there is some product neighborhood (—e¢,, ¢,) x U, of
(0, p) where @ is defined. By compactness of K, there are finitely many points py,...,px € K so
that the open sets U, ,...,U,, cover K. Set ¢ = min{e,,,..., ¢, }. Now, for any point ¢ € K,
choose some p; such that ¢ € U, ; then, since 6 is defined on (—ep]. , epj) X Up,, it follows that the
integral curve 07 is defined on (—¢,,, €,,), and so therefore on the interval (—¢, €). Hence, every
integral curve starting in K is defined on (—¢, €). If, on the other hand, ¢ ¢ K = supp X, then
X (q) = 0, and so the integral curve #7 is constant and defined for all time (so in particular on
(—e€, €). It follows from the uniform time lemma that X is complete. 0

COROLLARY 5.21. Every smooth vector field on a compact smooth manifold is complete.

3. Lie Derivatives

Consider an old-fashioned vector field X: U C R"™ — R"™. We were able to take derivatives of
such vector fields by treating them as functions: the directional derivative in some direction v was,
as usual

d C X(p+tv)— X
DX = 2 X(p+) = timg X)X,
t=0

Indeed, this simply means taking directional derivatives of the components independently. How-
ever, this heavily depends on the vector space structure of R" (so that we can take p + tv).
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We could try to fix this as follows. Let X € 2 (M), and let p € M. For a vector v € T, M,
fix some curve v: (—¢,¢) — M so that a(0) = p and & ) = p. Then we could try to define
)

(0
D, X(p) = lim 2121 = X(p)

t—0 t

But this is still problematic. First, which curve should we choose? There is no reason to think that
the answer will depend only on &(0). But the bigger problem is: the difference quotient actually
doesn’t make sense: X (a(t)) € T M while X (p) € T, M, different vector spaces. If M = R",
we can canonically identify these two spaces, but in general, there is no coordinate-free way to do
SO.

There is no solution to this problem: there is no way to take the directional derivative at some
point p of a vector field in the direction of some vector living only in 7,,M that is coordinate
independent (i.e. well-defined). But there is a solution if we take the directional derivative in the
direction of another vector field: the idea being that we should evaluate X at points along the flow
of the other vector field in the difference quotient. Here is the definition.

DEFINITION 5.22. Let M be a smooth manifold, and fix two vector fields X,Y € 2 (M). Let
0 be the flow of Y. The Lie derivative of X with respect to Y is defined to be the (rough) vector
field £y (X) is defined by

d dw*t)@t(p) (X(’t(p)) - Xp

Ly (X)p) = 7| d(0-t)o,p)(Xoyp) = lim

5.4
dt|,_, t—=0 t 54)

Actually, we need to verify that this definition makes sense (i.e. that the limit exists), but at
least the difference quotient itself makes sense. We evaluate X at the point ,(p) that p flows to
under the flow of X. This gives us a vector in Tp,(,) M, which we cannot compare to X (p). So we
transform that vector back into 7),M by using the backwards flow, or rather the differential of the
backwards flow, which is its infinitesimal action on vectors, giving us a vector back in 7, M (since
0_;: 0,(p) — p). Note: although 6 is not generally globally defined, for fixed p the flow domain
2P is an interval containing 0, and so for small enough ¢ the difference quotient makes sense.

By Theorem [5.13] 6_; is a diffeomorphism from M_, — M;, where M_, = {g € M: —t €
21} is open. If we choose t small enough that —t € 2P, then p € M_; then we can restrict X to
the neighborhood M_; of p, and we have (from Proposition

d(0—1)0, ) (X (0:(p))) = (6-0)«(X)(p).

Thus, we can write

Zy(X)(p) = —|  (0-0).(X)(p), (5.5)

t=0

again, provided this limit makes sense. Note: we state this at a given point p € M to emphasize

the point that the derivative being taken is of the function ¢ — (6_;).(X)(p), which is a map from

some time interval into the tangent space 7,,M: it is a regular calculus function.
Proposition[5.24]below shows that the Lie derivative does exists, and is in fact a familiar object.

First we need the following lemma.

LEMMA 5.23. Let M be a smooth manifold, let ¢ > 0, and let f € C*®((—e,e) x M). For
eacht € (—e,e), let fi(p) = f(t,p). If X € C®°(M), then (t,p) — X(f;) is smooth function on
(—e€,€) x M.
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PROOF. Let (U, ¢) be a chart in M, with coordinate functions ¢ = (z', ..., z"). Then we can
write the vector field X restricted to U in the coordinate basis: for any p € U,

X, Z X' (p ax]

Write f, in local coordinates f, = f, o o', Since ¢ is a diffeomorphism U — U = o(U), the
composition (—e,e) X U 3 (¢t,x) — fy = f(t,0 (X)) is C*, and therefore so are all its partial
derivatives. Letting p = ¢(p), we have

@ft
X]
Z 314
which is therefore C'*° in both variables. As this holds true in any chart U, it holds globally. U

PROPOSITION 5.24. For any X,Y € Z (M), let 0 be the flow of Y. Then the function t —
(0_1)(X)(p) is smooth for each p € M, and its derivative at t = 0 is £y (X) = [V, X].

PROOF. We apply (0_;).(X)|, to a function f € C°°(M); this gives
(0-0)«(X)f (P) = d(O-)op) (Xou(p)) | = Xou) (f ©0-).

So we are supposed to take the limit as ¢ — 0 of the difference quotient

=) = £ (Ko 00-) = 1],

Now we play the usual trick of adding and subtracting a connecting term: the above is equal to

1
- [Xouw) (f ©0-1) = Xou) (f) + X, (f) = Xpf]

The last two terms gives us Y X f(p) in the limit as follows:

i D =X L g, ) = U (X pretn(n) = () ) = V(XP) = YX(P),

since 67 is the maximal integral curve of Y that starts at p (so in particular 67(0) = Y (67(0)) =
Y (p)). So, we have shown that

Lo (X)), (f) = lim 22w 000 = Xop) (/)

t—0 t

+YX(f), (5.6)

provided this limit exists.

The key here is Taylor’s theorem. For ¢ € M and t € — 29, let g(t,q) = f(0_:(q)); for fixed
q € M, this is a smooth function — 27 — R. In particular, it is a smooth calculus function defined
on some neighborhood of 0, and so Taylor’s theorem gives us g(t,q) = ¢(0,q) + t019(0,q) +
O(t?) = f(q) + tdg(0,q) + O(t*) (since f(0,q) = f(0o(q)) = f(g)). We’ll need more precise
control over the g-dependence of the error term, so we use Theorem [0.9| which gives the error term
as an integral. In fact, we need only expand to first order:

F6-(0) = 9(t.q) = f(q) +1 / Org(ts. q)ds = f(g) + thilq).
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As g is C* in both variables in a neighborhood of (0, p), the same is true of its partial derivatives
and their integrals, so h; is a smooth function (for all small enough ¢ for which it is defined). We
may apply the vector field

XKoo (f 0 0-1) = Xo,)(f) + tXo, ) (he).
Hence, the remaining limit difference quotient in (5.6) simplifies:
i X0) (f 0 0-1) = Xoi) ()

t—0 t

= tim Xo,) () = lin(X () (G (p).
By Lemma|5.23| (¢, p) — X (h:)(p) is a smooth function, and since 6;(p) is also a smooth function
of (¢, p), this limit is equal to X (ho)(6o(p)) = X,(ho). But

/ a19 0 p) ds = 819(0 P) 875

Applying the chain rule to the change of variables s = —t gives

Wip) == G| SO0 == | 1) = =0 = ().

s s=0
Hence, finally combining with (5.6), we have

Ly (X)), (f) = X(=Y ()], + YX(N)], = [V, X](F)], -
This concludes the proof. 0

f(9 +(p))-

REMARK 5.25. The Lie bracket [Y, X] and the Lie derivative %5 (X) were both known to
be coordinate independent for a long time, but the only known proof of their equality required
computations in local coordinates (which is the way [3]] approaches the computation). The above
invariant proof is relatively new (less than half a century old).

While we are on the subject of Lie derivatives, we can give a similar definition of the Lie
derivative of a smooth function with respect to a vector field: the result .Zx f is a new smooth

function,
d . fob(p)— f(p)
gl ot =i

This, again, is an appealing interpretatlon of what should replace D, f(p) = % ! ot (p+tv)in the
linear case, if v = X (p). Here we can see easily that

d P — QP _
G| 0 =00 =X(),

This is consistent with our reinterpretatlon of tangent vectors as “directional derivative operators”.
So, in summary, we have Lie derivatives (so far) of functions and vector fields:

Zxf=X[, ZxY =[X,Y].
The formula for the Lie derivative (being simply a Lie bracket) gives rise to a whole host of
properties that are not at all obvious from the definition. We summarize them here.
PROPOSITION 5.26. Let M be a smooth manifold, and let X,Y, 7 € X (M).
(a) ng = —gyX.
(b) Zx|Y, Z] = [&xY, Z| + Y, Lx Z].
(C) .,Eﬁx’y}(Z) = gxfyz —.ﬁ/ﬂygxz.

ZLx f(p) =

ZLx f(p) =
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d) Ifg e C®(M), then £Lx(gY) = Lxg-Y +9%xY = (Xg)Y + g.ZxY.
(e) If F: M — N is a diffeomorphism, then F,.(£xY ) = Lr, x(F.Y).

These are easy calculations left to the reader.

REMARK 5.27. We already saw Proposition [5.26(c) show up as the Jacobi identity of Propo-
sition c); now we see that it really makes sense as a statement that the Lie derivative is a
Lie derivation. Similarly, the mysterious identity of Proposition {.21|(d) is just Proposition [5.26(d)
applied to [fX, gY] = Zx(9Y) = —Z,y(fX) in each variable separately. Item (e) shows that
the Lie derivative is a natural construction.

4. Commuting Vector Fields

We say two vector fields X,Y € 2 (M) commute if [ X,Y] = 0. In light of the previous
section, this means that .Zx(Y) = 0 (and also .4y (X) = 0), so that “X does not vary in the Y
direction” and vice versa. This is a little cumbersome to understand since the Lie derivative is a
complicated object. In fact, it means the following.

DEFINITION 5.28. Let X € 2 (M), and let 6 be a smooth flow on M. Say that X is invariant
under the flow 0 if X is 0,-related to itself for each t; more precisely, if X| A, IS Op-related to
X| a, Joreacht € R. Equivalently, this says that

d(et)p(Xp) = X9t(P)7 (t,p) € 2(0).

So, to say X is invariant under # means that pushing it forward by the diffeomorphism 6,
doesn’t change X for any . For example, it is clear that X is invariant under its own flow (this is
precisely what it means for 67 to be an integral curve of X). In fact, X is invariant under the flow
of any vector field it commutes with.

THEOREM 5.29. Let X,Y € 2 (M). TFAE:
(@) [X,Y]=0.
(b) X is invariant under the flow of Y.
(¢) Y is invariant under the flow of X.

PROOF. We will show that (a) <= (b); the equivalence (a) <= (c) is the same (up to a minus
sign). Let 6 be the flow of Y.

(b) = (a): By assumption, Xy,(,) = d(0:),(X,) whenever (t,p) € 2(). Thatis: X, =
d(0-1)6,p)(Xo,(p)) (since 6_, = 0;"). Referring the defining the Lie derivative, it follows
immediately that % (X)|, = 0. By Proposition it follows that [X,Y]| = 0. Since every
p € M isin M, and M_, for all sufficiently small ¢, this shows [X, Y] = 0, confirming (a).

(a) = (b): We are assuming that %y (X) = [V, X] = 0. Fix p € M, and define a function
a: 9P = T,M by

a(t) = d(0-t)o,p) (Xoyp)) = (0-0):(X)], -
Then « is differentiable: it is clearly smooth on 2P \ {0}, and by (5.5) its derivative at 0 is
Zy(X)|, = 0. In fact, let us compute o'(1o) for any ty € 27 (that is, the usual derivative of a
curve in a vector space). We do this by translating ¢, to 0.

, d d
o (to) = % Oé(t(] + S) = d_ d(e—to—s)(X9t0+s(p))‘

s=0 S s=0
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Now, 6,45 = 0;, o 5 on a neighborhood of p, and since 6;, is independent of s, we therefore have

o () = d(6_1,) (di

00-) X0 ) = A0-1) (L5 (Xl ) = O

s=0

Hence, « is constant, and since a(0) = X, we have a(t) = X, for all t € Z?. This is precisely to
say that X is invariant under 6. U

EXAMPLE 5.30. We can use Theorem to characterize what vector fields are invariant
under the flows of Examples and

e Translation: the flow 7 (x,y) = (xr + t,y) is generated by the vector field Y = =
Let X = X'2 + X 28% be a vector field on R? that is invariant under translations in

the e; direction, meaning invariant under the flow 7. This is the same as insisting that
[X,Y] = 0. We can compute, for any f € C*(R?),

0 5 af o 10f ,Of Xlé?f 8X28f
8:1:+X0y> or O <X 8$+X(9y ~ Ox Or  Ox 8y

- 1 1
t‘% = 9X —, Hence,

In order for this to be 0 for all f, it is necessary and sufficient tha 5
for a vector field X to be invariant under translations in the z-direction, it is necessary
and sufficient for its coefficients to be constant in x.

e Rotation: the ﬂow R, (x y) = (zcost—ysint, xsint+y cost) is generated by the vector
field Y = a: — Y 8 . A vector field X is invariant under rotations (under the flow R)

if and only 1f [X Y] = 0. Here it will be convenient to work in polar coordinates (r,0)
(on the plane minus the negative x-axis, for example). Here Y = 89, and so expanding

X = X'Z + X2 we have exactly the same calculation as above: [X,Y] = 0 iff X'

and X2 are constant functions of #. That is: a vector field is rotationally-invariant iff its
components depend only on the radial Variable
e Dilation: the Euler vector field £ = a: ~+ Y5 a generates the flow ¢;(p) = e'p. Here

again, it will pay to convert to polar coordlnates where £ = %. Again by the same

argument as above, it follows that a vector field X is invariant under the dilation flow ¢;
if and only if [E, X| = 0, which means X (written in polar coordinates) has coefficients

that only depend on 6, not on r.

Xy = (!

The clearest and deepest way to understand what it means for two vector fields to commute
is to say that it means their flows commute: if 6 is the flow of X and ¢ is the flow of Y, then
[X,Y] = 0if and only if 6; o ¢p5 = ¢ o 6, for all s,t. However, in general this is quite trickly
to really make sense of: if X, Y are not complete, then the domains of the two flows may not
be very compatible, and the nidive guess for what it really means for them to commute turns out
to be wrong: it is possible for [X,Y] = 0 and yet 6; o ¢5(p) # ¢s o 6;(p) for some point p and
times ¢, s for which both sides are defined. (The trouble is that 27 () and 2*(¢) must be intervals
containing 0, but when composing this recenters and one can be looking at the “wrong” integral
curve — one that doesn’t go through 0.) It is quite annoying to state and prove the right general
theorem; we will content ourselves with the statement for complete vector fields presently.

THEOREM 5.31. Let X,Y € 2 (M) be complete vector fields. Then [X,Y] = 0 iff their
(global) flows 0, ¢ commute in the sense that 0, o ¢ps = ¢ 0 0, forall s,t € R.
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PROOF. First, assume [Y, X| = % (X) = 0. By Theorem [5.29] this means that X is invariant
under ¢, which means precisely that, for each s € R, (¢,).(X) = X. Now, by Corollary[5.18] the
flow of (¢s)«(X) is ¢, 0 0; 0 ¢ '; but since (d,).(X) = X, this means that ¢, 0 6; 0 ¢, ' = 6. This
shows that # and ¢ commute.

Conversely, suppose the flows commute. This can be written in the form

¢"®(s) = 0,(¢7(s))-
Now differentiate both sides with respect to s at s = 0. Since ¢(s) is an integral curve, the
left-hand side is Yy, (,). The right-hand side becomes
d .
25| 0(9(s)) = d(6:),(¢°(0)) = d(6:),(Yp).
s=0

So Yy, = d(6;),(Y}), which means that (6;).(Y) = Y holds for all . Replacing ¢ with —t, this
means that £y (X) = %‘t:o (0_4)(Y) = %‘t:o Y =0, as desired. O






CHAPTER 6

The Cotangent Bundle and 1-Forms

We have thus far failed to mention what are arguably the most important vector fields from
classical vector calculus: conservative vector fields, which have the form V f for some smooth
function f. The reason they have not come up yet is because — spoiler alert—they are not vector
fields at all. To be clear about what this means, let’s take an example: let A/ = R? be the right half-
plane, {(z,y) € R*: x > 0}. Let f € C°°(M), and consider the vector field V f. In our present
notation, this should be the section of 7'M whose expression in the (global) local coordinates (z, i)
is given by

of .. 0 of .. 0
where p = (x,y) is the coordinate expression for the point p in Cartesian coordinates. Now, if V f
is really a vector field on the manifold M, this means (cf. Section E[) that we must have the same
expression in any coordinates. For example, it must also be true that, using polar coordinates (7, 6)
on M (which are also globally defined),

Cof . o| of, . o
Vil,= —T(p) EL + %(p) 20 ) (6.2)

V£l (6.1)

p

0

where now p denotes the coordinate expression for p in polar coordinates. But we can check if this
is really the case, by using the transformation law (again cf. Section [3)). In particular, we have

o _ro 980 _ 0 sn0d
or  oror  9xo0  Var - 00
9 _0r0 00 _ 0 costd
dy Oyor Oyoh or r 00

Thus, from (6.1]), we have

af )
Vf'p—%(m%— ra0) "oy U T g

_ of . of\y o 1 . Of af\ o
_(C0898w+81n98y) 0r+7’( Sln96x+00898y 50

0 sin@ﬁ) of ( 0 cos@i)

1

can also transform the derivatives in the coefficients to express them in terms of the vector fields

(where we implicitly write % to mean %(r cos 6, rsin #) here, and similarly with g—i.) Now we

% and %, in the same manner:
of . of df sin@of _ . O0f cosOOf
Coseax—l—SIHQay—COSH(COSQar — + sin 6 Sln08r+ "
1
= (cos? § + sin? 9)% + ;(— cos@sin@—{—sichosQ)% = %,

87
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while
af af . af st@f df cosOOf
Sln98x+00898y_ s1n9<cos o i + cosf Sln98r+ —
B Of 1, o, . 0f 10f
= ( sm&cos&—l—cos@sm@)aer (sin® @ + cos 0)89 ~50°

Now combining, this shows that the gradient field V f, defined in Cartesian coordinates by (6.1)),
converted to polar coordinates, has the form

of

1of .
p 37’()8

VIl = +§@(ﬁ9) 20 )

This does not match (6.2) (there is a factor of L discrepancy in the 2 5g term).

Thus, the gradient, viewed as a vector ﬁeld in Cartesian coordinates, is most definitely coordi-
nate dependent: it does not generalize to well-defined map from M — T'M. In older language,
we would say it is not invariant or coordinate-dependent. There was a strong clue that this would
happen: in (6.1)), there are a and 8 terms repeated; we know that, in our transformation laws

(really just the chain rule), aﬁ should come with % Oz = for some new coordinate (function) u; not with

af
ox*
This is not a failing, however. Instead, it introduces us to a new kind of vector field — one

that transforms in the opposite way, with the % on the bottom — meaning that it transforms “in
the same direction” as the derivatives. Such vector fields will be called covariant (transform the
same direction) as opposed to contravariant (the vector fields we’ve been working with thus far
are called contravariant in older literature). Note: these terms are unrelated to the words covariant
and contravariant as they are used in category theory, so beware!

As we’ll see, covariant vector fields are actually more natural and fundamental in many re-
spects.

1. Dual Spaces and Cotangent Vectors

Let V' be a finite-dimensional real vector space. The dual space V* is defined to be V* =
L(V,R), the set of linear maps from V' to R. This is a vector space in its own right, under the
usual operations. It is, in fact, isomorphic to V. To see this, select a basis {e1, ..., e,} for V. The
associated dual vectors {e}, ..., e’} in V* are defined by

e; (vlel +-- -v”en) =7,

Le. €] are the linear extensions of ¢}(e;) = (5; These are certainly linear functionals on V. They
form a basis:

e They are linearly independent: if ;age; = 0 (as a linear functional) this means that
> ;jajej(v) = 0 forall v € V; in particular this means that 0 = » . a;ej(e;) = «; for
eachi,soa; = - - =« = 0.

e They span V*: 1f A € V*, define w = A(ep)e]
v =) vle; € Vithatw(v) = 35 Mej)es(v)
Thus A = w € span{ej,... e}

+ -+ 4+ Aep)el. We compute for any

2 Aeg) = MR v7e) = Av).

Thus, dimV* = dimV/, and so V' and V* are isomorphic as vector spaces. Indeed, we could define
an isomorphism V' — V'* to be the linear extension of e; — e}, 1 < j < n.
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There’s nothing wrong with this, but it is not natural, which we can make sense of simply here
by saying that it is basis dependent. Indeed, define this isomorphism ¢: V' — V* by ¢(e;) = €}
for the given chosen basis. Let’s write this in terms of a different basis {f; ..., f,,} for V. Since it
is also a basis, there is an invertible n x n matrix A so that f; = >, Aﬁei for all 5. Then we have

Bf;) = Ald(e) = Aler. (6.3)

We might hope that this is equal to f. To check this, we must express the e; in terms of the fj,
which means taking the inverse matrix B = A~!, sothate; = ), B} Jfi- Then we can write f7 in
the basis {ej } as follows:

fiw) = fr (Z v@-) =f; (Z iy Bffk> =Y VBl fj(fi) =Y v'Bl =) Ble(v)

i

fi=>_ Blei=) [BTie
where B is the transpose of B (transposing rows and columns). Thus, we see that (6.3 does not
in general simplify to ¢(f;) = fI — this is only the case when the change of basis matrix happens

j
to satisfy A = BT = (A~1)T.

REMARK 6.1. Note this says that if we restrict our basis-changes to orthogonal transforma-
tions —i.e. where the change of basis matrix A is orthogonal, A" A = I — then this isomorphism is
natural. In fact, if we fix an inner product (-, -) on V' to begin with, and insist that all our bases be
orthonormal bases with respect to the inner product, then the change of basis matrix will indeed
always be orthogonal. So we see that, in the category of finite-dimensional inner product spaces,
V' and V™ really are canonically isomorphic. It is easy to check that the isomorphism e; — €7 in
this restricted setting has the basis independent representation

which shows that

v (-, 0).

REMARK 6.2. The inspired reader might see similarities between the above calculations and
the ones we did changing the gradient from Cartesian to polar coordinates. This is no accident, as
we will soon explain. Let us note that the Jacobian of the polar coordinate map (r,6) — (x,y)
is not orthogonal: although its columns are orthogonal vectors, the second one is not unit length,
but rather of length . This is why the r% comes up in the calculation there. In fact, if one were
to choose new coordinates (u,v) for which the Jacobian of the transformation (u,v) — (x,y)
is orthogonal at every point, then the expression for the gradient in the new coordinates would
indeed still be %% + %a%' This turns out to be a very strong condition: it only happens for
global isometries: maps 7" for which |T'(z)| = |z| for all . The set of isometries of R™ consists
of the Euclidean group: transformations that are a composition of a translations, rotations, and
reflections. (In terms of a basis, this just means 7'(x) = Qz + v for some orthogonal matrix ) and
some vector v.) These are the only coordinate transformations that preserve the expression for the
gradient.

Note that the transpose of the change-of-basis matrix came into play above. In fact, the trans-
pose of a matrix is closely related to the dual space. Let 7': V' — IV be a linear map. Then there
is an induced dual map 7™ : W* — V*, which is simply defined by

(T*M)(v) = A(Aw).
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It is easy to verify that, for any A € W*, T*\ € V*, so this is well-defined, and moreover 7™ is a
linear map. We record some key properties of it in the next lemma, which is left as an exercise to
prove.

LEMMA 6.3. Let V., W be finite-dimensional real vector spaces, and let S,T:V — W be
linear maps. Then we have the following.
(a) (Idv)* = Idv*.
(b) (SoT)*=T*0 5"
(c) If {v;} is a basis for V and {w;} is a basis for W, and A is the matrix of T in terms of
these bases, then the matrix of A* in terms of the dual bases {v}} and {w}} is A

In fact, the dual map 7™ is often called the transpose of T'. This is a nice way to see that transpose is
a natural construction: it commutes with changing bases, because it is really given by a basis-free
object.

Nevertheless, even though there is a natural transpose map, it is still the case (as we saw above)
that the isomorphism e; > e;f is basis dependent. In fact, it is a theorem that there does not exist a
basis-independent isomorphism. (Also: the arguments above all fail if V' is not finite-dimensional.
Although the map e; — ¢] is still an injective linear map V' — V™ in that case, it is never surjective.
But that won’t bother us presently.)

Now, we can repeat the process: having constructed V*, we may take its dual space (V*)* =
V**, the space of linear functionals L(V* R). Again, there will be no basis-independent iso-
morphism V* — V**. Somewhat miraculously, though, we may compose two basis-dependent
isomorphisms, and get a basis-independent one.

LEMMA 6.4. The canonical map &: V — V** defined by
§u(A) = A(v)
is an isomorphism.

PROOF. Fix a basis {e;} of V, and its dual basis {e}} of V*. Then we know a: V' — V*
defined by a(e;) = ej is an isomorphism. Similarly, we define 3: V* — V** by (e}) = e}*
(using the dual basis to {e}}), and this is also an isomorphism. Then § o a: V' — V** is an
isomorphism. We claim that £ = (3 o «, and is therefore an isomorphism.

To see this, first note that ¢ is linear (by elementary computation), so it suffices to check that £
and ( o a agree on a basis of V'; we will, of course, use the basis {e¢;}. On the one hand, we have
forany A € V*

§(ej)(A) = Aley).
On the other hand,
Boale;)(V) = BN = 5 (\).

Now expanding A = ) . A\(e;)e;, we therefore have
Boale)(A) = e (Z A(eﬁef) = Z )\(ei)éé» = A(ej).

U

Thus ¢ is an isomorphism. Although our proof used a basis, the definition of £ is manifestly
basis-independent. (Note: in the infinite-dimensional case, £ is no longer an isomorphism, but it is
still injective; it is called the canonical embedding of V' into V**.)
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Now, let M be a smooth manifold, and let p € M. The cotangent space at p, denoted 77 M, is
the dual to the tangent space:
"M = (T,M)".
We refer to elements of 77 M as cotangent vectors, and frequently use lower-case greek letters
like wy, A\, € TyM. Fix a chart (U, ¢) at p, with coordinate functions ¢ = (xz',...,2"). Then
the coordinate vectors {% ‘p}lgjgn form a basis for 7}, M. To avoid messy notation, for now let

us refer to the dual basis as {/\j|p}1§j§n- From the proof above that the dual basis spans the dual
space, we can then express any cotangent vector w, € 17 M as

0

J

Zw Ajl,»  where  w) =w, (835]
7=1

Now, what happens if we change coordinates? Let (V1) be another chart at p with coordinate

functions ¢ = (y',...,y"). Denote the dual basis to {%|p}1§jgn as { p;],}1<j<n. We want to

compute the components J)g; of w in terms of this new dual basis. As above, these coefficients are

given simply by
O =w ( 0 )
p ay] »

To relate the wg; to the cbg, first convert the coordinate vectors:

0

oz’
Hence, we have

, 0 oy’ 0 "oy .
J — - — _ I (A
wp = Wp (81’3 p) = Wp ( ori ( ) ayz p) - E_ Ori (p)wp (64)
Now, compare this to how the components of vector change under the same coordinate change: if
oM > X, =37, X)) 57 ,» then we have
0 = oyt 0
X, X; J —(p . = p)X! | —
Z ( ax]()a-w) ZZ1<J 1337]() )aylp

which is to say that the components XIZ‘, of the vector X, in terms of the new coordinate basis are
given by

Sy Wy
p =1 ax] ayz P

i oy’ y
Xp = oxJ
7j=1

(p) X7, (6.5)

p

Let us restate (6.4) and (6.5)) for direct comparison in the following proposition.

PROPOSITION 6.5. Let M be a smooth manifold and p € M. Fix two charts (U, ¢ = (27)}_,)
and (V.4 = (y")i_,) at p. Let X, € T,M and w, € T;M. If X has coordinates X in terms of the

¢ coordinate basis, and w, has coordinates wlj; in terms of its dual basis, then the components )2;
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of X, in terms of the 1) coordinate basis, and the components @; of wy, in terms of its dual basis,
are given by
oxJ

. T .
Xp: %(p)X;ﬂ w]]):

j=1 i=1

(D).

Thus, the two transform opposite to each other. Indeed, we could restate the w coordinate
transformation as follows: the matrix %(ﬁ) is just the Jacobian of the transition map 1) o ¢! at
the point (p). Its inverse is the Jacobian of the inverse map at ¢(p) (which we also, somewhat
confusingly in this case, denote p), and so we can write the transformation law for the components
of w,, in the form

Now the O7s are on top. This is the key to understanding the invariant generalization of a gradient.

2. The Differential, Reinterpreted

Let f € C®(M), fixp € M, and let ¢ = f(p). The differential map df, is a linear map
T,M — T,R. Of course, the tangent space T, can be identified with R itself, in a natural way. In
terms of the ndive definition of T,R = {(¢q,v): v € R}, we simply identify (¢, v) = v. In our more
invariant language, what does this mean? To see the answer, we work in local (global) coordinates:
fix the usual Cartesian coordinate x on R, also known as the identity map Idg. Then any element
X, € TyR can be written uniquely as

1 9

Xo =X, ox

q

for some coefficient X ; € R. Of course, the identification we seek is X, = X ; What does this
mean on the invariant level? Evidently,

0
x! = x!
¢~ gy

(z) = Xq(x) = X,(Idg).

q

Because of the 1-dimensionality, the map 7,R — R given by X — X (Idg) is an isomorphism.
Hence, we can think of df, as amap 7, M — R, so long as we post compose with this isomorphism.

This gives us a new interpretation of the differential, which for the moment we call df,:

jf;(Xp) = dfp(Xp)(IdR) = Xp(IdR © f) = Xp(f)- (6.6)

We now immediately drop the  and refer to this also as the differential, keeping in mind that,
although it is a different object, it is the same as the old differential modulo the identification
T,R = R. And note, what kind of object is it? df, is a linear map 7,,M — R: it is a cotangent
vector.

DEFINITION 6.6. Let M be a smooth manifold, p € M, and f € C*°(M). The differential of
[ atp, df, € Ty M is the cotangent vector defined by

dfp(Xp) = Xp(f)-
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Note that, in our invariant language, 7,/ consists of derivations at p: a certain class of linear
functionals on the vector space C*°(M). That is: 7,,M is a subspace of C'°(M)*. Thus, the
definition above is akin to the canonical embedding &: C°(M) — C°(M)**. We have to be a
little careful, since we are mapping C'*°(M) to the dual space of a subspace of C*°(M)*; as such,
it is not actually one-to-one.

In local coordinates (U, = (27)7_,) at p € M, the coordinate functions 27 are smooth, and
so they have differentials d:vg. We can express them in terms of the dual basis to the coordinate

P
[0 0
j _
dxp <3xi p) oxt »

Oz p:
< 0 "
J —
diy (3xi p) '

L.e. the dual basis to the coordinate vectors is {da:}o, ...,dxp}. Thus, we can locally express any
covariant vector w, € 177 M as

vectors

This is precisely to say that

n
wp = Z wg dxi.
j=1
Using this language, we can restate Proposition [6.5] as follows: the transformation laws for con-
travariant and covariant vector fields are mediated by the following formulas for changing coordi-
nate vectors:

0

dai

, " 0x7 ;
, dz), = 8_yi<p) dy,- (6.7)

p i=1

B 2 ﬁyi(A) 0
N — 93 ¢ dy?

p

3. The Cotangent Bundle, and Covariant Vector Fields

We now want to glue together covariant vectors w,, at different points into a continuous object.
The procedure will mirror what we did in Sections 5} [T} and [3| quite closely, and so we will be a lot
more brief with the exposition here.

DEFINITION 6.7. Let M be a smooth manifold. Its cotangent bundle 7™M is the disjoint
union of all cotangent spaces
"M = | | T;M.
peEM

There is a natural projections w: T*M — M given by 7(w,) = p for any w, € TyM.

As with the tangent bundle, we can imbue 7™ M with the structure of a smooth 2n-dimensional

manifold in essentially the same way: given a chart (U, ¢) for M, we define a chart (U, ) for

T*M as follows: U = 7~ '(U), and if the coordinate functions of ¢ are (z!,...,2"), then we
- , S RO
define ¢ on any covariant vector w, = » =1 Wy dz;, by

5 (Zw,zdx;> = (@), 2 ()W) = (P, ).
j=1
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The proof that these charts define a smooth structure on 7™M is almost identical to the proof of
Proposition (the corresponding statement for the tangent bundle), simply using the transfor-
mation law for covariant vector fields (instead of contravariant vector fields) to show that the
transition maps are smooth. We leave the details to the reader.

REMARK 6.8. As differentiable manifolds, 7'M and T M are “the same”: they are diffeomor-
phic. We do not have the tools needed yet to prove this, but the idea is just a global version of the
proof that V' =2 VV*. As in that case, there isn’t a “natural” diffeomorphism, unless extra structure
is present. Following Remark 6.1} if we endow V' with a fixed inner product, then there is a natural
isomorphism V' +— V* given by v + (-, v). Similarly, suppose that, for each p, there is an inner
product g,,: T,,M x T,M — R, which varies smoothly in p (meaning that the map p — g,(X,,Y,)
is smooth for any smooth vector fields X, Y € 2" (M)). Such a functiong: 2 (M)x Z (M) — R
is called a Riemannian metric. If such a g exist (which is true on any smooth manifold, though we
won’t prove that presently), then it yields a map 7'M — T*M defined by X, — g,(-, X,,) which
is easily seen to be a bijection, and the smoothness of g makes it into a diffeomorphism. In fact, it
is more: it is a generalization of what we called a global trivialization, or a bundle isomorphism.
The map commutes with the projections, and its restriction to each fibre is a linear isomorphism.

It is important to note that, although 7'M and 7™ M is diffeomorphic, even in a strong bundle
sense, they are still different objects. And, as with V' and V¥, they are not naturally isomorphic.
As we will shortly see, the cotangent bundle is fundamentally the better object to work with.

A section of 7 M is a continuous function w: M — T™ M with the property that mow = Id;:
i.e. it is a continuous choice of a covariant vector at each point. We call such sections (rough)
contravariant vector fields. As with contravariant vector fields, covariant vector fields are a
module over C*°(M) (in fact over Fun(M, R), where (fw),(X,) = f(p)w,(X,) and (w + A), =
Wp + Ap.

Since T™* M 1is a smooth manifold, we can insist that a section be smooth.

DEFINITION 6.9. The set of smooth covariant vector fields on M is denoted by 2 *(M), or
alternatively by Q'(M). The second notation goes along with the more common name for such
vector fields: differential 1-forms, or simply 1-forms.

Given a chart (U, = (27)}_,) in M, the coordinate 1-forms are dz', ..., dz" (i.e. the sec-
tions p — dxg; ); it is immediate from the definition of the smooth structure of T M that these are
smoooth.

In general, any (rough) covariant vector field w € 2 *(M) can be expressed locally as

n
wly = E w; da?
J=1

where w;: M — R are the functions w;(p) = w,( 5% ‘p).

Given a (rough) covariant vector field w, we can use it to eat a (rough) vector field X to get a
function on M:
wX): M =R, wX)(p) =uw(X,).
As before, this allows us to think of covariant vector fields as certain kinds of functions. While a
contravariant vector field X € 2" (M) can be identified with a derivation X : C*(M) — C*(M),

a covariant vector field w € 27 (M) can be identified with a linear map w: 2" (M) — Fun(M,R),
given by (w(X))(p) = w,(X,) as above. In local coordinates, if we express w = 7 w; dz’ and
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X=5" Xi%, then since dxg; = (%LD)* we have w(X) = Z?zl w;X7. This shows that, if
the components of w and X are smooth, then so is the function w(X).
We can now characterize smoothness of a covariant vector field in terms of its coefficients,
precisely mirroring Proposition (the analogous statement for contraviariant vector fields).
The proof is very similar, and is left as a homework exercise.

PROPOSITION 6.10. Let M be a smooth manifold, and let w: M — T™* M be a (rough) covari-
ant vector field. TFAE:

(a) w is smooth.

(b) The component functions of w in any chart are smooth.

(c) For every smooth contravariant vector field X € 2 (M), the function w(X) is smooth.
(d) Given any open subset U C M and X € 2 (U), the function w(X): U — R is smooth.

The most important examples of smooth covariant vector fields are gradient fields, aka gradi-
ent 1-forms. Here we finally have the correct invariant generalization of the gradient from vector
calculus.

DEFINITION 6.11. Let f € C*(M). Following Definition we have a covariant vector
df, € T; M for each p. The differential of f df is the covariant vector field defined by df (p) = df,.
Thinking of df as a linear function Z (M) — Fun(M,R), its action is then df (X) = X (f). If X
is smooth, then X (f) is smooth, which means that df € Q'(M): it is a smooth covariant vector

field.

Again, let us connect df with the earlier notation, where df : 7'M — TR is the map df (X,,) =
df,(X,). Thatis: the differential of the map f: M — Ris the linear map defined by (df (X,))(g) =
X,(go f). Now we think of df (X,) as a real number rather than a vector in R (which is just a real
number), and the way to do this is to evaluate the derivation at Idg. Once again, that connects the
two notations here: we have

df""(X) = X(f) = X(Idg o f) = (df**(X))(Id).
Referring to Definition[6.9] in local coordinates we can write
of
p) = @(P),

0

df = _(df);da’,  where (df)j(p)zdfp<@
j=1

meaning that

Here are some elementary properties of gradient 1-forms, whose proofs are left as exercises.

PROPOSITION 6.12. Let M be a smooth manifold, and let f,g € C*(M).
(a) For constants a,b € R, d(af + bg) = adf + bdyg.

(b) d(fg) = fdg + gdf.
(©) If Im(f) C (a,b) and h: (a,b) — R is smooth, then d(h o ) = (k' o f) df.
(d) If f is constant, then df = 0.

The converse of item (d) above is true, and it one important application of gradient 1-forms.
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PROPOSITION 6.13. Suppose f € C°(M). Then df = 0 if and only if f is locally constant: it
is constant on each component of M.

PROOF. We will assume f is connected; then the statement is df = 0 iff f is constant. Propo-
sition [6.12(d) shows the “if”” part of this equivalence, so we now treat the “only if”” part. Suppose
df = 0. Fixapointp € M,andlet¢ = f~'(f(p)) = {qg € M: f(q) = f(p)}, which is closed by
the continuity of f. For any point ¢ € ¢, let (U, = (27)_,) be a chart at ¢, and let 7 € U. In

this chart, df = 327, 2L dq7. As {dx’ }i—, form a basis of 7" M, in order for df, = 0, it therefore

j:1 oxI
follows that %(f} = 0for1 < j < n. Thus, % = 0 on U for all j; by elementary calculus,
this means f is constant on U. This shows that % is open. Since M is connected, it follows that
% = M, concluding the proof. OJ

4. Pullbacks of Covariant Vector Fields

Let M, N be smooth manifolds, and F': M — N a smooth map. Given a point p € M, the
(ordinary) differential map dF}, is a linear transformation 7, M — Ty, N. Thus, there is a dual
(transpose) map

(dF,)": TrpyN — 1T, M.
This is called the pullback by F' at p, or the cotangent map, or the codifferential. By the defini-
tion of the transpose, its action is simply

[(de)*(wF(p))](Xp) = wF(p)(de(Xp»» WE(p) € T;“(p)Na Xp € T,M.

That is: we pullback a covariant vector by letting it act on the push-forward of its argument. But it
turns out that this notion is better, in the following sense. Recall that vector fields generally do not
push-forward: although we can push forward any given vector, we cannot do it to a whole vector
field consistently unless that map £’ is a diffeomorphism. Not so with covariant vector fields.

DEFINITION 6.14. Let M, N be smooth manifolds, and let F': M — N be a smooth map.
Let w: N — T*N be a (rough) covariant vector field. The pullback of w along F' is the (rough)
covariant vector field F*w: M — T* M defined by

(F*w)p = dF; (wr@)-
Le. the action of F*w is
(Fw)p(Xp) = wrp) (dFp(Xp)).
Note that pullback is a linear operation: F*(aw + b)) = aF*w + bF*\ for a,b € R.
By pulling back a 1-form (which is already a dual object), we see there is no ambiguity about
which point to evaluate the argument vector field at, and hence we can pull back globally even if
F ' is not a diffeomorphism. Of course, we should expect that if w € 2Z™*(M) is smooth then the

pullback F*w is smooth. This is true. To prove it, the following computational lemma will be
useful.

LEMMA 6.15. Let M, N be smooth manifolds and F': M — N a smooth map. Let u: N — R
be continuous, and let w: N — T*N be a (rough) covariant vector field on N. Then
F*(uw) = (uo F)F*w. (6.8)
In addition, if u € C*°(M), then
F*du=d(uoF). (6.9)
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PROOF. We compute from the definition: for any p € M,

(F*(uw))p = dFy (ww) ppy) = A (u(F(p))wr())
= u(F(p))dF,; (wr))
= (uo F)(p)(F'w)y
which proves (6.8). Similarly, for any X, € T,,M,
(F™du)y(X,) = (dF; (duF(p))) (Xp) = duF(p)<de(Xp))
= dF,(Xp)(u)
= Xy(uoF)
=d(uo F),(X,)
which proves (6.9) O

PROPOSITION 6.16. Let M, N be smooth manifolds and F: M — N a smooth map. If
w: N — T*N is a continuous covariant vector field, then so is F*w. Moreover, if w € Ql(N ) =
Z*(N) is a smooth 1-form, then so is F*w.

PROOF. Fix p € M, and let ¢ = F(p). Let (V,¢) = (37)}_,) be a chart at ¢, and let U =
F~Y(V') (which is an open neighborhood of p). Then we may write w|;; in local coordinates as
> iy w;dy’. Applying (6.8), we then have

n

Frow=F" (ij dyj> = ZF*(wj dy’) = Z(wj o F)F*(dy’).

j=1 j=1

Now, by (6.9), F*(dy’) = d(3’ o F'), which are smooth gradient forms. The coefficient functions
wj o I are continuous if w is continuous, and smooth of w is smooth. This concludes the proof. [

EXAMPLE 6.17. Let F': R?* — R? be the map (u,v) = F(x,y,2) = (yz,e™2?). Letw €
Q1 (R?) be the 1-form w = u dv + 2v du. Then

Frow=F(udv)+2F*(vdu) = (uo F)d(vo F)+2(vo F)d(uo F)
= (y2)d(e™22) + 2(e™2)d(y)
= yz [e™d(2%) + 2%d(e™)] + 2e™2? [y dz + 2 dy]
=yze™  2zdz + 2™ (v dy + ydx) + 22 (y dz + z dy)
=yt dr + (27 + 22%2)e™ dy + 2(y2* + 2%y)e™ dz.
EXAMPLE 6.18. Let M = R? be the right half-plane {(z,y) € R*: z > 0}. Consider the

smooth map Id: M — M. Let us use Cartesian coordinates on M in the codomain of Id and polar
coordinates on the domain. Taking w = = dy — y dz on M, we then have

w=zxdy —ydr =1d"(zdy — ydz)
= (rcosf)d(rsinf) — (rsinf)d(r cosd)
=rcosf - (sinfdr+rcosfdf) —rsind - (cosddr — rsinf db)
= (rcosfsind — rsinfcos ) dr + (r® cos® 6 + r?sin*0) do = r* do.
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Now, recall the definition of the Lie derivative of a vector field Y with respect to X:

_d
Cdt|,_,
To be clear: this is a pointwise definition: Zx(Y)(p) = %L:O (0_1)(Y)(p), the latter being the
derivative of a map from an interval in R into the vector space 1), M.

This suggests a way to define the Lie derivative of a 1-form with respect to a vector field: by
pulling back along 6 instead of pushing forward.

DEFINITION 6.19. Let w € Q' (M) be a 1-form, and let X € 2 (M) be a smooth vector field.
Define a new 1-form ZLxw as follows:

Zx(Y) (0_4)«(Y), where @ is the flow of X.

d
ng: —_—

|

t=0

where 0 is the flow of X.

To show this is well-defined, we need to show that the limit exists, and indeed defines a
(smooth) covariant vector field on M. To be clear, the definition is

d(6;):(w —w
b;wl, = lim (Bu)il e£<p>) 2,
_>

d
.i”xw\p = % o

Note that it makes sense to use ¢ rather than —¢ since we are pulling back instead of pushing
forward (either way, the difference is just a minus sign convention).

PROPOSITION 6.20. For any vector field X € X (M) and any 1-formw € QY (M), Lxw is a
1-form, and its action on vector fields is

(Zxw)(Y) =Zxw(Y)) —w(ZxY) = X(w(Y)) —w(X,Y]). (6.10)
PROOF. Similar to the calculations in Proposition[5.24] We will see a more general result later,
called “Cartan’s magic formula”, that proves this as a special case. U

Note, rearranging yields
Lx(w(Y)) = (Lxw)(Y) + w(ZxY).
That is: % is a derivation even with respect to the “product” Q' (M) x 2" (M) — C°°(M) given
by (w,Y) = w(Y).
COROLLARY 6.21. If f € C*°(M) and X € Z (M), then
Lu(df) = d(Zx f).
PROOF. This is just a calculation: fixing another vector field Y, from Proposition [6.20| we have
(L d)(Y) = L (df(V)) — dF (X, Y]) = Zx(Y () — [X,Y](f)
= XY(f) = (XY(f) =Y X()))
=Y X(f) = [dX(MNIY).
Since Zx f = X(f), this concludes the proof. O

Again, we will see later a very general result that Lie derivatives commute with “exterior”
derivatives, of which d: f — df is a special case.
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5. Line Integrals

What are 1-forms? Primary, they are precisely those objects that can be integrated over curves
(in a coordinate-independent fashion). Indeed, in the calculus integral

/a ’ F(t) dt

we should really think of f(¢) dt as a single object, a 1-form on [a, b]. (Since [a, b] is not a manifold,
what we really mean here is a 1-form on a slightly larger open interval restricted to [a, b].) So, we
take w = f(¢) dt for some smooth f (which is a general 1-form), and define

/[a,b}wz/abf(t)dt

This is not just a new notation. For example, it gives a very nice form for the change of variables
theorem.

PROPOSITION 6.22. Let w € Q'([a,b]). Let : [c,d] — [a,b] be a homeomorphism, whose
restriction to (¢, d) is a diffeomorphism. Then  is either strictly increasing or strictly decreasing.

Moreover, we have
/ Ylw =+ / w,
[e,d] [a,b]

+ if p is increasing, and — if  is decreasing.

PROOF. Denote the (global) coordinate on [c, d] as s. First, any continuous bijection from [c, d]
to [a, b] is necessarily monotone; that is a diffeomorphism means ¢'(s) # 0 for any s, and so it is
strictly monotone. Now, we have

('w)(s) = " (f(t) dt) = fop(s)d(p(s)) = fop(s)g'(s)ds

by Lemma Now, if ¢ is increasing then p(c) = a and ¢(d) = b, and so by the change of
variables theorem from calculus

/[C,d]"”*“:/cdf““ ds—/ F(t)di = /ab]‘*"

If, on the other hand, ¢ is decreasing, then ¢(c) = band ¢(d) = a, and we get instead ;" f(t) dt =
- fa f ' |:|

So, the change of variables theorem from calculus is really the statement

/(p*w:/ w
c »(C)

for sufficiently nice maps ¢. We will now see how this generalizes beyond intervals in R. In
any smooth manifold, a piecewise smooth curve « is a continuous map «: [a,b] — M for some
nonempty interval [a,b] with the property that there are finitely many points a = ay < a1 <

- < ap = b such that a’[a],l,aj} is smooth for 1 < j < k. Note, this is slightly stronger
than insisting that v be smooth on (a;_1, a;); it means that v has an extension to a smooth curve
¥;: (aj—1 —€,a;+¢€) — M for some e > 0 (although the actual value of v may well disagree with
this extension off the interval [a;_1, a;]).
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Now, let o be a piecewise smooth curve in M. If a: [a,b] — M is actually smooth, then we
can pullback along a: a*w € Q!([a,b]). This means that o*w = f(t) dt for some smooth f, and
so we know how to integrate it. We therefore define

/wz/ a*w.
@ [a,b]

More generally, if « is any piecewise smooth curve on [a, b] that is smooth on the intervals [a;_1, a;]

for 1 < 5 < k, then we define
[e=2]
a] 1(1]

This is called a line integral. Here are some basic properties that are elementary to prove from the
definitions.

PROPOSITION 6.23. Let M be a smooth manifold, and let «: [a,b] — M be a piecewise
smooth curve. Let w,wy,ws € QY (M), and let ¢;, co € R.

(a) Forany ci,co € R,
/(clwl + cows) = cl/wl + cg/wg.

(b) If a is a constant curve, then / w = 0.

© Ifa<c<band a; = a][mc] a?zd g = &\[c’b], then

/w:/w+/w
« [e5] a2

(d) Let N be a smooth manifold and F: M — N a smooth map. For any n € Q'(N),

/F*n:/ 7.
« Foa

PROOF. We prove (d), leaving the others as calculations to the reader. First, it suffices to prove
in the case that « 1s smooth, since in general if o is smooth on the intervals [a;_1, a;| then F o cvis
smooth on the same intervals. Thus, if a: [a, b] — M is smooth, we have

/F*n-/ozF*

Note that, for any X € 2 ([a, b]), then for any ¢ € [a, D]
(@ Fn)(X)(t) = (F"n)(das(Xe))((t) = Npage) (dFae o doe(Xy))
= TIF(a@))(d(F o a)i(Xy))
= (Foa)n(X)(®).

Le. a*F*n = (F o a)*n, and so

b
/F*n=/(Foa)*77=/ 1.
a a Foa
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EXAMPLE 6.24. Let M = R?\ {0}, and define w € Q' (M) in local (global) coordinates by

_ rdy—ydx
24y

Let a: [0,27] — M be the standard parametrization of the ccw unit circle «(t) = (cost,sint).
Then we compute
costdsint — sintd cost

afw = — = costcostdt — sint(—sint) dt = dt.
cos?t 4 sin“t

2T
/w:/ dt = 2.
a 0

We have defined curves to have a parametrization as part of the definition. But it turns out
that the dependence on the parametrization is very mild. A curve (3: [¢,d] — M is called a
reparametrization of «: [a,b] — M if there is a homeomorphism ¢: [c,d] — [a,b] so that
B = a o p, and moreover if « is smooth on [a;_1, a;] then 90_1\[%_717%] is a diffeomorphism. Such
a map is therefore monotone everywhere, and strictly monotone on each interval p[a;_1, a;]. We
call this a forward reparametrization if © is increasing, and a backward reparametrization if
 1s decreasing.

Thus

PROPOSITION 6.25. Let M be a smooth manifold and w € QY(M). Let o be a piecewise
smooth curve, and let 3 be a reparametrization. Then

/w:i/w,
B «

+ if it is a forward reparametrization and — if it is backward.

PROOF. Again, it suffices to assume « is smooth (by restricting to its smooth subintervals and
adding up on both sides at the end). Then we have

/w:/ (ozogo)*w:/ gp*(oz*w):i—/ a*w:i/w
B le,d] le,d] [a,b] o

by Proposition O

Thus, the line integral does not really depend on the curve « by only its image a/|a, b], together
with an “orientation” (forward or backward).

Let us now connect our pullback definition of line integrals with the usual definition given in
vector calculus.

PROPOSITION 6.26. Let a: [a,b] — M be a piecewise smooth curve, and let w € Q'(M).

Then .
[o= [ wntama

PROOF. First, note that a[a, b] C M is compact, and so there are finitely many charts (U;, ;)
that cover the image. Subdividing the domain further if necessary, we may assume that « is smooth
on the intervals [a;_1, a;] where afa;_1, a;| C U;. It therefore suffices to assume that « is smooth,
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and its image is contained in a single chart (U, ). Let &(t) = p o a(t) = (al(t),...,a™(t)), and
write w = 2?21 wj dz? in this chart. Then we have

Z wj(a(t))da! (& Z w;(a

Now o’ : [a,b] — R is a calculus functlon, and so do = Ozj( t) dt. Thus we have

n

wan(@(t)) dt =Y (w; 0 @)(t)d(a)..

j=1
On the other hand
(" w) = Y o (wida’) =Y (wjoa)(t)d(z’ o a)(t) =Y (wjoa)(t)d()),
j=1 j=1 j=1
by Lemma(6.15] Thus

b
/w-/ oc*w—/ Wa(t) (G(t)) dt.
e [a,b] a

This brings us to the Fundamental Theorem of Calculus.

THEOREM 6.27. Let M be a smooth manifold. Let f € C*(M) and let : [a,b] — M be a
piecewise smooth curve. Then

/ af = F(a(b)) — f(a(b)).

PROOF. Leta = ap < a; < --- < a; = b be partitions points so that « is smooth on [a;_1, a;]
forl <j <k Leta; = qf - By Proposition [6. , we have

/aj ¥ = /a - dfom(a(t)) dt

(foa)=(foa)(t).

s=t

/df / (foa)(

The function ¢ — f o a is smooth, and hence we may apply the classical fundamental theorem of
calculus to compute this is equal to

/ df = fa(ay)) - flalay)).

J

a1a

Now we compute

Ao (@(1)) = [O)(f) = —
Thus

Finally, we then have

[ar=3 [ dar=3"lta(@)) - Flalaj) = flal@) - flata)

as this is a telescoping sum, concluding the proof. U
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6. Exact and Closed 1-Forms

In classic vector calculus, a vector field is called conservative if it is the gradient of a smooth
function. We might use the same word for 1-forms, but the more common term is exact: a 1-form
w € QY (M) is exact if there is some f € C°°(M) for which w = df. By the Fundamental Theorem
of Calculus (Theorem , if w is exact then fa w only depends on « through its endpoints: i.e.
if a and g are any two piecewise smooth curves connecting p to ¢, then fa w= [ gw. In particular,

for any closed curve «, faw = 0. In fact, this is an equivalence. To see this, we first need a
path-connectedness lemma.

LEMMA 6.28. If M is a connected smooth manifold, and p,q € M, there is a piecewise smooth
curve a: |a,b] — M with a(a) = p and a(1) = b.

We could always choose {a, b} = {0, 1}, but it is convenient to have the freedom to use other
parameter domains.

PROOF. This is a (by now) standard local-to-global-connectedness proof. Fix p € M, and let
% C M be the set of points connected to p via some piecewise smooth curve:

% = {q € M: Ja < b, piecewise smooth «: [a,b] — M s.t. a(a) = p,a(b) = ¢}.

The constant curve «(t) = p shows that p € €, so ¢ # @.

e ¢ is open: Fix some g € €, and let (U, ) be achartat ¢. Fix § > 0 so that Bs(q) C ¢(U),
and let V = ¢ '(Bs(¢)). For any r € V, the straight line curve &(t) = (1 — )¢ + t7
has image contained in Bs(§) (since this ball is convex), and has a smooth extension to
a slightly longer line on both sides. Then o = ¢! o & is a smooth curve from ¢ to 7;
concatenating it with the curve connecting p to ¢ (presumed to exists since ¢ € %) shows
that € €. Thus the neighborhood V' 3 ¢ is contained in ¢, showing that & is open.

e © is closed: let ¢ € 0% . Again fix a chart (U, ¢) at q. Since ¢ € 9%, the open neighbor-
hood U of ¢ contains some point € % N U. Constructing the straight-line path in local
coordinates just as above thus shows that r € €. Thus 0% C ¥, so € is closed.

Thus % is a clopen nonempty subset of the connected manifold M, and hence ¢ = M. U

THEOREM 6.29. Let M be a smooth manifold, and let w € Q' (M). Then w is exact iff [ w =0
for any closed piecewise smooth curve a.

PROOF. Using the discussion above, the Fundamental Theorem of Calculus proves the ‘only
if” direction of the theorem. For the converse, suppose integrals of w around closed curves are
always 0. This in fact implies that such integrals are path independent: for if o and 3 are two
piecewise smooth curves connecting p to ¢, then the reversed curve — [ connects ¢ to p, and so the
concatenation o — (3 is a closed curve. Thus

o~ o Lo L= o

Now, let us assume that M is connected. We may then define an “integral” operation for any two
points p,q € M:

q
/ w = / w for any piecewise smooth curve o connecting p to q.
P (63
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This is well-defined and makes sense for any p, ¢ by Lemma Also, using Propositions

and [6.23|(c), we have
q P T q r
/w:—/w,/w:/w+/w.
p q p p q

So: fix a base point py € M, and define a function f: M — Rby f(p) = fp’; w. We will show that

f € C>(M), and df = w. To accomplish this, let ¢ € M, and fix a chart (U, p = (27)}_)) at q.
— Of

T Oxd

In this chart we have w = »_"_; w; da’. We will compute that w;(q) (q), which means that
dfy = wy as required.

Fix 7 € {1,...,n} and let ¢ > 0 be small enough that the curve a: (—¢,e) — U given by
poa(t)=(0,...,t,...,0) (with the ¢ in the jth place) stays contained in U. Let p; = a(—e¢), and

define a new function f(p) = [ ;1 w. Then

f(p)—f(p)z/p:w—/:wz/pjwr/pmw:/pjlw

which is a constant. Hence, it suffices to show that f is smooth and satisfies %(q) = w,(q). Well,

by construction &(t) = 52 |4 (), and so

— a7

i (@(0) = 3_wi(a(t)) o’ (a—

Hence, we have

flo) = [ o= [ wnmlatsnds = [ wlals)) ds
i

—€ —€

But w € Q!(M), so its components are smooth. It then follows from the (classical) fundamental
theorem of calculus that f o « is smooth, and

W =a)i=12 Featy=2

dt] /_ij(a(s)) ds = w;(a(0)) = w;(q).

t=0

Since the components w; are smooth functions of g, this shows that f is smooth, and moreover that

df, = df, = w as claimed.

Finally, if M is not connected, then the above argument shows there are functions f; € C*(M;)
on the connected components M; of M so that df; = w| - Then the function f whose value on
M; is f; is smooth and satisfies df = w. 0

Now, not every 1-form is exact: as Example [6.24] shows, there are 1-forms with non-zero
integrals around closed curves. So how can we tell if a 1-form w is exact, without already knowing
a function f for which w = df? To see the answer, we work in local coordinates: write w =

S wjda’ in some chart. If w = df, this means that w; = 2L, Since f is smooth, its mixed
J= Oxd

partials commute, which means that
Ow; 0 f o0 f Ow;
Or'  Or'dr  Oxior O
DEFINITION 6.30. A 1-form w is called closed if, in every chart, the components w; satisfy
Ow;  Ow;
Ox'  Owi’

(6.11)
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The preceding calculation shows that every exact 1-form is closed. This gives us a negative
test for exactness: if we can find some chart in which fails at some point, then w is not
exact. This is still a tall order, however: it, in principle, requires us to check every chart, which
is impractical. In fact, as we will show next, it suffices to check this condition in any one chart;
moreover, there is an equivalent invariant condition.

PROPOSITION 6.31. For any w € Q'(M), TFAE:

(a) wis closed.
(b) w satisfies (6.11) in some chart at each point.
(c) Given any open U C M and any vector fields X,Y € 2 (U), we have

X(w(Y)) - Y (@(X)) = w([X,Y]). (6.12)

PROOF. The implication (a) = (b) is immediate from the definition (which states that (6.11)
holds in every chart). Now, assume (b) holds true, and fix any open set U and vector fields X,Y €
Z'(U). Fix apoint p € U, and let (V, ¢ = (Ij) ) be a Coordlnate chart at p, contained in U,

in which (6.TT)) holds. Expand w = }°7" | w;da’, X = 7" | X andY =Y, Y*-2 and
compute

X(w(Y)) =X (Z ini> =D (XY +Y'X(w)) = Z (wiX(Yi> + ZYin%> :

da:ﬂ ’

i=1
Exchanging the roles of X and Y shows that

n

YwX) =Y <wZY (X)) + ZX’YJ )

=1

Subtracting, this gives

X(w(Y)) — sz Y(X9)] + Z Yix

3,7=1

Ow; 8wj) (6.13)

dxi O
and the last term is 0 by assumption (of (6.11))). We also note that

"0 " .0 - , 0

XY =XY-YX=X Y'— | =Y X'— = XY") -Y(X" ,

X1 (o) v (k) - oo v
and so > wi[X(Y") — Y(X")] = w([X,Y]), concluding the calculation, and verifying that
(b) = (¢).

Finally, we proved (¢) = (d). Fix any chart, and expand the 1-form w and the vector fields
X, Y in coordinate bases. Note that the calculation of (6.13)) and the following equation show that,
in general,

X() = Y((0) =wllX ) + 30 v (55 - 52)).

ij=1
Thus, assuming (c), we have for any smooth functions X “and Y7,
(0w, Ow;
VX7 [ — - —) =0.
v (55— g) =0
2,7=1
Choosing the functions so that Y = X7 = land Y* = 0if k # i and X* = 0if k # j yields the
result. O
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REMARK 6.32. We will soon talk about k-forms for £ > 1, and extend the operator d to act
on all forms. In particular, for a 1-form w, dw will be a 2-form (which eats two vector fields); its
action will be defined as

dw(X,Y) = X(w(Y)) = Y(w(X)) — w([X,Y]).

So, the condition that w is closed is really the condition that dw = 0; hence, we have if w = df
then dw = 0, which is to say that d> = 0. This generalizes the classical vector calculus statement
that V x V f = 0 for any smooth function (the curl of a gradient is 0).

So, we have a nice, easy to check, invariant condition that gives a half-decidable test for
whether a given 1-form is exact. It is not, however, a fully-decidable test.
EXAMPLE 6.33. Consider again the 1-form of Example
Y T
w = _x2+y2 dx + PN dy.
We showed (using the fundamental theorem of calculus) that w is not exact. Nevertheless, we can

quickly calculate that
o/ y =4yt 0 T
dy 22 4 12 B (22 +y2)2  Or \ 22 +y2 )

Thus w is closed, but not exact. More on this shortly.

Both closeness and exactness are natural conditions, in the following sense.

COROLLARY 6.34. Let F': M — N be a smooth map between manifolds, and let w € Q'(N).
If w is exact, then F*w is exact. Moreover, if F'is a diffeomorphism, and w is closed, then F*w is
closed.

PROOF. First, by Lemma if w is exact and so has the form w = df, then F*(w) =
F*(df) = d(f o F) is also exact. Now, suppose we only know w is closed. One can compute that,
for any vector fields X, Y € 2°(M) and w € Q(N),

X(Fw(Y)) = F.(X)(@(E.(Y))).
Thus, we simply have
X(Frw(Y)) =Y (Fw(X)) = Fu(X)(w(F(Y))) = Fu(Y)(w(Fi(X))).
Since w is closed on NV, it follows that
F(X)(w(Fi(Y))) = F(Y)(w(Fi(X))) = w([F(X), Fl(Y)]) = w(FL[X,Y])

and one final calculation shows that this equals F*w([X, Y]), proving that F™*w is closed.
Alternatively, it is actually simpler to work in local coordinates here. Let (U, ¢) be a chart

for N. Then (F~'(U), ¢ o F) is a chart for M. In these coordinates, the map F' is given by the

identity, and so it is clear that w satisfies (6.11) in the ¢ coordinates iff F*w satisfies (6.11)) in the

o F-coordinates. The result then follows by Proposition O
REMARK 6.35. (1) In fact, in the local proof of Corollary one only needs that F is

a local diffeomorphism: in this case, an invariant form of the inverse function theorem
will allow the local-coordinates argument to work on some sufficiently small open subset
of the original chart U. We have yet to state and prove such an invariant inverse function
theorem, so we leave it as is for now.
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(2) One might wonder whether the local diffeomorphism condition is really necessary to
preserved closedness, and in fact it is not necessary: like exactness, closedness is invariant
under all pullbacks. The reason is the same: referring to Remark [6.32] w is closed iff
dw = 0, and then we will have dF*w = F*(dw) = F*(0) = 0, as with functions. In the
next section, we will develop the technology to prove this.

Now, the question of how far apart the conditions exact and closed are is a deep and interesting
one. Returning once more to Example although this form is not exact on R? \ {0}, if we
restrict it to M = R*\ {(x,0): 2 € R}, then the function M = tan~' £ is smooth on M, and
w = df. (In fact, although the formula doesn’t make sense, this function f has a smooth extension
to any domain R? \ ~y for any ray v = {tv: ¢ > 0} where v is some nonzero vector in R?.) What
this demonstrates is that exactness is not really a local condition (while closedness is): it depends
on the global topology of the manifold where the form is defined. The main basic result in this
direction is Poincaré’s lemma, which shows that closed 1-forms on star-shaped regions in R" are
indeed exact.

THEOREM 6.36 (Poincaré Lemma). Let U C R" be open and star-shaped. Then every closed
1-form on U is exact.

Note: star-shaped means there is a “center” point ¢ € U so that, for every p € U, the line segement
{(1 —t)c+tp: 0 <t <1} iscontained in U. For example, convex sets are star-shaped.

PROOF. Let w € QY(U) be closed. First, let T: R — R™ be the translation T'(z) = = — ¢;
since 1" is a diffeomorphism, 7™ preserves closedness and exactness, and so it suffices to prove
that the closed 1-form 7™w is exact. Henceforth we rename 7'(U) as U and 7™w as w, and proceed
under the assumption that ¢ = 0 (which is just for notational convenience). Thus, for any x € U,
the straight-line v, : [0,1] — U given by «, () = tx is a smooth curve in U, and we can define a
function f: U — R by

We will show that f is smooth, and that w = df —i.e. that % =wjforl <j<n.
Expand w = 7, w; da?. Use Proposition to write f as

f(x) = /0 waz(t)(dx(t))dtzz /0 w;(tz)a? dt.

The integrant is a smooth function of ¢, !, ..., 2", and so we may differentiate under the integral

axz Z / <t— (tw)a? +wj(tx)5{> dt
/O (Z o ()t +wz(m)> dt.

_ Ow;

T oz

gi:( ) = /0 ( g;ul (tx)ta? + w,(tx)) dt = /0 %(twi(tm)) dt = twi(tx)ﬁié = w;(x).

We now use the assumption that w is closed, so that 8“’

which gives
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Hence, the partial derivatives of f are the (smooth) functions w;. This shows f is smooth, and that
df = w, as claimed. O

REMARK 6.37. The precise condition for this to work is much weaker than star-shaped: it
is simply-connected. That is: it must be true that any two piecewise smooth curves from p to ¢
are homotopic. If this is the case, then one can define f as follows: choose a base point p € U,
and let o, be some curve from p to x that is a finite collection of line segments in coordinate
directions. Any two such curves are homotopic, and this (together with closedness of w) shows
that f is well-defined. A more involved version of the above calculation shows that df (z) = w,.

COROLLARY 6.38. Ifw € Q' (M) is closed, then every point p € M has a neighborhood U so
that w|,; is exact.

PROOF. Let p € M, and choose a chart (V, o) at p; let U C ¢V') be a ball centered at ¢(p),
and let U = ¢~ (U). By assumption w is closed and so, in the chart (U, ¢) condition (6.11) holds
true. Thus, since U is convex, the Poincaré Lemma implies that the components w; of w in the

p-coordinates (xj);-‘zl satisfy w; = aan;‘ for some smooth function f on U. It then follows (pulling
back along () that w|,; = df where f = f o ¢. Thus w|,; is exact. O



CHAPTER 7

Tensors and Exterior Algebra

1. Mulitilinear Algebra

For a real vector space V/, recall that V* denotes the dual space V* = L(V,R). We now
consider a multivariate generalization of this.

DEFINITION 7.1. Let Vi, ..., Vi, W be real vector spaces. Denote by L(Vi,...,Vi; W) the
space of multilinear maps V| x --- x Vi, — W. This means that, for each 1 < j < k, for
Fe L(Vy,...,Vi; W) we have

F(uy,...,vj_1,a05,0j41, ..., 0) = aF(v1,..., 01,0, V41, ..., Vk) a €R, and
!/ /
F(vi, 050,05 + 05, Vg1, -+, V) = F(01, 000500, 05, 055005, U) + F(01, 000 0501, 05, U405 -, V).
That is: F'is linear in each slot separately.

EXAMPLE 7.2. Some common examples of multilinear maps are:
e The dot product (v,w) = > " v;w; is a multilinear map in L(R",R";R). We call it
bilinear.
e The Lie bracket [-, -] is a bilinear map 2" (M) x 2 (M) — Z (M).
e The determinant det on n X n matrices, though of as a map on the columns of the matrix,
is a multilinear map in L(R",... R";R).

It might be tempting to try to identify L(V4,...,Vj;R) with the dual space L(V; x --- X
Vi, R) = (V4 x -+ x Vj)*, but these two spaces have little to do with each other when k& > 1.
Indeed, the two intersect trivially: if F' € L(V, W;R) then F(av,aw) = a*F (v, w), while if it is
in L(V x W,R) then F(av,aw) = F(a - (v,w)) = aF (v, w). This must hold for all a, and so the
only linear map in L(V, W;R) is the zero map.

It turns out that there is a close connection between L(V1, . .., Vi; R) and the space V}* x - - -
V,'. We can define a map

®: V" x---x V7 —= L(Vi,...,Vi;R)
(@()\1, e ,)\k)) (1)1, . ,Uk) = /\1(@1))\2(1}2) cee )\k(fuk>‘
It is easy to check that @(Aq, ..., \y) is indeed a multilinear map. In fact, it is a special case of the
following: if ' € L(Vi,...,Vi;R)and G € L(W4, ..., Wy R), then define F' ® G to be the map
Vixeoox Ve x Wy x--- x W, — R given by
(F @ G)(v1,. .. 05, w1, ..., wp) = F(vg, ..., 0)G(w, . .., wy).

It is again easy to verify that /' ® G is multilinear. The map in (7.1)) is simply the iteration of this
map:

(7.1)

(A1, M) = (- (M ® A2) ® Az) - @ ).
It is easy to check that this operation is in fact associative, so the order of the parentheses doesn’t
matter. The operation is often called tensor product.

109
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One might hope that the map & in is an isomorphism identifying L(V1, ..., Vi; R) with
V' x -+ x V¥, but this is not true. For one thing, note that 0 ® v = 0 for any v, and so it is
never injective if £ > 1. It is not surjective either: for example, the dot product on R™ x R" is
not of this form. It is, however, a linear combination of maps of this form. This will generally be
true. Multilinear maps in the image of ® are called pure tensors; every multilinear map is a linear
combination of pure tensors. We can summarize this with the following useful lemma on finding a
basis for L(V4, ..., Vi;R) (in the finite-dimensional setting).

LEMMA 7.3. Let Vi, ..., V) be finite-dimensional vector spaces. Let [3; = {e}, - ,e?j} be a
basis for V;. Then the collection
Br={(el) @ @ (ef): L <iy <y, 1<y <y}

is a basis for L(V4, ..., Vi; R). In particular, this shows that every map in L(V1, ..., Vi;R) is a lin-
ear combination of pure tensors, and moreover this space has dimension dimV; - dimV5 - - - dimV/.

PROOF. Foreach F' € L(Vy,...,V;; R), define coefficients F}, _;, by
Fyyoan=F(el, ... ef). (7.2)
Now, for any v; € Vj, we can expand in the basis v; = N Uéeé-. Using multilinearity and the
definition of the dual basis, this means that
F(vy,...,up) = Z TR G
D1 yeeeyl
- Z El ..... Zkvil U]Z{;k
= 3 Pl 1) (6" ()
DL yeenyl
=3 Pl @ @ () (or,- - v0)-
150k
In other words, we’ve expanded
F= Y Fualed) ® 0 ()" (7.3)
This shows that 3* is a spanning set for L(V3,...,Vi;R). What’s more, suppose some linear

combination as in equals O (as a mutlilinear map). In particular, this means it yields 0 when
applied to the vector (¢]', ..., e*), and this (by definition of dual basis) yields F}, __;, = 0. As this
holds for all ji, .. ., j, it follows that all the coefficients are 0, and hence §* is linearly independent.
Thus it is a basis. U

Note: we have shown, in the process, that the coefficients of any multilinear map in terms of this
tensor basis are given by (7.2).

We have now shown that the space of multilinear maps V; x --- x Vi — R has a special
relationship to the space V" x --- x V;*: there is a canonical mapping ®: V* x --- x V' —
L(V4,...,Vk;R). This map is not injective in general, but it is close; in the next section, we will
see in what sense it “identifies” these spaces.
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2. The Tensor Product Construction

The space L(Vi,. .., Vi;R) of multilinear maps V; x --- x V. — R has a special universal
property in the category of all multilinear maps.

PROPOSITION 7.4. Let Vi, ...,V be any real vector spaces. Let W be another vector space,
and let F': V" x --- x Vi — W be any multilinear map. Then I factors through a unique linear

map F: LVi,....ViuR) > W: F = Fo®.

V?XXV;:—F>W

of &7

PROOF. The factoring condition tells us that, for any given dual vectors \; € V", we must
have

FO @@ M) =F(q, ..., A (7.4)

Assuming this is well-defined (which is basically the content of the propositions), this tells us
how to define F (and shows it is unlque) Fix bases (3; for V;, and the corresponding basis 3* for
L(Vi,...,Vi;R), as in Lemma To define the linear map F,itis necessary and sufficient to

define its action on 3*. There is only one way to do this so the factoring condition holds: we must
have

F((e) @@ (ef)) = F((e}')", ..., (ef)").
This definition shows that (7.4} holds true at least for elements \; € V]* that are dual basis vectors;

that it holds in general is simply a matter of expanding the left-hand-side of (7.4)) using multilin-
earity of ®, appling the definition, and then reassembling using multilinarity of F'. U

In fact, this universal property can be used to define the tensor product abstractly. For the mo-
ment, let us forget our concrete definition of ® (as an operation on pairs of real-valued multilinear
maps). Instead, we could make the following abstract algebraic definition.

DEFINITION 7.5. Let Uy, . .., Uy be real vector spaces. A tensor product space for Uy, ..., Uy
is a pair (T, ®) where T is a real vector space and @: Uy X --- x Uy, — T is a multilinear map,
with the following property: if W is any real vector space, and F:U x---xU, > Wisa
multilinear map, then F factors through a unique linear map F:T—W,ieF=Fo®:

U1X"'XU]€F—>W.

®l/

T

Proposition shows that L(V4, ..., Vi;R) is a tensor product space for V}*, ..., V;*. Using
the canonical isomorphism V' = V** in the finite-dimensional setting, we therefore always have a
tensor product space for Uy, ..., U, given by LU, ..., U R).

We would like to talk about the tensor product space, while this definition only gives a property
that anything called a tensor product space must have. In fact, this property uniquely defines the
space 1" up to (unique) isomorphism.
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EXERCISE 7.5.1. Let Uy, ..., Uy be real vector spaces, and let (T}, ®1) and (T3, ®3) be two
tensor product spaces for Uy, ..., U,. Show that there is a unique vector space isomorphism
®: T, — 15 such that @3 = P o ®;.

Thus, we can (up to canonical isomorphism) refer to the tensor product space, and we denote
itby U; ® - - - ® Uy. Caution: this does not mean the image of U; X - - - X Uy under the multilinear
map ® (which is not even a vector space); it means the whole space. In the concrete context, we
mean the entire space of multilinear maps, which is spanned by the image of ®.

Now, in the concrete case, we defined tensor product in such a way that associativity was imme-
diate. That holds here in the abstract setting as well (although, since these spaces are only defined
up to canonical isomorphism, we must be more careful about what we mean by “associative”).

LEMMA 7.6. Given any finite-dimensional real vector spaces Uy, Us, Us, there is are unique
isomorphisms (U; @ Uy) @ Uz 2 Uy @ Uy @ Uz = Uy @ (Us @ Us) identifying (ug @ ug) ® ug =
U @ Uy @ Uz = ug @ (ug @ ug).

PROOF. First, the three spaces have the same dimension (as can be seen by identifying with the
concrete tensor product constructions of the last section and using Lemma[7.3)). Now, define a map
a: Uy xUy;xUs — (U;®@Uy)®Us in the obvious fashion: a(ug, ug, uz) = (u3 ®ug)®@ug. Since ® is
multilinear, this is a multilinear map, and hence « factors through a linear map a: U; ® Uy @ U3 —
(Ul (29 U2> (29 Ug, with the property that a(ul (29 U9 X U3> = (u1 X 'LL2) X us. Since (Ul [ UQ) [ U3
is spanned by elements of the form (u; ® uy) ® ug, & is surjective. Since the two spaces have the
same dimension, it must be an isomorphism. The isomorphism with the space bracketed the other
way is similar. U

REMARK 7.7. Similarly appealing to Lemma([7.3} we see that in general a basis for the abstract
tensor product space Uy ® - - - ® Uy is given by the set of all vectors of the form @ ®e,
where each {e’}; is a basis for U;.

One final remark: our concrete construction of tensors is more precisely a construction of
covariant tensors. The concrete realization of V) ® --- @ Vi as L(V", ..., Vs R) is the space of
contravariant tensors; and we could mix and match some V's with some V*s to get mixed rank
tensors. We will only have use for covariant tensors at present.

3. Symmetric and Antisymmetric Tensors

An argument much like the previous one shows that V; ® V5, = V, ® Vi (with canonical
isomorphism extending v; ® vy — vy ® v1). In general, the space V; ® - - - ® Vj is the same (up
to canonical isomorphism) no matter what order the vector spaces are listed in. But the actual
elements of these spaces are different: v; ® vo # v ® vy in general. For our purposes, it is
most useful to restrict attention to those tensors that do have symmetry (or antisymmetry) when
changing the order of the vectors. This can only make sense if all the vector spaces V; are equal.

DEFINITION 7.8. Let Sy denote the symmetric group of permutations on {1,... k}. For a
given vector space V, define an action of Sy on V@ --- @ V = VO by (the linear extension of)

U'U1®"’®Uk:UU(I)®"'®'UU(I€)-
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This is a right action: that is, for o, 7 € Sy,
(07) - 11 ® -+ QU = Vior)(1) © -+ @ Vor)(k)
= Vo(r(1)) @ & Vo(r(k))
:g.(7.01®...®vk)
Now, we define two projections on V®*:

Sym(y) =2 o -v

’ oES
1
Alt(y) = 7 Z sgn(o)o
’ €S

Here sgn(co) denotes the sign of a permutation o: +1 if ¢ is even, and —1 if ¢ is odd. So, for
example,

1 1
§(u®v+v®u), Alt(u@v)zﬁ(u@@v—i)@u).

The images of these projections are known as

Sym(u ®v) =

YF(V) = Sym(V®*) = symmetric k-tensors
A*(V) = Alt(V®*) = antisymmetric k-tensors.

Antisymmetric tensors are also called alternating, ergo the name Alt for the projection. We can
characterize these spaces more simply in terms of actions under any given permutation.

LEMMA 7.9. Let ) € VO, Then ) € S*(V) iff o - 1) = 4 for any o € Si. On the other hand,
e AN(V)iffo - =sgn(o)y forany o € Sy.
PROOF. If ¢ - ¢ = 1 for each o, then
Sym(y) =5 Yo w—|S|Zw 0.
og€ESy, oESk

Hence 1) is in the image of Sym, meaning it is in $*(V'). Conversely, if 1 € $*(V), then ¢ =
Sym (i) for some tensor p € V¥, and we compute

1
R ALE DI DILHCGLET DL
TESE TESE TESE
The map 7 — o7 is a bijection of Sy, and so relabeling we just get
1 /
o= o Z o=
7' €Sk

as desired. The argument for A*(V/) is almost identical, with the only additional needed informa-
tion being that sgn(o7) = sgn(o)sgn(7). O

In the process, we proved the following (which is why it is reasonable to call Sym and Alt
‘projections’).

COROLLARY 7.10. Let ¢p € V®. Then ¢ € SF(V) iff Sym(¢v)) = o, and ¢ € A*(V) iff
Alt(S) = 9.
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We will actually focus much more on A*(V') than ¥*(V'). For starters, there is an even simpler

equivalent condition for inclusion in A*(V*), which we identify in the usual way as a subspace of
L(V,...,V;R).

PROPOSITION 7.11. Let v € L(V, ..., V;R) be a covariant k-tensor. The following are equiv-
alent.
(@) o € AF(V™).
(b) a(vy,...,vx) = 0 whenever {vy, ..., v} are linearly dependent.
(¢) a(vy,...,vy) = 0 whenever there are some © # j with v; = v;.

PROOF. Suppose (a) holds true. Then we know from Lemma [7.9|that (i j) - « = —a, where
(1) is the transposition of ¢ and j (which is odd, so has sgn = —1). This means that

a(vr, .o Uy Uy U) = =V, e Vg Uy, ).

But if v; = vj, this says this value is equal to its negative, and so (c) holds true. It is also clear that
(b) = (c) (since any list of vectors with a repeat is linearly dependent).

Conversely, suppose (c) holds true. By polarization, if we put v; + v; into both the ¢ and j slot,
then on the one hand we get 0 (by part (c)), and on the other hand this yields

0=a(vr,...,v +0j,...,0+0,...,0) =a(v1, ..., 0, ..., V..., 0) +a(V1,...,0,...,0j,..

+a(vr, .05, Vo) F a0

by multilinearity. The first and last terms are 0 by (c), and so the remaining terms add to 0,
which shows that (i j) - « = —a for any transposition (i j). Any permutation is a product of
transpositions, and the homomorphism property of sgn shows that o - « = sgn (o) «v in general,
proving that o € A*(V), showing (a).

Finally, suppose vy, ..., v are linearly independent. Then there is some vector v; that is a
linear combination of the others, v; = > 0j Q0. Then we have, by multilinearity,

avy,...,v;) :a(vl,...,Zawg,...,vk) :Zaga(vl,...,ve,--.,vk)-

(#j (]

Each term in the sum has a repeated vector, and so by (c), the sum is 0, proving (b). OJ

EXAMPLE 7.12. The determinant det,, on n X n matrices, though of as a map on the n columns,
is multilinear, and has properties (b) <= (c) of the proposition. Therefore det,, € A™((R™)*).

Let us make one more observation: if dimV < k, then any list of k£ vectors in V' must be
linearly dependent. The proposition then shows us:

COROLLARY 7.13. A*(V*) =0 if dimV < k.

Hence, for any given finite-dimensional vector space V/, only finitely many of the spaces
A¥(V*) are non-trivial. (This is certainly not true of 3*(V*), which only grows in dimension
as k grows, as the reader can work out.) The question we now address is: what is the dimension of
AR (V*) for k < dim(V)? More generally, we will construct a basis of this space.

In fact, we will see that anti-symmetric tensors are spanned by “determinants”; but we must
be a little looser about what we mean by determinant, which is only defined on a square matrix
(meaning det,, requires n-arguments in an n-dimensional space). But we can take subdeterminants,
by choosing which rows to keep.

‘7Uk)

7Uk)
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DEFINITION 7.14. Let V be an n-dimensional vector space, and fix a basis €', ..., e" with
dual basis (e*)*,...,(e")*. Let 1 < k < n, and let I = (iy,...,ix) be a multi-index with 1 <
i1, ..., ik < n. Define a function det’ : V¥ — R as follows:

(en)(v) - (e")*(ux) ooy
det! (vy,...,v) = det : : = det :
(e™)*(v) -+ (e™)"(ve) GO
That is: we write the vectors vy, . .., v as columns with respect to the basis e, . . . , e,, producing
ann x k matrix; we then select the k X k submatrix with rows iy, 19, . . . , iy, and take the determinant

of this square matrix.

REMARK 7.15. The full determinant is an invariant of a linear operator: it does not depend on
the basis chosen. This is not so for these subdeterminants in general — they are basis dependent.

EXAMPLE 7.16. Taking |I| = 1, we have det’(v) = (¢')*(v); i.e. det’ = (e?)*. On the other
hand, if I = (1,2,...,n), then det” = det. For an intermediate example, we have

4 4
det™®? = det { 22 thQ ] = vtw? — v’

W N =
=W N =

v w
v w
v w
v w
It is easy to check that det’ € A*(V*) for any multi-index I of length k (for any given basis

for V defining the determinant). In fact, these will turn out to be our basis tensors of A*(V*).
However, not all of them are linearly independent.

LEMMA 7.17. Fix an n-dimensional vector space V, with basis €', ..., e". Let k < n and let
I = (i1,..., i) be a multi-index. Denote by o - I = (iy(1), - - - io)). Then det”” = sgn(o) det”.
Moreover, if there exists a repeated index iy = i,, for some 1 < { < m < k, then det’ = 0.

PROOF. We have det"'l(vl, CeUE) = detl(va(l), ..., Us(k)), and since det’ is anti-symmetric,
the first result follows from Lemma For the second part, if [ has a repeated index ¢, = i,,, then
det’(vy, ..., vy) is the determinant of a matrix with identical /th and mth rows, which is 0. O

To avoid these degeneracies, we will generally work with increasing multi-indices: [ =

(11, ..,1) With iy < iy < .-+ < i;. For short, we write this as I 1. These turn out to give
our basis.
PROPOSITION 7.18. Let V' be an n-dimensional real vector space. Fix a basis e', ..., e" for

V, and let det! be the corresponding subdeterminants for any multi-indices I of lengths < n. Then
BAR(V™)) = {det’: |I| = k, 1 1}

is a basis for A*(V*). In particular,

dim AR(V*) = (”)
k
when 0 < k < n, and 0 otherwise.

Note, included in this definition is the trivial case of A°(V*) = X°(V*) = (V*)®° which is, by
convention, simply R (i.e. a multilinear function of no variables is just a constant).
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PROOF. That the set of increasing multi-indices of length & is counted by (Z) is a simple
combinatorial exercise. So we must show that 5(A*(V*)) is indeed a basis. To that end, fix any
w € A*(V*). As usual, its tensor components are w;, __;, = w(e’, ..., e™*). Let us restrict this to
increasing multi-indices, and so define w; for I 1. Indeed, by Lemma for any multi-index 7,
if 1 has repeated indices then w; = 0; otherwise, / is a permutation of an increasing multi-index,
which is related by an appropriate sgn. Now, fix any multi-index J = (jy, ..., jx); then

il .« .. il
511 5jk

Zw;detl(eﬁ, L) = Zw[ det
5 It

/[/k . . o /Lk
6J'1 6jk

If J has a repeated index, this is 0. If J is a permutation of I, J = o - I, then this determinant is
equal to sgn(c) det” (e, ..., /) = sgn(o) det I;, = sgn(o). Otherwise, if .J is not a permutation
of I, then this square matrix has a row of 0s, and the determinant is 0. Now, for fixed J without
repeated indices, there is precisely one increasing multi-index / which is a permutation o of J.
Hence, precisely one term / = o - J in the sum survives, and we have

Zw[detl(eﬁ, €)= W, ysgn(o)
It

=sgn(o)w(ele® ... ele®) = w(et ... e*) = wy.

Now expanding any vectors vy, ...,v, € V in terms of the basis e/ and using multilinearity on
both sides and expanding shows that ) -, widet! (vy, ..., vx) = w(vy, ..., v,). Thus B(A¥(V*)) is
a spanning set.

On the other hand, suppose > no det’ = 0 for some coefficients ;. Applying this to any

k-tuple (ej,,...,e;, ) with j; < --- < ji, we pick out precisely one term in the sum, and this
shows that v, ., = 0. As this holds for all increasing multi-indices, this proves that S(A*(V*))
is linearly independent, concluding the proof. 0

4. Wedge Product and Exterior Algebra

Let w and 7 be antisymmetric tensors over V, say w € A¥(V*) and n € A%(V*). We could
combine them via tensor product: w ® n € A*(V*) @ AY(V*) c (V*)®*+0, But the resulting
tensor is not antisymmetric. For example, if £ = ¢ = 1, then antisymmetry of w, 7 is vacuous:
they are just linear functionals in V*, but w ® 7 is then not antisymmetric (unless one of w and 7
is 0). We can fix this by applying the Alt projection: so we could define an antisymmetric product
by (w,n) — Alt(w ® n). Some authors do use this convention; for our purposes, it will be useful
to modify it with a different normalization.

DEFINITION 7.19. Letw € A¥(V*) andn € A*(V*). Their wedge product w A1) is the element
of N**4(V'*) defined by

(kkJ!ré!g)!Alt(w ®n) = ﬁ 2 sen(@)o- (w@n).

0ESkys

wAn=

The reason for this convention is the following.
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PROPOSITION 7.20. Let V' be an n-dimensional real vector space, with given basis defining
the subdeterminant basis {det’: |I| = k, I 1} for A*(V*) for k < n. Then for any multi-indices
I, J of lengths k, {,

det’ A det’ = det’’

where 1] is the concatenation: if [ = (iy, ..., i) and J = (j1,...,J¢), then IJ = (i1, ... ik, j1,- - -

The proof of Proposition is elementary, but tedious and computational. The interested
reader can consult [3, Lemma 14.10]. Note, if we had not changed the normalization and had
simply defined the wedge product as Alt(w ® 1), then we would have the less appealing formula

k!
Alt(det’ ® det”) = det’”.
(det” @ det”) = 7= de

For computational purposes, the convention we’ve chosen is far more convenient.

Here are some immediate consequences, giving basic properties of the wedge product.

COROLLARY 7.21. Let w,w',n,n', £ be antisymmetric tensors over V, and let a,a’ € R. Fix a
basis {e': 1 < i < n} forV, giving associated subdeterminant tensors det’.

(a) BILINEARITY:
(aw+dW)An=awAn+duv An
NA(aw+dw') =an Aw+anAw'

(b) ASSOCIATIVITY: w A (N A&) = (wAn) AE.
(c) ANTICOMMUTATIVITY: Forw € A*(V*) and n € A“(V*),

wAn=(=1)"nAw.

(d) For any indices i, ... ix € {1,...,n}, (") A--- A (e")* = det™ ",
(e) More generally, if \', ..., \F are any elements of V* and vy, ..., v, € V, then

AUA - AN () = det [V (03)]1<i<n-

The proof is, again, simple and computational (and not even very tedious). For example, (c)
(anticommutativity) is immediate for & = ¢ = 1 (by the definition of anticommutativity), and
then follows in general by tracking how many transpositions are requires to shuffle /.J into JI for
|I| = k and |.J| = ¢ (the answer is k). It is also worth noting that properties (a)—(d) uniquely define
A; in fact, antisymmetric tensors are often built up axiomatically that way, without any mention of
determinants. We have presented this in a more concrete manner, highlighting what these things
really are (determinants); this will be important for understanding why and how we will use them.

The wedge product is also known as the exterior product. There is also an interior product,
also known as contraction. Given a vector v € V, the map ¢,: A*(V*) — A¥~1(V*) is given by

(Low)(v1, .y vp1) = w(V, V1, .+, Vg—1)-

Note: this makes sense for more general tensors, but it is usually only considered for antisymmetric
(or symmetric) tensors, where plugging into the first slot is somehow not special. (We could define
L, plugging into any given slot, and the only difference in the definition would be a £1.) Another
common notation is

VAW = LyW.
Here are two computational properties for contractions.

LEMMA 7.22. Let V be a finite-dimensional real vector space, and v € V.

7j€)‘
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(a) For any k > 2, the operator 1, o t,,: N*(V*) — A*=2(V*) is identically 0.
(b) Ifw € A*(V*) andn € A(V*), then
va(wAn) = (vow) An+ (=1Fw A (van).
(c) More generally, if \', ..., \F € V*, then
k ~
VoA A AR =) (TN A A AN A AN
j=1
where the hat denotes a removed term from the product.

Again, the proof is just tedious computation. (Part (a) is immediate from the fact that antisym-
metric tensors yield 0 when applied to repeated vectors.)

We have seen that Ak(V*) is only non-trivial when 0 < £ < n = dim V. We can string these
n + 1 spaces together into a single object, the exterior algebra:

A(V*) = éAk(v*).

It is an algebra under the operation A; Corollary shows that A distributes over + and is
associative. It is not a commutative algebra, but it is the next best thing. It is defined as a direct
sum of subspaces A* that have the property that A* AA* C A¥+¢, Such an algebra is called graded.
A graded algebra is called anticommutative if w € A* andn € A’ implies thatwAn = (—1)¥nAN,
precisely property (c) of Corollary Thus A(V*) is an anticommutative graded algebra. Its

dimension is . .
n
dim A(V*) =) dimA*(V*) = ( ) = 2"

(V7 ; (V") ; L
Note that, for any covariant vector A € V* C A(V'), we have A A A = 0. As with our construction
of tensors, we can use a property like this to abstractly define A(V*) via a universal property. In
general, given a real vector space U, the Grassmann algebra A(U) over U (together with the
canonical inclusion map U — A(U)) is the unique (up to canonical isomorphism) algebra with
the following universal property: if A is any algebra, and f: V — A is any linear map with the
property that f(u)? = 0 forall u € U, then f factors through a unique algebra homomorphism
f:AU) — A:

U -4
e
A(U)

With this definition, our construction of the exterior algebra gives a concrete realization of the
Grassmann algebra A(V*) (and is the best way to see that in general A(U) has dimension 24m¥),



CHAPTER 8

Tensor Fields and Differential Forms on Manifolds

1. Covariant Tensor Bundle, and Tensor Fields

Let M be a smooth manifold, and let k£ be a non-negative integer. The rank-% covariant tensor
bundle over M, denoted T%(T* M), is the union of all spaces of tensors over all cotangent spaces:

T™T M) = | |(T;M)® = | | L(T,M)%R).
peM peEM
In particular, T7*(T*M) = T*M. We have the usual projection 7: T*(T*M) — M given by
m(F,) = p. As usual, this bundle is not just a set, but has a smooth structure, which we define in
the same way we did for 7’M and 7 M. In particular, fix a chart (U, ¢ = (27)7_,) in M and some
point p € U. Then we know that {dz7],}_, is the basis dual to %b};;l for T,M. Then by
Lemmal[773| . .
{dz"|, ® -+ - @ da"™|,: 1 < iy,...,1 <n}
is a basis for (7,yM)®", meaning that any tensor F'(p) € (7,; M)*" can be expanded uniquely as

F(p) = Z Fi ... ik(p)dxi1|p®-..®dxik|p’

where F;, ;. (p) = F, <68i1

< o p). This lets us define a chart (U, @) for T%(T*M) in
the usual way: U = 7=1(U), and ¢: U — R™ x (R")* is given by

& ( Z El ~~~~~ i <p) dxil ‘p K dxlk‘p> B (Qp(p% {Fll ~~~~~ ik (p)}1§i1,-~~,ik§n)'

One can mimic the calculations of Section [I] to see how components change under change of
variables, and easily prove that the transition maps are smooth, thus giving a smooth structure to
T+(T*m).

As usual, a section of the bundle T*(T*M) is a map F': M — T*(T*M) with the property
that 7o F' = Idyy, i.e. F(p) € T*(T;y M) for each p. Such sections are called (rough) tensor fields.
As M and T*(T*M) are smooth manifolds, we can insist that a rought tensor field I’ be smooth
by insisting it is a smooth map. As we did with covariant vectors (and vectors before that), this
notion of smoothness can be characterized more easily as follows.

PROPOSITION 8.1. Let M be a smooth manifold, and let F': M — T*(T*M) be a (rough)
tensor field. The following are equivalent.
(a) F'is smooth.
(b) In every chart, the coordinate functions p — F;, _; (p) are smooth functions.
©) If X1,..., Xy € Z (M) are smooth vector fields, then the function F\(Xy, ..., X): M —
R defined by
F(X1,...,Xp)(p) = Fp(Xilp, - - - s Xklp)

119
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is smooth.

This, we can think of a tensor field as a function from £ vector fields to Fun(M, R), and it is
smooth iff this function is in C°°(M). The proof is routine and left to the reader. We denote the
space of rank-k smooth tensor fields by 7% (M).

Tensor operations are also well-behaved with respect to smoothness.

PROPOSITION 8.2. Let M be a smooth manifold, and let F € T*(M) and G € T*(M). Let
f: M — R, and define new (rough) tensor fields fF and F @ G by (fF)(p) = f(p)F(p) and
(F® G)(p) =F,®G,. Thenif f € C®°(M), fF € T*(M), and F @ G € T**(M).

The proofs are simple computations in local coordinates. Note that, in any local coordinates,
we simply have
(F ® G)h ~~~~~ Uosllog1yerlhgl Ug1yeslbge”
Viewing a smooth tensor field F € J%(M) as a map from 2" (M)* — C>(M), we note
immediately that it is a multilinear map over R. In fact, it is multilinear over C*>°(M): for

Xi, oo, X5, X5, X € (M) and f, f' € C(M),
F(Xy,... X+ f'X5,..., Xe)(p)
= F(Xilp, - f@)Xjlp + f(0) X lps - - Xilp)
= f(p)F (X1|pa"'vXj’pa-~an|p)+f,(p)F(X1|pa'--7le"pa--ka‘p)
=[fF(Xy,..., X5, Xo) + (X0, X X)) ()
In fact, this characterizes smooth tensor fields in this dual picture.

LEMMA 8.3. Let F: 2 (M)* — C°°(M) be a function. It is induced by a smooth tensor
field F € TF(M), F(X1,...,Xe)(p) = F(p)(Xilp, - - ., Xklp), if an only if F is multilinear over
C>(M).

PROOF. The preceding discussion shows that ‘only if” direction. So, assume J is multilinear
over C°°(M). The idea is to define a (rough) tensor field F' as follows: for each p € M and vectors
vi(p), ..., vk(p) € T,M, let

Fy(vi(p), ..., uk(p)) = F(X1,..., Xk)(p)

where, for each i, X; is any smooth vector field with X;|, = v;(p). Provided this is well de-
fined, it follows that F}, is a covariant tensor since .% is multilinear, and it is smooth by Propo-
sition So what we need to show is that this is well-defined: i.e. multilinearity over C*>°()
must imply that .% acts pointwise, meaning that if X;, Yij € 2 (M) satisfy X;|, = Y;|,, then
F(Xy, .., Xy, X)) = F (X, ..., Y, .., Xy for each slot 7).

First, suppose that X; vanishes on some open neighborhood U of p. Let i) be a smooth bump
function supported in U with ¢)(p) = 1. Then ¢).X; = 0, and by linearity of J in the jth slot, we
have

Ozgj(Xl,,O,,Xk)(p) :?(Xl,,l/JX],,Xk)(])):w(p)?(Xl,7XJ,7X]€>

which shows that F(X7, ..., X;) = 0. In particular, this shows that F(X;, ..., X;)(p) only de-
pends on the vector fields X, ..., X behaviour in any arbitrarily small neighborhood of the point
p. This is not quite enough though: we need to show that it only depends on the behavior at p.

So, assume that X;|, = 0. Then in any coordinate chart (U, (27)), we can write X; =
Z;‘ L XZ] 6‘9] where all the components X 7 vanish at p. By using a partition of unity subordi-
nate to a cover including U, we can extend the coordinate vector fields 575 to global vector fields

..... Zk
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E; on M (that agree with % on U), and similarly we can extend the functions X f on U to global

smooth functions f/ on M. Thus X;|; = (Z?:l f E])‘ . By the preceding argument, F(p) is
U

determined by its action on U, and so, using multilinearity, we have

FX1, . Xi LX) (p) =F(X0,. ) FE;, . X (p)
j=1

= ng(p)g(xl, By Xk (p) = 0.

Hence, J truly acts pointwise, concluding the proof. U

2. Pullbacks and Lie Derivatives of Tensor Fields

Let M, N be smooth manifolds, with a smooth map F': M — N. We have already discussed
(in Section [)) how to pull-back a covariant vector field on /N to one on M using F'. The exact
same procedure works for general covariant tensor fields of any rank. If A € .7%(N) is a covariant
tensor field, then we define a new (rough) tensor field F*A € .7%(M) as follows:

(F*A)p(X1’p7 ce >Xk’p) = AF(p)(de(lep)a s >de(Xk‘p))'

This is called the pull back of A along F'. Following almost exactly the same calculations we did
in the £ = 1 case in Section 4] and similar computations, we have the following basic properties
for pull backs.

PROPOSITION 8.4. Let M, N, P be smooth manifolds and let M £ N & P be a smooth maps.

Let A and B be (rough) covariant tensor fields on N, and let f: N — R.

() F*(fA)=(fo F)F*A.

(b) F*(A® B) = F*A® F*B.

(c) F*(A+ B)=F*A+ F*B.

(d) If A is a smooth tensor field on N, then F* A is a smooth tensor field on M.

(e) (GoF)*A = F*(G*A).

(B (Idy)*A= A

The elementary proofs are left to the reader.

REMARK 8.5. Consistent with defining V®° = R, we think of functions f: N — R as rank-0
covariant tensor fields. In that context, the only reasonable definition for pull back is F*f = fo F
(a convention we have already used). Moreover, We should extend the tensor notation to make
sense of f ® Aby f ® A = fA. Thus, in the above Proposition, (a) is really jusy a special case of

(b).

This proposition tells us everything we need to know to compute pull backs, in local coordi-
nates. For example, together with Lemma [6.T5] it gives us the following immediate corollary.

COROLLARY 8.6. Let F': M — N be smooth, and let A be a rank-k covariant tensor field on
N. Let p € M, and let (U, (y)) be a coordinate chart in N around F(p). Then we can write A in
Uas Aly = Aiy i dyt @ - - @ dy'*. The pull back along F is then given by

i1,eein LN
-----

U15eslg
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EXAMPLE 8.7. Let M = {(r,0): 7 > 0,-% <60 < T}, and let N = {(x,y): x > 0}. Then
the polar coordinate map F'(r,0) = (rcosf,rsinf) is a smooth map (in fact diffeomorphism)

from M onto N. Let A = $—12dy ® dy, a smooth rank-2 covariant tensor field on N. We compute
the pull back:

a1 . :
F*A = (r cos Q)Qd(r sinf) ® d(rsin0)
1

= m(sin@dr—i—rcos@d@) ® (sin @ dr + r cos 6 db)
7 cos

1
~ (rcosf)? (

tan2 6 tan @

=0 dr @ dr +

sin? @ dr ® dr + rsinf cos0(dr ® df + df @ dr) + r* cos* 0 df @ db)

(dr @ df + df @ dr) + df @ db.

Having pull backs in hand, we can now define Lie derivatives of covariant tensor fields, as
in Section Let X € Z (M), and let 0 be the flow of X. If X is complete, then 6, is a
diffeomorphism of M for each ¢ € R, and so we can define ¢ A as above for any covariant
tensor field A. If X is not complete, we can still do this near any point: we know that, for any
given p € M, for all ¢ sufficiently close to 0, 6, is a diffeomorphism from a neighborhood of p onto
a neighborhood of #;(p), and so it makes perfect sense to define

(H:A)p(lep’ S >Xk|p) = AGt(p)(d(9t>p(X1)> ce ad(9t>p(Xk))

as in the complete case, for small enough ¢. The size of allowed ¢ might get arbitrarily small as p
varies, but that doesn’t matter: our definition will be for each fixed p. We define, as usual,
d d(9t>;(A9t(p)> - Ap

T o (07 A)p = ll_r)% ;

(XXA)p

To be clear: this is an ordinary calculus derivative in the vector space (T;M)®* where (0; A),
lives for all small ¢. This limit, should it exist, therefore defines an element of (T;M )®F, and we
therefore have a rough tensor field (of the same rank), provided the limit exists for all p. In fact
it does, as a (somewhat involved) calculation like the one in Proposition [5.24] shows. We have the
following.

PROPOSITION 8.8. Let A € T*(M) be a smooth covariant tensor field on a smooth manifold
M. Then the following product rules hold for the Lie derivative £x with respect to some smooth

vector field X € 2 (M).

() For f € C°(M), Zx(fA) = (Zxf)A+ LA = X()A+ fL5A.
(b) If B is another smooth covariant tensor field, then £x(AQB) = (£xA)@ B+ A® . %x B.
©) IfX1,..., X, € 2 (M), then

Item (c) shows us how to actually calculate the Lie derivative of a tensor field. The left-hand
term is just X applied to the smooth function A(Xj, ..., X}); all the Lie derivatives inside on the
right are Lie brackets; and so we have the formula

(ZLxA)(Xy, . o, X)) = X(A(X, .., X)) — A(X, Xal, oo X)) — - — AKX, - [X X)),
This is consistent with Proposition (which is the & = 1 special case).
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EXAMPLE 8.9. Let A € 7%(M) and X € 2° (M) be arbitrary. In local coordinates (U, (z7)),
write A = Y, - Ajjda’ © da, and X = Y7, X' -2 Using Corollary we have

Lx(dz") = d(éfxx ) =d(X(2")) = dX".
Thus, applying Proposition 8.8 we have
LxA=D " Lx(Aydr' @ da)

%]
1]

an ,
_ E ( Zj dx ® dx’ + Ajj E < e dﬁ@dg:k))
i 8X 0X7
_Z(Xkazkjd ® d’ + i 5 +A’Jakdx ®dw)

1,7,k

Reindexing the three sums accordingly, we can express this a little more simply as

k k
LxA=D" <X’“8A” + Ay, %XZ + AzkaX ) dr' ® da?.

oz Ox’

0,5,k

3. Differential Forms

A differential k-form on a manifold M is a smooth covariant k-tensor field w € .7%(M) that
is antisymmetric at each point. Le., foreach p € M, w, € A’“(T*M ). The set of all differential
k-forms is denoted *(M). As usual, we can do vector space operations pointwise on sections,
and so we can take the “direct sum” of these to get a total space

k
=P arwm
n=0

where Q°(M) = F°(M) = C>(M). We can also define the wedge product on the space Q2*(M)
pointwise:
(w AD)(p) = wp Anp.

This makes 2*(M/) into an anticommutative graded algebra (this time infinite dimensional). If
w € Q¥(M) and n € QYM), then w An € Q¥(M). If k + ¢ > dimM then it follows that
wAn=0.

Let (U, = (27)7_,) be a chart at p € M. We know that {dz"[, A --- Adz™[p: 1 <4y <

- < iy < n}is abasis for A¥(T7 M), and that the components of the tensor w in this basis are

0
To simplify this notation, we use multi-indices I = (i1, . .., i), and so we have

w|U—Zw]dx —Z (aij>d !

It

0

ey
P Ox P

> dz" |, A -+ A dx'|p.
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where

0 0 0 , ,
orl (8%'1"“’31’%)7 and dx’ = da" Ao A da

EXAMPLE 8.10. w = sin(zy)dy A dz is a 2-form on R?. More generally, any 2-form on R?
can be written in the form

n=fsde Ndy — fodx Ndz + f1dy A dz, fi, f2, f € C=(R?).

The index and sign convention above will be explained in a little bit. As for 3-forms, since
dimA3((R3)*) = (3) = 1, one can always take dz A dy A dz as the basis element, so any 3-form
looks like f dx A dy A dz for some f € C*°(R?).

As tensor fields, differential forms pullback to tensor fields; in fact, they pullback to differential
forms.

LEMMA 8.11. Let F': M — N be smooth. Then F*: QF(N) — QF(M). Moreover, if w,n €
Q*(N), then
F*(wAn)=FwAF.
In a chart (U, (y?)) in N,

F* (Zw]dyl> = Z(onF)d(yil o FYA---Ad(y™* o F).
I

n
All of these properties follow from the linearity of F™, and the fact that the the projection from
(T*M)®k — AR(T*M) is linear. Boring details are left to the reader.

EXAMPLE 8.12. Let M = N = R?, and let F: M — N be the smooth map F(r,0) =
(r cos @, rsin #). This time, consider the form w = dz A dy. Then
F*w =d(rcosf) A d(rsinf)
= (cosOdr —rsinfdf) A (sinf dr + rcos 6 do)
= (cosB)(rcosf) dr A df + (—rsinf)(sind) dd A dr
=rdr A\df.
Note: if we restrict to the right half-plane for /V as in Example then we could think of F' is the

identity map written in terms of local coordinates (, §) in the domain and (z, y) in the range. In
this interpretation, the statement is dz A dy = r dr A d6.

This should be very reminiscent of the change of variables formula for integrating in polar
coordinates. That’s no accident. In fact, said change of variables formula is actually a statement
about pullbacks of top-degree forms.

PROPOSITION 8.13. Let F': M — N be a smooth map between n-dimensional manifolds. Let
(U, (z")) be a chart in M and (V,(y’)) a chart in N. Let f: V — R be continuous. Then on
UnNFYV), we have

F*(fdy* A---ANdy™) = (f o F)(det[DF])daz' A --- A da™

where | DF'| denotes the Jacobian matrix of F in local coordinates.
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PROOF. By multilinearity and antisymmetry, it suffices to show that both sides agree when
applied to (32, ..., 52 ). From Lemma|8.11 we have

ozl ) Oxm

F*(fdy* N---ANdy") = (fo F)dF* A --- NdF"
where 7V = 37 o I are the components of F in the y-coordinates. Now, from Corollary [7.21]

| j
AF' A A dF” (il,...,i> — det [dFJ (i)] — det [aFl — det|DF].
Oz Oz 02" /) |1<ij<n 02" |1<i5<n

This proves the result, since, on the left-hand-side, dz!* A - - - A dz™( o_ ... 0 )=1. O

oxl? » O

This shows us how top-forms change under smooth change of coordinates.
COROLLARY 8.14. Let (U, (z")) and (V, (y?)) be overlapping charts in M. Then on U NV,
oud
dy' A A dy" = det H
Ox 1<ij<n

Finally, let’s note that interior multiplication also preserves 2*(M).

det A - A da™.

LEMMA 8.15. Letw € Q¥(M) and X € 2 (M). Then the contraction X _w defined pointwise

by
(Xow)y = X,ow,
is in QFL(M).

PROOF. We know that X, 1w, € A" (T*M) for each p € M, following the definition (pre-
ceding Lemma|7.22)). So it only remains to check that X w is smooth. For any £ — 1 vector fields
Xi,.... X, € Z(M),

(XJU.))(Xb c 7Xk71) = CL)(X, Xl, c. >Xk71)
and this is smooth since w is smooth, cf. Lemma[8.3] O

EXAMPLE 8.16. Let X € 2'(R?), X = Z§:1 X7 2. Then the contraction X J(dz' A dz* A
dz?) is a 2-form on R3. We compute, for any vector fields Y, Z € 27 (M),

3
, 0
Xo(da' Ada® Nda®)(Y, Z) =Y X/ (dx' A da® A da®) (— Y, Z) .
= ox7
Writing Y and Z in terms of their components in these coordinates, each of these three expressions

is a determinant
yt 71
det | ¢ Y2 77
Y3 73
expanding along the first column, we therefore have
X' det { ﬁ gz ] — X?det [ ?1, g; ] + X3 det { g g; }
=XYdr* Nd2? (Y, Z) — X2 dat A da? + XPdat A d? (Y, Z).
Thus, we have
Xo(da' Ada? A da®) = X3 da' A da® — XPda' Ada® + X da? A da®.
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This explains our seemingly odd choice of index and sign convention in Example Note this
shows that any 2-form on R? can be uniquely represented in the form X J(dz! Adx?® Adz?) for some
vector field; so (-)a(dz! A da® A da?): 2 (R?) — Q*(R3) is actually an isomorphism. (You can
also check that it is linear over C°°(IR3), not just R.) This will be important in our understanding of
how the technology we’re currently developing relates to the usual technology of vector calculus.

4. Exterior Derivatives

Let us briefly return to Section [6] where we discussed exact vs. closed 1-forms. Recall that a
1-form A is exact if it is of the form A = df for some smooth function f. The form is closed if, in
any chart (U, (27)), writing A = . \;dz’, we have

oN; O\
ort Oz’

This was a necessary condition for exactness (whether it is also sufficient depends entirely on the
topology of the manifold). We also gave an invariant characterization of closedness, in Proposition
A is closed iff

XOAY) - YNX) = \[X,Y]), VXY e2Z(M).

1<4,j<n.

As we discussed in Remark [6.32] this can be phrased in the form d\ = 0 for an appropriate operator
d. We will now formally define this. In fact, it is basically given by the above condition.

DEFINITION 8.17. Let A € QY(M). Define d\ € Q*(M) by its action on vector fields:
AA(X,Y) = X(AMY)) = Y (A(X)) = M[X, Y]).

This certainly defines a smooth tensor field of rank 2: as X, Y, A are all smooth, the resulting
function above is smooth, and it is apparent that d) is C*°(M )-bilinear. We can also check easily
that it is antisymmetric. Since exact forms are closed, we have d(df) = 0 for any smooth f.

Now, let’s see what d\ looks like in local coordinates. Fix a chart (U, (z7)); then on U \ =

Z;‘:l \; da?. To compute the 2-form d )\, it suffices to observe its action on any pair of basis vectors
(a%k, %) with 1 < k£ < ¢ < n. Notice that the bracket of these vector fields is 0, and so we can
quickly compute

o 9\ _ 0 0 0 0 0N 0N
a\ (@’ @) Ozt (A (895[))  Oxt ()\ (895’“)) - Ozk Oxt

Now, we know we can write this in the form )
compute that, in general,

i< wi;dz' A dz?. To determine the coefficients, we

Co(0 D
Zwij dx' N\ dx’ (w,w) = Wgy-

1<j

Thus, equating coefficients, we have

. : o\ O\ : :
d (§ :/\jdwj) => j(axg — (%j) dx' A dx?. (8.1)
J=1

i<j
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EXAMPLE 8.18. On (an open subset of) R3, if we identify a vector field X = Z | X7 aij
with the 1-form b(X) = 25:1 X7 dx?, and then take the exterior derivative, that gives
0xX? oXx! L , (0X3 9X! . . [(0X%  0X?
d(X) = (8x1 ~ om ) de’ Ndz* + ( FISE ) dx” Ndzx® + ( 9 O ) dz® Adx®.
Now, if we identify this 2-form on R? with a vector field via the isomorphism 3 = (+)a(dz' Adz? A
dz?): 2 (R?) — Q*(R?), this gives
X3  0X%*\ 0 X3 oX'\ 0 0xX? 9X'\ 0
(X)) = — — - —
Bldr(X)) (8:1:2 0$3) Oxt (0$1 Ox3 ) O0x? * (8:161 Ox? ) Ox3
That is to say, on R3, the curl operator V x is actually just the exterior derivative d: Q'(R3) —

0?(R3) composed with the (coordinate-dependent) isomorphism b and /3 identifying 2 (R?) alter-
nately with Q!(R?) and ?(R3).

Let us make a further observation about (8.1): it amounts to a simple rule for computing
exterior derivatives (in local coordinates). Indeed,

=V x X.

oxt oxt

=1

dX; N dr) = ( 0N —2dx’ > Adr) = 8)\3 dz' N dxj
i#]

and so, summing up, we have

Zd)\ Adz! = Zza = dxt A da?

J=1 i#j

—Z<Z Z) 8; dz' A da?
=1 1<) 1>)

—ZZ Jd:c/\dﬂ Zzajdxmdx
7j=1 i<y =1 j<t v

Reversing the variable names 7 <+ j in the second sum shows that

- » Ny oMY » |
;d/\j/\dxj :Z(axi - (%Uj) dz' A da? :d<Z)\jd:p]>.

1<j j=1

That is: to compute d of a 1-form, simply take d of each of its coefficients and wedge with the
proceeding dx terms. It is not a priori clear that this operation in local coordinates is invariant; the
fact that it came from the invariant expression of Definition means that it indeed is invariant.

We now wish to generalize this to k-forms with k£ > 1. Motivated by the above, we can define
the exterior derivative on k-forms on R" as follows.

DEFINITION 8.19. Let U C R" be open, and let w € Q*(U). So we have w = Y wy da’ for
wr € C=(U). Define a (k + 1)-form dw € Q*1(U) as follows:
dw = Zdwl Adxt.
n

It is immediate to verify that this defines a(n R-)linear operator d: QF(U) — QF(U). Also,
there is no need to express w in the standard way in terms of increasing multi-indices. We have the
following.
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LEMMA 8.20. If I is any length-k multi-index (not necessarily increasing, and possibly con-
taining repeated indices) and f is smooth, then d(f dz!) = df A dx!.

PROOF. If I has repeated indices then dz! = 0 and so both sides are 0. Otherwise, let o be
the unique permutation of [ so that o - I is increasing. Then we have dz! = sgn(o)dz? . So by
Definition [8.19]and linearity,

d(fdz") = d(sgn(o) f dz’!) = sgn(o)df A dx”" = df A da’.

It now follows by simple calculation that d*> = 0 in general.
LEMMA 8.21. Ifw € QF(U) for some U C R™ open, then d(dw) = 0.

PROOF. First, since d is linear, d*: Q*(U) — QF+2(U) is linear, and so to show itis 0 it suffices
to show d?(w; A dz!) = 0 for any fixed I 1. From the definition, we have
d(wr dz’) = dw; A dz' = i QL 1i p !
i oxI ‘
Now, applying d again, using linearity and Lemma [8.20} since dz’ A dz! = dz’ for some multi-
index K of length k + 1, we get

0w
d(dw; dz') = o a;j

1<i,j<n

dat A dxd A dal.

Note that the ¢ = j terms are 0 since da’ A dz* = 0. Therefore, we can break this sum up into the
terms with ¢ < j and the terms with ¢ > j:

0w ) . O?w . .
d(dlwrdr')) =Y oo da’ Nda? Nda' +7) oo dat Ada? A da!
i<j i>]

dz? A dxt A da!.

82w1 ; : 820.)1

= —_dx' Ada? A da! — —

Z o0xtoxI v v v ~— OxtoxI
1<) 1<t

Finally, exchanging the labels ¢ <+ j in the second term, and using the fact that mixed partial
derivatives of w; commute, shows that this is 0. OJ

EXAMPLE 8.22. Letw = B(X) = X' da? Adz® — X? da' A da?® + X3 da! A dx® be a 2-form
on R?. Using Definition [8.19} we compute

dw = dX" Adz? Adz® — dX? A dat A de® + dX3 A dat A da?.

Now, dX/ = %f do! + %; dz? + %7){; dx3. Plugging this into each of the three places and
expanding, we note that only one of the three terms survives in each case: for example,
ox!

X1 X! X!
(aﬁxl dxt + %xQ dx? + 88? dm3> Adz? Adx® = Fy dxt A dx? A da®
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since each of the other two terms contains a wedge of two equal 1-forms and is 0. Repeating this
with the other two, we arrive at

ox! 0X?

= det A da® A da® —

Oxt Ox?

X1 X2 X3
:(8 z 2 )dl’lAdszdxfﬂ:v.del/\dq?/\dg;?’.

0Xx3
dw dx? A dxt A dx® + Ry dx® A dxt A da?
x

Ox! * Ox? * ox3
That is: identifying Q3(R?) with C°°(R?) via the (coordinate-dependent) isomorphism *(f) =
fdxt Nda® ANdx3, we have xodo 8: 2 (R3) — 27 (R3) is the divergence operator — divergence is
just the exterior derivative d: Q?(R3) — Q3(R3) composed with the identifications between these
spaces of differential forms with vector fields.
Combining this with the (motivating) calculation that df = b(V f), we then have the following
big commutative diagram:

Co(R?) V> 2 (R?) > 2 (R?) —L> C(R?)

bbb

QL (RY) —— QL (R?) —> P(R?) —— O (R?)

In particular, the classical vector calculus identities that V x Vf =0and V - V x X = 0 are just
dressed up versions of the fact that d* = 0.

Now, we know that d on functions satisfies a product rule: from Proposition [6.12(b), d(fg) =
fdg + gdf. We expect the more general exterior derivative on higher degree forms should also
satisfy a product rule. Since the algebra 2*(R™) is anti-commutative, it turns out d is an anti-
derivation.

PROPOSITION 8.23. Let U C R3, and let w € Q*(U) and n € QY(U). Then
dwAn) =dwAn+ (—=1)FwAdn.

PROOF. by linearity of d, it sufficies to consider terms of the form w = f dz! and n = g dz’
for some multi-indices |/| = k and |J| = ¢, where f,g € C®(U). Thenw An = fgdz’ A dz’.
Then we have

dwAn) =d(fg) Ndx' Ndx” = (fdg + gdf) Adx" A dx”
=df Adz" A (gdz”) +dg A (f do') A dx?
=df Ndx' A+ dg Aw A da’.

In the first term, df A do! = dw. For the second term, we need to commute df past dx’. Since
dg is a 1-form, we can expand it as a linear combination of dz* terms, and each of these satisfies
dz® A dz' = (—1)kdx! A dx® since |I| = k. Thus, by linearity, we recombine and see that
dg Aw Adx? = (=1)*w A dg A de? = (—1)* A dn, concluding the proof. O

We now know everything we need to about computing exterior derivatives of differential
forms on patches of R". We would like to parlay this into a definition of an exterior derivative
d: QF(M) — QFFL(M) on any manifold. We have invariant definitions of this for k = 0,1. In
general, we’d like to say the following: for w € Q*(M), define dw locally: at any point p € M,
choose a chart at p, and let dw,, be the local (k + 1)-form given on U by Definition in local

coordinates on U. This is a standard way to define d; it requires a tedious calculation to show that
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it is well-defined (i.e. that you get the same expression in every coordinate chart). We will take
a different approach here: one that emphasizes the computational properties of Lemmas |8.21| and
8.23|which, it turns out, together with the known action of d on 0-forms, uniquely defines its action
in general.

PROPOSITION 8.24. Let M be a smooth n-manifold. For 0 < k < n, there are unique opera-
tors d: QOF(M) — QFtL(M) (called exterior derivatives), satisfying the following properties:
(a) dis R-linear.
(b) Ifw € Q¥(M) and n € QY(M), then

dlwAn) =dwAn+ (=1)Fw A dn.
(c) d* = 0.
(d) For f € Q°%(M) = C>=(M), df is the usual differential df (X) = X (f).
Moreover, in any local coordinate chart, d is consistent with Definition|(8.19

PROOF. We begin by proving uniqueness. Suppose there is an operator d satisfying (a)—(d)
above. First we will show it is locally defined: that is, suppose w1, w, € 2%(M) agree on some
open set U. We need to see that dw; = dw, on U as well. To see this, fix p € U and set n = w; —ws.
Let ¢ € C°°(M) be a bump function supported in U, and equal to 1 on some smaller neighborhood
of p. Then ¢yn = 0, and so by (a) and (b),

0 =d(0) = d(yn) = dyp An+dn.

Evaluating at p, and using ¢(p) = 1 and d», = 0, this shows that dn, = 0. Thus dw; (p) = dws(p),
and since this holds at every p € U, this shows that d acts locally as claimed.

Now, let w € QF(M) and fix a coordinate chart (U, (7)) in M. Then we may write w|y =
> 7 WI dz!. For any p € U, fix a smaller neighborhood of p, and select a bump function that is

1 on that neighborhood and supported in U; then 1wy and ¥z have smooth extensions to smooth
functions w; and 7' on M that are equal to w; and x* on a neighborhood of p. By the locality
argument above, this means that dz* = dz° on this neighborhood, and so therefore dz! = dz! on
that neighborhood. Thus, setting @ = ;. wy dz! globally, we have w|y = W|y. Now, from (a)
and (b), together with locality, we then have dw|y = dw|y, and

do =d (Z @y dff> = d(@dz").
It I
By (b), d(&; dz") = dw; A dz' — @; A d(dx'). Now for this last term, iterating (b) we get
k
d(dz’) =Y " dz Ao d(dT) A Adat =0
=1

because, by (c), d(dz%) = 0 for any j. Thus, we actually must have
o =y disy A dT,
t
and on U this reduces exactly to the expression for dw in Definition (It is at this point that
we use (d) to see that dw; has the usual meaning here.) This proves uniqueness (there is only

one formula that dw can have if it satisfies (a)—(d)), and that, should d exist, it must coincide with
Definition in local coordinates.
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It remains to prove that d exists. One approach is to show that the local Definition [8.19|is
invariant under coordinate change. A more appealing alternative is to give an invariant expression
for an operator d which satisfies (a)—(d), generalizing Definition[8.17} That is our present approach.
Forw € QF(M), and X1,..., X1 € 27 (M), define dw € Q¥ (M) as follows:

dw(Xb s 7Xk’+1)
k—i—l

+ Z DX, X, Xas o Xay o X Xig).
1<i<j<k+1
(As usual, the ~ denotes this term being omitted.) The proof now consists in showing that dw is
indeed a (k+1)-form (i.e. that it is an antisymmetric C'*° (M )-multilinear map), and that it satisfies
properties (a)—(d). Alternatively (and this is easier), one can show that, in any local coordinates,
this definition yields the expression of Definition [8.19] Either way, the remainder of the proof is a
long sequence of tedious but elementary calculations, that are left to the bored reader. U

This, the exterior derivative is a well-defined invariant operator, which can be calculated in local
coordinates in the manner we did above. Let us now conclude our discussion here by showing that
itis natural (i.e. commutes with pullbacks), and show further that the Lie derivative can be elegantly
expressed in terms of the exterior derivative.

LEMMA 8.25. Let F': M — N be a smooth map between manifolds. Then for each k, the
pullback F*: QF(N) — QF(M) commutes with the exterior derivative d: for all w € Q*(N),
F*(dw) = d(F*w).

PROOF. It suffices to show that the equality holds at any point p € M. Let (V, (y’)) be a chart
at F'(p). Then we can expand w locally as w|y = >~ wr dy’, and so dw|y = 3, dwr Ady’. Now
pulling back, we then have (by Lemma 8.11])

F*(dw) =Y F*(dwy) NF*(dy") = d(w; o F) AdF'
It It

where dF! = dF A --- A dF', given in terms of the components of £ of ' in the coordinates
(y'). On the other hand,

= ZF*(wIdyI) = Z(wl o F)dF!
Iz It
and now using Proposition [8.24[a,b) we have

k
dF*(w) =) <d(w1 o F) NdF" + (wy o F)AF™ A+ Nd(dF) A+ A dFik>
I j=1
and all of the last terms in the internal sum are 0 since d? = 0 by Proposition c). So the two
expressions match locally near any point, and this proves the lemma. U

This brings us to Lie derivatives of differential forms. Referring back to Proposition [8.8, we
can take the Lie derivative #xw for any w € QF(M) C .Z%(M); the result is a new tensor
field in 7%(M). What's more, from the definition (a limit difference quotient of the pullback
along the flow of X), since pullbacks preserve QF(M), it follows that Zxw € QF(M) as well.
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Proposition [8.8[b) assters that Ly (w ®n) = (Lxw) ® N +w ® (Lxn). By linearity of both sides,
antisymmetrizing shows that, in fact,

Lx(wAn) = (Lxw) An+wA (Lxn). (8.2)

That is: Zx is a genuine A-derivation, as opposed to d which is an anti-derivation. Note that £
preserves the degree, while d increases it by 1. Despite these differences, there is a remarkable
connection between the two kinds of derivatives that is a very useful computational tool. It is
known as Cartan’s Magic Formula.

THEOREM 8.26 (Cartan’s Magic Formula). Let M be a smooth manifold, X € 2 (M), and
w € QF(M) for some k. Then

Lxw = X adw + d(X_lw).

In other words, using the other notation for contraction ix = X 1, we have £y =iy od +doiy.
Before we prove Theorem|[8.26] we first prove as a lemma a fact that would follow very quickly
from the theorem (together with d*> = 0): d commutes with Lie derivatives.

LEMMA 8.27. Let X € ' (M) and w € Q¥(M). Then £x(dw) = dLxw.

PROOF. We do this in local coordinates (U, (27)). By linearity of both sides, it suffices to
prove the equality for w = fdx! for some smooth function f and some increasing k-tuple I =

(41, ..., ix). Using Proposition [8.§| together with (8:2) yields
k
Lxw=X(f)da’ + > fda" A+ N Ly(dat) Ao A dat
=1

Now, in Corollary|6.21| we already proved that .#x and d commute on 1-forms, and so Ly (dz') =
dLx(z%) = d(X(z%)) = dX%. So this gives

k
Lyxw=X(f)da’ +3 fda" A NXT N A dat,

j=1

Calculating d of this, we note that d(dx™ A--- AdX% A --- Adx*) = 0 for the usual reasons, and
so we simply have

k
dSxw =d(X(f)) Ada' + > df Ada Ao NdXS A Adat,
j=1
Reversing the above calculation then shows that this is equal to
dLxw = d(X(f)) Ada" + df N Lx(dah).
On the other hand, dw = df A dz!, and again using (8.2),
Lx(dw) = Lx(df) Ada" + df N Lx(da").

Finally, using Corollary again, Zx(df) = d(Zx(f)) = d(X(f)), and this concludes the
computation showing that the two sides are equal as claimed. U
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PROOF OF THEOREM [8.26l. We begin by verifying the formula in the case £ = 0,i.e.w = f €
C*>°(M). Here we have Zx f = X (f). On the other hand X .df = df (X) = X (f) by definition,
while X, f = 0 by definition (since there are no slots to contract X into f; alternatively, we have
ix: QF(M) — QF (M), and so in the case k = 0 this gives output in Q~1(M) = 0).

Now, for higher k, we note the following: suppose D, D’ are two A-derivations on *( /) that
both commute with d, and satisfy Df = D’f on Q°(M). Then they are equal. Indeed, working
locally, by linearity it is enough to check equality on Q¥ on terms of the form f dz’, and then the
A-derivation property yields

k
D(fdx')=Dfdx' +Y da A+ AD(dx) A+ A da's,

j=1

Now, since D commutes with d, we get D(dx%) = d(Dz%). By assumption, Df = D’f and
Dzt = D’'x%. Now reversing the above calculation shows that D( f da') = D'(f dx'), as claimed.

Now, let D = ix od+doix. This is the anticommutator of two antiderivations (by Proposition
[8.24(b) in the first term, and Lemma([7.22|b)). In fact, the anticommutator of two antiderivations is
always a derivation: if w € QF(M) and n € QY(M),

ixd(wAn) =ix(dwAn+ (=1)%w A dn)
= (ixdw) An+ (=) dw Aixn + (=1)¥ixw A dn + (—1)*w Adxdn,
dix(wAn) =d(ixwAn+ (—1)w Aixn)
= (dixw) A+ (=) ixw Ady+ (—=1)Fdw Aixn + (=1)*w A dixn.
Adding up, the two middle terms cancel out in each case, and since (—1)2"“ = 1, this leaves
(ixd+dix)(wAn) = (ixdw) A+ (dizw) An+wAixdy+w Adixn
= ((ixd+dix)w) An+wA ((ixd + dix)n).
Thus, D = ixd + dix is a A-derivation. It also commutes with d, since d? = 0:
Dod=iyod*+doiyod=doiyxod
doD=doixod+d?oix =doixod.

By Lemma and (8.2)), Ly is also a A-derivation that commutes with d. Since we verified that
D = Zx on Q°(M), it now follows that the two are equal on *(M), concluding the proof.  [J






CHAPTER 9

Submanifolds

Consider, for the moment, the nicest kind of map between Euclidean spaces: a linear map
T:R"™ — R™. Associated to 7" are two subspaces: image(7") and ker(7"). To compute the
dimensions of these subspaces, there is exactly one feature of 7" we need to know: its rank.
By definition, rank(7") = dim(image(7")). We also have, by the fundamental theorem of linear
algebra, that dim(ker(7")) = n — r. So the rank identifies (up to isomorphism) the two subspaces.

Let F': M — N be a smooth map between manifolds. Our goal here is to understand the sets
F(M) C N and F~'{q} for each ¢ € N (the comparable objects to the image and kernel of a
linear map). Since F' is smooth, it is supposed to be well modeled by its differential dF which, at
each point p, is a linear map dF,: T, M — T N. However, this linear map can certainly change
characteristics from point to point.

EXAMPLE 9.1. Let F': R? — R be the map F(z,y) = 2> + 3. Then F(R?) = [0, 00), which
is not a manifold (in the subspace topology). Also, the level sets F~!(q) are empty for ¢ < 0; for
q > 0 they are circles (1-dimensional manifolds), and for ¢ = 0 the level set is the single point
(0,0) (a 0-dimensional manifold). If we compute the total derivative, DF'(z,y) = 2[z, y]; this is a
linear map with rank 1 at every point other than (z,y) = (0,0), but has rank 0 at the origin.

This example highlights that, if we want to have good consistent behavior for the image and
level sets of F', we must insist that rank(dF},) does not vary with p.

1. Maps of Constant Rank

Let F': M — N be a smooth map between manifolds. At each point p € M, dF,: T,M —
Tr@yN is a linear map. Its rank is the dimension of the image dF},(T,(M)) C Trp)N. We say
that F' has constant rank if this integer r is constant over all p € M; we then say rank(F') = 7.
By elementary linear algebra, we have 0 < r < min{dimM, dimN}. If rank(dF},) is equal to this
upper bound, we say F'is full rank at p; if this holds true at all points p, we say F' is full rank.

In the case of a linear map, if the rank is equal to the dimension of the codomain, then the map
is surjective; if the rank is equal to the dimension of the domain, then the map is injective. These
two cases, for constant rank smooth maps, are the most important.

DEFINITION 9.2. Let F': M — N be a smooth map with constant rank. If rank(F) = dimM,
we call F an immersion; equivalently, this means dF), is one-to-one at eachp € M. If Rank(F) =
dim /N, we call ' a submersion; equivalently, dF), is surjective at each p € M.

In fact, these two conditions make sense locally (i.e. immersion or submersion on a neighbor-
hood), and in that context they are open conditions.

LEMMA 9.3. Let I': M — N be a smooth map, and let p € M. If dF, is injective, then
there is a neighborhood U of p such that F|y is an immersion. If dF, is surjective, then there is a
neighborhood U of p such that F |y is a submersion.

135
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PROOF. In a chart at p, the differential df, is represented by the Jacobian matrix DF (p). Let
r be the rank of this map. If DF (p) is injective, this means » = m = dimM, and so there are
m linearly independent rows. By reordering coordinates, we may assume that the upper m x m
submatrix is invertible. Invertibility is an open condition, and since the component functions of
DF in the chart are continuous, it follows that this submatrix is invertible on a neighborhood U of
p. Thus, rank(dF,,) is constantly equal to m for all p’ € U, showing F' is an immersion there. The

argument for local submersion is similar. 0
EXAMPLE 9.4. (a) If My, ..., My, are smooth manifolds, then the projection maps m;: M; x
- X My, — M, are submersions. Notably, the map 7(x1,. .., Tk, Tpi1, .- ., The) =
(21,..., ;) from RF* to R¥ is a submersion.

(b) If a < binR and a: (a,b) — M is a smooth curve, then « is an immersion iff &(t) # 0
forallt € (a,b).

(c) The bundle projection 7: T'M — M is always a submersion. After all, in the standard
coordinates for 7'M (given any chart in M), 7 is given by item (a) above.

If a map is both a submersion and an immersion (at least locally), it need not be a diffeomor-
phism; but it is locally. This is basically the content of the inverse function theorem.

THEOREM 9.5 (Inverse Function Theorem for Manifolds). Let F': M — N be a smooth map,
and letp € M. If dF), is invertible, then there are connected neighborhoods U of p and V; of F'(p)
such that F|y,: Uy — Vi is a diffeomorphism.

PROOF. Since dF), is invertible, T}, M and Tr(,) N must have the same dimension, and so M and
N have the same d1mens10n Choose charts (U, 90) at p and (V,¢) at F(p). In these coordinates,
setting [/ = 1) o F oo~ ' and p = ¢(p) as usual, we have DF(p) = dpp) o dE, o d(e™);
is invertible. By the ordinary inverse function theorem, there are connected open nelghborhoods
Uo C (U) and V C ¥ (V) such that F is a diffeomorphism from Uy onto Vj. Taking U, =

~1(Uy) and Vi = ¢~ 1(V}) completes the proof. O

A map that is both a submersion and an immersion (i.e. a map whose differential is invertiable
at each point) is called a local diffeomorphism; the inverse function theorem explains the termi-
nology. To be clear, the definitions are equivalent, as the following sort of converse to the inverse
function theorem shows.

LEMMA 9.6. Suppose F': M — N is a smooth map such that, at each p € M, there is a
neighborhood U of p where F|y is a diffeomorphism onto its image. Then F is both a submersion
and an immersion.

This is easily verified, and left to the reader.
Here is a list of basic properties of local diffeomorphisms, all easy to verify.

PROPOSITION 9.7. Here are some basic properties of local diffeomorphisms.

(a) Compositions of local diffeomorphisms are local diffeomorphisms.

(b) A finite Cartesian product of local diffeomorphisms is a local diffeomorphism.
(¢c) Local diffeomorphisms are open maps.

(d) A restriction of a local diffeomorphism to an open set is a local diffeomorphism.
(e) Diffeomorphisms are local diffeomorphisims.

(f) Conversely, a bijective local diffeomorphism is a diffeomorphism.
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Some of the properties of submersions and immersions carry over to constant rank maps in
general. The most important (local) theorem for such maps is the following.

THEOREM 9.8 (Rank Theorem). Let M™ and N" be smooth manifolds, and let F': M — N
be a smooth map of constant rank r. For each p € M, there are charts (U, ) at p and (V1)) at
F(p) with F(U) C V, such that F = 1) o F o ¢~ has the coordinate representation

F(xl,...,xr,xrﬂ,...,xm) = (a',...,2",0,...,0).

As the theorem is local, the proof is really a statement about smooth maps between open
submanifolds of Euclidean spaces. The proof is a matter of detailed analysis of the structure of the
derivative matrix DF' (p), and is actually very similar to the proof of the implicit function theorem,
Theorem[0.20] The niggly details are left to the interested reader, and can be found as [3, Theorem
4.12]. Note, in particular, two important special cases:

e If F'is an immersion, then r = m < n,and F(z',... 2™) = (z',...,2™,0,...,0).
e If F'is a submersion, thenr = n < m, and F(z!,... z" 2" ... 2™) = (z!,... 2").

The most important characteristic of these representations is that they are linear functions. This is
an invariant characterization of what it means to be constant rank.

COROLLARY 9.9. Let F': M — N be a smooth map, and let M be connected. TFAE:

(a) I has constant rank. R
(b) For each p € M, there are charts at p and F(p) so that, in these local coordinates, F' is
linear.

PROOF. The rank theorem shows that (a) = (b). Conversely, suppose (b) holds true. Since
any linear map has constant rank, and the rank of the total derivative of the coordinate represen-
tation at a point is the same as the rank of the differential, it follows that /' has constant rank
throughout each chart. By connectedness, it follows that the rank is constant everywhere. U

We conclude this section with the following global version of the rank theorem.

THEOREM 9.10 (Global Rank Theorem). Let F': M — N be a smooth map of constant rank.

(a) If F' is injective, then it is an immersion.
(b) If F' is surjective, then it is a submersion.
(c) If F' is bijective, then it is a diffeomorphism.

PROOF. Let r = rank/F’, and let m = dimM and n = dimN. For (a), suppose F' is not an
immersion, meaning r < m. Fix some point p € M. By the rank theorem, we can choose charts
(U, ) atpand (V, 1)) at F(p) so that, in these coordinates, F'(z', ..., z™) = (z',...,z",0,...,0).
In particular, this means that F(O, ...,0,t,0,...,0) =0 = F(O, ..., 0) for all sufficiently small
t € R (where there are r Os before the t). This means that F is not injective, and so neither is F'.

For (b), suppose that F' is not a submersion, meaning that < n. By the rank theorem, at each
p € M we may choose charts (U, ) at p and (V, ) at F'(p) with F(U) C V such that, in these
coordinates, F(ml, o F™) = (2',...,2",0,...,0). By shrinking the coordinate neighborhood
U if necessary, we may assume that U is compact and F/(U) C V; thus F(U) is a compact subset
of {y € V:y™ = ... =y = 0}. This is a closed subset of N that contains no open subset;
hence it is nowhere dense in N. Now, choose a countable cover M by such charts (U, ;) and
(Vi,10;); then F(U;) is closed and nowhere dense in N for each i, and hence F/(M) C |J, F(U;) is
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a countable union of nowhere dense sets. By the Baire category theorem, it follows that F'( M) has
empty interior in N. In particular, F'(M) # N, and so F' is not surjective.

Finally, if ' is bijective, then by (a) and (b), F' is both a submersion and an immersion, so it is
a local diffeomorphism. So F is a bijective local diffeomorphism, and by Proposition [9.7(f), it is
therefore a diffeomorphism. U

2. Immersions and Embeddings

An injective immersion is a good candidate for a manifold-version of an injective linear map,
and the framework for defining submanifolds. This notion is lacking in subtle ways, however, as
the following two examples illustrate.

EXAMPLE 9.11. Let 3: (—m,7) — R? be the curve
B(t) = (sin2t,sint).

This is a parametrization of a lemniscate (figure-eight); it is the solution set to 2 = 43%(1 — y?).
It 1s injective: if sin2¢; = sin 2t,, we have 2sint; cost; = 2sinty costsy; additionally having
sint; = sints gives either sint; = sint, = 0 (which only happens at t; = ¢, = 0 in this domain)
or cost; = costy. Since cosis 1 — 1 on (—m,0] and [0, 7), and is even, the second condition
means t, = +t;. If t = —tq, then sint; = sinty = sin(—t;) = —sint; and so again this
gives sint; = sinty, = 0, meaning t; = to = 0. Thus, [ is injective. It is also an immersion:
B'(t) = (2cos2t,cost). The second coordinate only vanishes at ¢ = +7 in the domain, and at
both those points the first coordinate is equal to —2 # 0; thus rank3 = 1 constantly, which is the
dimension of the domain manifold; thus 3 is an immersion.

However, the image lemniscate §(—m, ) is not a manifold at all: the origin (0,0) has no
neighborhood that is locally Euclidean. Moreover, if we give its image the subspace topology, /3 is
not a homeomorphism: the image is compact, while the domain is not. That is: /3 is an injective
immersion, but it is not a topological embedding.

EXAMPLE 9.12. Let T? = S* x S' C C denote the torus, and define a curve o: R — T2 by

a(t) — (627rit7 627rat)’
where a is some irrational number. This map is injective: for any real number b, 271 = 2mibtz
iff b(t; — t2) is an integer, and this cannot happen simultaneously with b = 1 and b = a ¢ Q unless
ty — to = 0. It is also an immersion: neither component of o/(t) vanishes for any ¢ € R.

But the image «(RR) is even worse than Example it is a (fun, well-known) fact that a(R)
is dense in T2. (The proof involves continued fractions; for an outline, see [3, Example 4.20 &
Lemma 4.21].) So « is about as far from a topological embedding as any inejctive map could be!
Nevertheless, such immersions will play a role in the theory of Lie groups.

To avoid such complications wherever we can, we are most interested in injective immersions
that are topological embeddings.

DEFINITION 9.13. Let M, N be smooth manifolds. A map F': M — N is called a smooth
embedding if I is a topological embedding (i.e. a homeomorphism onto its image in the subspace
topology), and also an immersion.

We will try to consistently use the full phrase smooth embedding, since embedding often refers
to a topological embedding. Not, even if a topological embedding happens to be smooth, it need
not be a smooth embedding.
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EXAMPLE 9.14. Let v: R — R? be the map () = (¢°,0). This is a topological embedding:
it is a one-to-one map, whose image is R x {0}, and the map is a homeomorphism onto this image
(with continuous inverse yv~!(s,0) = s'/3). It is also a smooth map. But it is not an immersion,
since 7/(0) = 0. (In particular, this means that  is not a diffeomorphism onto its image.)

EXAMPLE 9.15. Here are some examples of smooth embeddings.

(a) If M is a smooth manifold and U C M is open, then the inclusion U — M is a smooth
embedding.

(b) If My, ..., M are smooth manifolds, p; € M, are specified points, then for each j the
map ¢;: M; — M; x --- x M, given by

['](p) = (p17 <oy Pi—1,D5 Pj41, - - - 7pk>
is a smooth embedding. In particular: taking k£ = 2, M; = R" and M, = R™, and taking
pa = 0, the usual embedding z — (z,0) of R — R""™ is a smooth embedding.
(c) The map T': T? — R3 given by

T(e™, e™) = ((2 + cosu) cosv, (2 + cosu) sinv, sin u)
is a smooth embedding (see Homework 1).

There are a few easy conditions that automatically guarantee that an injective immersion is, in
fact, and embedding.

PROPOSITION 9.16. Let M, N be smooth manifolds, and let F: M — N be an injective
immersion. If any of the following hold, then F' is a smooth embedding.

(1) F'is an open map, or a closed map.

(2) F'is a proper map (the preimage of a compact set is compact).
(3) M is compact.

(4) dimM = dimN.

PROOF. First, note (c) = (b) = (a): if M is compact then the preimage of any closed set
in N under (the continuous map) £’ is compact; if F'is a proper map between locally compact
Hausdorff spaces, it is closed (cf. [3, Theorem A.57]). Hence, it suffices to prove that (a) implies
F' is an embedding to show that (b) or (c) implies F' is an embedding. But this is another gen-
eral topological fact: a continuous injective open or closed map is always an embedding (cf. [3,
Theorem A.38]). So it remains only to prove that (d) implies F'is an embedding.

As I is an immersion, dF, is injective at each p; but since the domain and codomain of dF),
have the same dimension, it follows that dF), is a bijection, meaning that F' is an injective local
diffeomorphism. By Proposition [9.7)c), F' is an open map. A continuous injective open map is an
embedding, concluding the proof. U

EXAMPLE 9.17. Let t: S® < R™"! be the inclusion map. As we computed in Example
this map is smooth. We can also readily compute (using the same charts in Example [2.11]) that it is
an immersion. Hence, ¢ is an injective immersion. Since S™ is compact, it follows from Propostion

3) that ¢ is a smooth embedding.

Examples[9.11]and[9.12]show two ways that injective immersions can fail to be smooth embed-
dings; however, as can be seen readily in both examples, in each case, the maps are locally smooth
embeddings: every point in the domain has a neighborhood on which the map is a smooth embed-
ding. (In Example 9.12] the neighborhood can be taken to be any finite-length interval containing
the point.) This turns out to characterize the difference.
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THEOREM 9.18. Let F': M — N be a smooth map. Then F' is an immersion iff each point in
M has a neighborhood U such that F |y is a smooth embedding.

PROOF. First, suppose very point p has such a neighborhood. Then dF, is full-rank for each
p, so F'is an immersion. Conversely, suppose F' is an immersion, and let p € M. By the Rank
Theorem, there is a coordinate chart (Uy, (2/)7 ) where, in local coordinates, F' has the form
F(z', ... a™) = (2,...,2™,0,...,0). Hence, F|y, is injective. Choose an open subset U C U,
such that U is compact and U C U;. Then F |7 is an injective continuous map on a compact set,
so it is a topological embedding (cf. Proposition[9.16(3)). The same remains true, therefore, on U,
concluding the proof. U

3. Submanifolds

An embedded submanifold S C M of a manifold M is a subset S that is a topological
manifold in the subspace topology, and which possesses a smooth structure for which the inclusion
map S — M is a smooth embedding. Embedded submanifolds are also sometimes called regular
submanifolds. If S is an embedded submanifold of M, we call M the ambient manifold. The
codimension of S is dim(M) — dim(S).

So, by definition, an embedded submanifold is the image of a smooth embedding (namely its
inclusion into its ambient manifold). The converse is also true.

PROPOSITION 9.19. Let F': N — M be a smooth embedding of manifolds, and let S = F(N).
Then S is a topological manifold in the subspace topology, and there is a unique smooth structure
on S with respect to which S is an embedded submanifold, and F' is a diffeomorphism onto S.

PROOF. Since F' is a smooth embedding, it is a topological embedding, meaning that [’ is
a homeomorphism of NV onto S (embued with the subspace topology). Thus S is a topological
manifold in the subspace topology. We define smooth charts on S to be of the form (F'(U), po F~1)
for any smooth charts (U, ¢) on N; the S-transition maps are then the same as the N-transition
maps, and so these form an atlas. This smooth structure makes F' into a diffeomorphism (it is given
by the identity map in local coordinates), and it is easy to see it is the unique smooth structure with
this property. Finally, the inclusion map S < M is given by

SELN s

so it is a composition of a smooth embedding and a diffeomorphism, and is thus a smooth embed-
ding. Thus, S is an embedded submanifold. U

This, an embedded submanifold is precisely the image of some smooth embedding. Another
term for a smooth embedding is a (global) parametrization: we parametrize a submanifold S by
some other intrinsic manifold N. (Some authors reserve the term parametrization for when the
parameter domain NN is an open subset of some R*.)

The simplest embedded submanifolds are the ones we’ve been working with all along: open
subsets. These turn out to be the only codimension 0 embedded submanifolds.

PROPOSITION 9.20. A subset S C M is a codimension 0 embedded submanifold iff S is open
in M.
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PROOF. Suppose U C M is open. In local coordinates, the inclusion map is given by the
identity, and so it is an injective immersion; and it is immediate that it is a topological embedding.
Thus, U is an embedded submanifold. Since it has the same dimension as M, its codimension is 0.

Conversely, suppose S C M is a codimension 0 embedded submanifold. Then the inclusion
map ¢ is an immersion, and since dim(S) = dim(M), du,, is injective at each p, it follows that
it is also surjective at each p. Thus, ¢ is a local diffeomorphism, and hence it is an open map by
Proposition[9.7(c). Thus ¢(.S) is open in M. O

Some other standard examples of embedded submanifolds follow.

EXAMPLE 9.21. Let M, N be smooth manifolds. For any g0 € N, S = M X {qo} C M x N
is an embedded submanifold. Indeed, S is the image of F': M — M x N;p — (p, qo), which is
easily verified to be a smooth embedding.

EXAMPLE 9.22. Let M, N be smooth manifolds and U C M open. Let f: U — N be a
smooth map. Then the graph I'(f) C M x N

I(f) =1 flp)) e M x N:p e U}

)
is an embedded submanifold if dimension dim(}/) (and so codimension dim(N)). Indeed, I'(f) =
v¢(U) where vy;: U — M x N is the map v¢(p) = (p, f(p)). This is an evidently smooth map. If
mm: M x N — M is the usual projection, then 7y o 7y = Idy, and so by the chain rule

d(7ar) (.1 p)) © A(Vy)p = Iz, 00

Since this composition is one-to-one, it follows that d(~y),, is one-to-one, and so vy is an immer-
sion. It is also a topological embedding: its inverse is the continuous map 7|r(s). Thus, I'(f) is
an embedded submanifold diffeomorphic to U.

In particular, any affine subspace of R" is an embedded submanifold (as any such space is,
by definition, the graph of an affine function). The simpliest examples are the usual embeddings
RF < REF™ given by (x!,...,2%) — (2',...,2%,0,...,0) (giving a special case of Example
In fact, this is a local model for any codimension n embedded submanifold.

Let M be a smooth n-manifold, and let (U, ¢ = (27)7_,) be a local chart in M. A k-slice of U
is a subset S C U is a subset with the property that

0(S) = {(z', ..., 2" " 2™ € pU): 2FT = F L et =)

for some constants c’“le .,c" € R. More generally, a subset S C M is said to satisfy the local
k-slice condition if, for each p € S, there is a chart (U, ¢) at p so that U N S is a k-slice.

THEOREM 9.23 (Slice Theorem). Let M be a smooth manifold, and let k < dim(M). If
S C M is a k-dimensional embedded submanifold, then it satisfies the local k-slice condition.
Conversely, if S C M is a subset that satisfies the local k-slice condition, then it is a k-dimensional

topological manifold in the subspace topology, and possesses a unique smooth structure making it
an embedded submanifold.

PROOF. If U is an embedded submanifold, then the inclusion map ¢: U — M is an immersion,
and so by the rank theorem, for every p € S there are charts (U, ¢) at p and (V, 1) at ¢(p) so that
i(zt, ..., 2% = (2,...,2%,0,...,0) in these local coordinates. Shrinking the neighborhoods as
necessary, we can arrange for V' N S = U, which shows that S satisfies the local k-slice condition.

For the converse, we can build an atlas for S by using the local slice charts (presumed to exist)
composed with the projections from R® — R* where n = dim(M). The details are left to the
reader (and can be read in the proof of [3, Theorem 5.8]). O
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By far the most useful kinds of embedded submanifolds are those that are identified as level
sets. If F': M — N is any function, and ¢y € N, the go-level set of F' is the set F~*(qo) C M.
In general, such sets can be arbitrarily nasty: using partitions of unity, you showed on an early
homework set that any closed subset of M is a level set of some smooth function f: M — R.
So we need some signficant restrictions on F' to ensure that level sets are, in fact, embedded
submanifolds. One simple condition is having constant rank.

PROPOSITION 9.24. Let F': M — N be a smooth map of constant rank r. Then for any point
qo € F(M), the level set F~(qq) is an embedded submanifold of codimension r.

PROOF. Let S = F'7!(g), and fix any p € S. By the rank theorem, there are charts (U, ¢)
at p and (V) at F(p) = g so that F'(z!, ... 2", 2™ ... ™) = (z!,...,27,0,...,0) (where
m = dim(M)). So in these coordinates g5 = (c',...,c",0,...,0) for some constants ¢!, ... ¢,

and hence, S N U is the slice
SNU={(z",...,.2™)eU: 2" =c', ... ,a" =c"}.

Thus, S satisfies the local (m — r)-slice condition, and thus by Theorem [9.23] S is an embedded
submanifold of dimension m — r, thus codimension m — (m —r) = r. 0

COROLLARY 9.25. Let F': M — N be a submersion. Then each level set of F' is an embedded
submanifold whose codimension in M is equal to the dimension of N.

In the special case of full rank, it is not actually necessary for the function F' to be a submersion
everywhere. It is enough that it is a submersion on a neighborhood of the “level”. Such levels are
called regular values.

DEFINITION 9.26. Let F': M — N be a smooth map. A point p € M is called a regular point
of F if dF, is surjective; otherwise p is a critical point. (So, for example, if dim(M) < dim(N),
then all points in M are critical for F.) A point ¢ € F(N) is called a regular value of F' if every
point p € F~Y(q) is a regular point; it is called a critical value otherwise. If q is a regular value,
then the level set F~'(q) is called a regular level set.

COROLLARY 9.27. Every regular level set of a smooth map F': M — N is an embedded
submanifold with codimension equal to dim (N ).

PROOF. A regular level set has the form F'~1(q) where ¢ € F(M) is a regular value of F.
By Lemma [9.3] the set U of points p € M where dF), is surjective is open, and by assumption
F~!(q) CU. Thus F|y: U — N is a submersion, and the result follows by Corollary O

EXAMPLE 9.28. We have already seen directly that the sphere S™ is a manifold. In fact, it is a
codimension-1 embedded submanifold of R™"!: by definition, S = f~'(1) where f: R"™! — R
is the map f(z) = |z|?. The differential of this map is df,(v) = 2(z, v), which is a surjective map
everywhere other than x = 0. Since x = 0 is not in f~!(1), it follows that 1 is a regular value of
f,soS" = f1 (1) is a regular level set, and thus is an embedded submanifold whose codimention
is equal to the dimension of the codomain R.

Not every embedded submanifold is a regular level set (just as not every embedded submanifold
is the graph of a smooth function), but this is true locally (as it is for graphs, a la the local slice
theorem).

PROPOSITION 9.29. Let S C M be a subset of an m-dimensional manifold. Then S is an
embedded k-dimensional submanifold of M if and only if every point of S has a neighborhood U
in M such that U N S is a level set of a submersion U — R™F,
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PROOF. Suppose S is an embedded k-dimensional submanifold. Fix p € S and let (U, ¢ =
(z7)) be a chart at p in M that satisfies the local k-slice condition. Then we can define F': U —
R™* by F(zt, ..., 2% ot . a™) = (2%, ... 2™). This is evidently a submersion, and by
definition of the k-slice condition, U N S is a level set of F'.

Conversely, suppose every point has a neighborhood U such that there is a submersion F': U —
R™* with S N U being a level set of F. Since F is a subjersion, it follows from Corollary
that SN U is an embedded submanifold with codimension equal to the dimension of the codomain;
thus the dimension is m — (m — k) = k. It then follows from the slice theorem (Theorem[9.23)) that
S N U satisfies the local k-slice condition. This is true at each point, so S satisfies the local k-slice
condition, and so again by the slice theorem, .S is an embedded k-dimensional submanifold.  [J

4. Embeddings into Euclidean Space

It turns out that every smooth n-dimensional manifold has a smooth embedding into R***1,
We will not prove this completely here (as this fact is only for general interest and not important
for us at all). But we will prove some special cases. The first result is that all compact manifolds
embed in some Euclidean space.

THEOREM 9.30. Let M be a compact smooth manifold. Then there is a smooth embedding
F: M < RF for some k € N.

PROOF. For each p € M™, choose a chart (U, ,) at p so that ¢,(U,) is an open ball in R™.
For each p, fix an open subset U, C U, containing p such that 71’) is compact. The {U} },en from
and open cover of M, and since M is compact, there is a finite subcover {UI’) L U;n}, each
of which has compact closure, and since ¢, : U,, — R™ is a diffeomorphism onto its image,
©p; (U_I’)J) is compact in R™. Fix bump functions p,...,p,: M — R so that pj|(7],_ = 1 and
supp(p;) € Uj. Then the function Uy, > p = p;(p)@p, (p) € R™ has a smooth extension f; to M
by setting it equal to 0 outside U, as usual. Then define F': M — R™" " by

F(p) = (fl(p)7 . '7fn(p)>p1<p)7 cee 7pn(p>>

We will show that /' is an injective immersion; since M is compact, it then follows by Proposition
[9.16(3) that F' is a smooth embedding, proving the theorem (with k& = mn + n).

First, we show that F' is injective. Suppose p, ¢ € M with F'(p) = F(q). There is some p; with
p € Uy, and so p;(p) = 1. Since F'(p) = F'(q) and the last n coordinates of I are p1, ..., py, it
follows that p;(q) = 1 as well, which shows that ¢ € supp(p;) € U,,. Therefore p, q are both in
the domain of ¢,, and moreover

©p;(P) = i)y, (p) = fi(p) = fi(@) = pi(Q)p, (@) = ¥p;(q)

where we used the fact that the first coordinates of F' are given by fi, ..., f, and so f;(p) = f;(q)
for all j by the assumption that F'(p) = F(q). Since ¢, is a diffeomorphism from U, onto its
image, it is one to one, and so it now follows that p = ¢. Thus, F' is injective.

Now, let p € M and again fix j so that p € U, . Since p; = 1 on U, , we have d(f;), =
d(pjei)p = @i(p)d(p;), + pi(p)d(p;), = d(v;),, which is injective since ¢, is a local diffeo-
morphism. Thus, dF}, is injective (if any component of a linear map is injective, the whole map is
injective). So F'is an injective immersion. This concludes the proof. 0
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This theorem can be dramatically improved in two ways: first, the result holds true for non-
compact manifolds as well. To prove this requires us to deal with “regular” subsets that are not
manifolds, but rather manifolds with boundary. We have avoided such discussion so far, and
so we will not prove the result presently. The general idea is to break up M into a countable
collection of compact pieces, each of which is a manifold with boundary, and apply the above
embedding in a clever fashion (summing over bump functions). The hard part is showing that any
manifold can be appropriately decomposed into such “regular domains”. The key tool there is
Sard’s theorem, which says (in a strong sense) that regular values of smooth functions are generic
(the set of singular values has measure 0). This is a local theorem, and really has nothing to do
with differential geometry: it is a theorem about smooth maps between open subsets of Euclidean
space.

The other improvement, sometimes called “Whitney’s trick”, is to reduce the potentially enor-
mous k in Theorem [9.30} it turns out it can always be chosen no bigger than 2n + 1. This is a very
geometric result, relying on a clever “folding” trick (showing that any proper embedding and be
folder to fit inside an arbitrarily thin tubular neighborhood of a one-dimensional subspace of R¥,
and then using some affine geometry to show how this allows an embedding into R*~! whenever
k > 2n). As this result does not pertain to us in any way, we will not discuss it further here. It
is worth noting that 2n + 1 is still not generally the least possible dimension; in fact, using more
sophisticated tools from algebraic topology, Whitney later showed every n-manifold embeds in
R?", This is optimal for n = 1, 2 in general, but for n = 3, the optimal general imbedding dimen-
sion is 5. The general optimum is unknown for all manifolds, but for compact n-manifolds it is
2n + 1 — a(n), where a(n) is the number of 1s in the binary expansion of n (and this is sharp).

5. Restrictions and Extensions
We begin this section by briefly discussion restrictions and extensions of smooth maps.

PROPOSITION 9.31. Let F': M — N be a smooth map between manifolds, and let S C M be
an embedded submanifold. Then F|s is smooth.

PROOF. By definition, the inclusion map ¢: S < M is an immersion, hence is smooth. Thus
Fl|s = F o is smooth. O

Note: this result does not even require and embedding: it holds true whenever the inclusion
is an injective smooth map. For example, an immersed submanifold (the same as an embedded
submanifold but without the requirement that the inclusion is a topological embedding) has this
restriction property.

Complementaty to restricting a map, the natural question is whether a smooth map on a sub-
manifold S C M has a smooth extension to M. In general, the answer is no, as we saw in Remark
the identity map S! — S!, which is certainly smooth, has no smooth (or even continuous) ex-
tension to R? — S!. On the other hand, in the preceding Proposition we saw that it is always
possible to extend a smooth map on a closed subset to a neighborhood; but that proposition used a
stronger sense of smooth. Recall that, if A C M is closed, we called a map F': A — N smooth
if each point of A has a neighborhood U in M such that F' is the restriction to A of a smooth map
U — N. If Ais a submanifold and F': A — N is smooth in this sense, then it is smooth in the
intrinsic sense of smoothness between the manifolds A and N (via Proposition 0.31)), but that is
a priori stronger than what we ask for here. As with Proposition [9.31] in the case of a Euclidean
codomain, the two notions are equivalent.
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PROPOSITION 9.32. Let S C M be an embedded submanifold, and let f: S — I@k be a smooth
function. Then there is some open neighborhood of S in M and a smooth function f: U — R¥ so
that f = f|s. Moreover, if S is closed in M, then U may be taken to be all of M.

The proof is very similar to the proof of Proposition [2.29] (utilizing a partition of unity), and is
left as an exercise (on the homework).

Now we consider tangent spaces. Let S C M be an embedded submanifold. Then S is a
smooth manifold in its own right, and so for any p € S we have the tangent space 7,5 (typically
identified as Der,S). But p is also in M, and so we have a tangent space 7,/ as well. We would
like to think of 7},S as a subspace of T,,M, but it is not. As we did in the case that S is an open
submanifold (Proposition [3.11)), we can identify 7,5 with a natural isomorphic copy inside 7, M
using the differential: since ¢: .S < M is an immersion, di,: 1,,S — T,M is an injective map.
Thus, we typically identifly 7,5 with di,,(7},S) C T,,M. In terms of derivations, given X, € 7,5,
we identify it with )’Ep = di,(X,) € T,M whose action on f € C*(M) is

Xp(f) = dup(Xp)(f) = Xp(f o t) = Xp(fls)-

Note that this identification only requires local structure, so it makes sense even if S is only im-
mersed. In the embedded case, there is a very useful way to identify this subspace 7,5 = di,(1,5)
inside 7, M.

PROPOSITION 9.33. Let S C M be an embedded submanifold, and let p € S. Then, as a
subspace of T, M,

T,S ={X, € T,M: X,(f) = 0whenever f € C*(M) and f|s = 0}.

PROOF. First, let X, € T, C T,M. To be more precise, X, = di,(v) for some v € T,S5,
where ¢: S < M is the inclusion. Now let f € C'°°(M) vanishes on S, then f o+ = 0, and so
X,(f) = du,(v)(f) = v(f ot) = v(0) = 0. This shows the forward containment above.

Conversely, suppose X,, € T,M satisfies X,(f) = 0 whenever f|s = 0. Fix a slice chart
(U, (z7)) at p, so that U N S is the subset 2! = ... = 2" = 0 (where k& = dim(S) and
n = dim(M)). Then (2!, ..., 2*) are coordinate for S N U, and the inclusion map ¢: SNU < M
has the coordinate representation ¢(x!, ..., z¥) = (2! ... 2% 0,...,0). Thus T, is the subspace

of T}, M spanned by % b % |p. Given the coordinate representation of X,

"
XPZZXZ)@
j=1

we see that X, € TpSifandonlyifXg =0forj=k+1,...,n.

Fix a bump function 1) supported in U that is 1 on a neighborhood of p. For any j > £, let
fi(z) = ()2, which extends to a smooth function on M by setting it equal to 0 outside U.
Then, since 27 = 0in SN U, f; = 0 on S, and so by our assumption, X,,(f;) = 0. Thus

0= %) = S X2 - x;

i=1

p

oa7 _

since ¢» = 1 on a neighborhood of p and 7 (5{ . So this shows that Xg = 0 for j > k, meaning
that X, € 7,5, as desired. O
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Similarly, if the embedded submanifold is given (locally) as a regular level set of some function
F, then the tangent space is the kernel of dF'.

PROPOSITION 9.34. Let S C M be an embedded submanifold, and suppose U C M is an

open set so that S NU = F~1(q) for some smooth map F: U — N where ¢ € N is a regular
value of F. Then T,S = ker(dF},) for eachp € SN U.

PROOF. Let ¢: S <— M be the inclusion map as usual. Since F' o ¢ is the constant map (with
constant value ¢) on S N U, we have 0 = d(F o), = dF, o di, forany p € SN U. Thus, if
X, € T,S C T,M (by which we mean X,, € 7,,M has the form X, = di,(v) for some v € T,95),
then dF,(X,) = d(F ot),(v) = 0, and so X, € ker(dF},) as claimed. On the other hand, since
q is a regular value, dF),: T,M — Tp,) N is surjective, and so the fundamental theorem of linear
algebra yields

dimker(dF,) = dim(T,M) — dim(Tr,)N) = dim(7,S) = dim(image(d,)).

Since the above argument shows image(di,) C ker(dF,), it thus follows that image(d.,) =
ker(dF},), which is precisely the statement of the proposition. O

6. Vector Fields and Tensor Fields

If S C M is an embedded submanifold and X € 2 (M), then we say X is tangent to
Sif X, € T,,S C T,M for each p € S. Proposition immediately yields the following
characterization of fields on M tangent to S.

PROPOSITION 9.35. Let S C M be an embedded submanifold and let X € 2 (M). Then X
is tangent to S if and only if (X f)|s = 0 for every f € C*°(M) such that f|s = 0.

Now, suppose S C M is an embedded (or even immersed) submanifold, and let Y € 27 (M).
Let t: S < M be the inclusion. If there is a vector field X € 27(.5) thatis (X, Y) are ¢-related,
then Y is tengent to S: ¢-relation means that for each p € S'Y, = di,,(X,), meaning that Y, is in
the image of di, which is precisely 7,,5. In fact, the converse of this is true in a strong sense as
well.

PROPOSITION 9.36. Let S C M be an embedded submanifold and let .: S — M be the
inclusion map. If Y € 2 (M) is tangent to S, then there is a unique vector field X € 2 (S) that
is t-related to Y.

We refer to this unique vector field X as X = Y|s.

PROOF. By assumption of tangency to S, Y, € image(dw,) for each p, so there is some vector
X, € T,S such that Y}, = d¢,(X,). Since ¢ is an immersion, du,, is injective, and so X, is unique.
Thus, we have a unique (rough) vector field X on S with Y, = de(Xp) for each p; it thus suffices
only to show that X is smooth.

Fix p € S. Let (U, (27)) be a slice chart for S (in M) at p: so SN U is the subset z° ™ = ... =
2" = 0 (where k = dim(S) and n = dim(M)), and (x', ..., z"*) are coordinates for S N U. If
Y = YI% + -+ Y"a%n in these coordinates, then (exactly as in the proof of Proposition b
X =Y'2% 4. +Y*2 . Thisis smooth on SN U. So every p € S has a neighborhood in S on
which X is smooth, and so X is smooth. OJ
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Finally, note that if A € Z7%(M) is a tensor field on M and S C M is an embedded subman-
ifold, then we can “restrict” A to S simply by pulling back along the inclusion map ¢: S — M:
Alg = *A. If we are thinking of 7,5 already as a subset of 7,,M for each p (identified using dv,,,
then this amounts to the simple-minded restriction of A, to the subset (7,5)* of (T,M)*. Thus,
a k-form on M restricts to a k-form on S. Note: if dim(S) < k& < dim(M) then a non-zero
k-form on M restricts to the 0 k-form on S. In particular, the restriction map (which is linear) is
not injective.






CHAPTER 10

Integration of Differential Forms

1. Orientation

Let V' be a finite dimensional vector space. We can think of an orientation of V' as being
encoded by an ordered basis.

EXAMPLE 10.1. InR3, (ey, 9, €3) gives the “standard” orientation, also called “right-handed”:
if you curl the fingers of your right hand around first in the e; direction then e3, your thumb points
in the e3 direction (as opposed to —e3). On the other hand (literally), (es, €1, e3) is different: this
time you need to use your left hand to curl from e, to e; for your thumb to point along e3.

The ordered basis (e, €3, 1) has the same property as (eq, es, e3): it is right-handed.

We really want to identify the orientations (e, e, e3) and (eq, e3, €1): what we want to keep
track of is “handedness”. After all, the transformation (z', 22, %) — (22, 2%, x1) is a rotation, and
we want orientation to be invariant under rotations.

DEFINITION 10.2. Two ordered bases (by,...,b,) and (V,... b)) for a finite-dimensional

vector space V' are called consistently oriented if the change of basis matrix B
n
I J
b =Y Bl
j=1

has positive determinant. This is an equivalence relation (as is easy to check). An orientation for
V' is an equivalence class of consistently oriented ordered bases.

Note: every change of basis matrix is nonsingular, and so has either positive or negative deter-
minant. Thus, the set of orientations has size 2. In the above Example, (e;, €2, €3) and (ez, e3, €1)
are consistently oriented so yield the same orientation, while (e, €1, e3) give the opposite orienta-
tion. (In the case that the two bases are related by a permutation of their order, the change of basis
matrix is the corresponding permutation matrix, whose determinant is the sgn of the permutation).

A vector space together with a selected orientation is called an oriented vector space. A
basis for an oriented vector space is called positively oriented if its equivalence class is the given
orientation; otherwise it is negatively oriented.

Now, given a positively oriented basis by, . .., b, for V, consider the n-formw = b} A --- A D}.
If (b},...,0)) is any other basis, with change of basis matrix B, then we can compute
w(by,...,b) =w(Bby,...,BB,) =det(B)w(by,...,b,) = det(B).
Thus, (b, ...,b.) is positively oriented if and only if w(b],...,b)) > 0. This gives us an alterna-

tive way to define orientations in terms of top-forms.

PROPOSITION 10.3. Let V' be an n-dimensional vector space (n > 1). Each non-zero n-form
w € A"(V*) determines an orientation for V as described above: a basis by, . . ., b, is positively
oriented iff w(by,...,b,) > 0. Two nonzero n-forms determine the same orientation iff they are
positive scalar multiples of each other.

149
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PROOEF. The preceding calculation shows how this works: given two ordered bases (b1, . .., b,)
and (b}, ..., b)) with change of basis matrix B, we have

w(l, ... b.) =w(Bby, ..., Bb,) = det(B)w(by, . .., by).

So the two bases are consistently oriented (det(B) > 0) iff w assigns them the same sign, which
proves the first part. For the second part, we know A™(V*) is 1-dimensional, so any two forms are
scalar multiples of each other. Since they are both non-zero, the scalar multiple is either + or —,
and this precisely encodes positive or negative orientation. 0

Thus, an orientation could equally be described as an equivalence class of top-forms. This is
the method we will use to generalize to manifolds.

DEFINITION 10.4. Let M be a smooth manifold. A pointwise orientation for M is a choice of
orientation for T,M for eachp € M. A smooth orientation for ) is a smooth n-formw € Q" (M)
which vanishes nowhere on M. A smooth manifold is called orientable if it possesses a smooth
orientation w. We call the pair (M, w) an oriented manfiold; often dropping the w and just calling
M an oriented manifold.

As in Proposition [10.3] a smooth orientation form w determines a pointwise orientation. This
gives us a convenient way to talk about the orientation being smooth as it varies from point to
point. It is possible to define this independently, locally: any coordinate chart gives a pointwise
orientation within the chart, and one can then look for consistent orientation along the transition
maps, giving a smoothness criterion. The use of forms is much easier and more computationally
effective.

Not every manifold is orientable: the standard counterexamples being the Mdobius strip, and
Klein bottle. Another good class of examples of non-orientable manifolds are projective spaces.
We will be focusing on orientable manifolds here; to prove a manifold is orientable, it is necessary
and sufficient to specify a smooth non-vanishing top-form on the manifold.

Following the above definitions, a non-vanishing top form 7 on an oriented manifold M (with
orientation form w) is called positively oriented iff » = fw for some strictly-positive function f.
The form 7 is negatively oriented if —7) is positively oriented.

EXAMPLE 10.5. Let My, ..., M, be orientable smooth manifolds. There is an orientation w on
My x -+ x My, called the product orientation, defined as follows: if w; is an orientation form on
My, and 7;: My x---x M, — M; is the projection, then w = 7 A~ - - Amjwy. Itis straightforward
to check that this is a non-vanishing top-form, and so defines a smooth orientation. What’s more,
it is well-defined: if 7); are positively oriented forms on M, then 7wim A --- A win; is positively
oriented with respect to w, as the reader should readily check.

EXAMPLE 10.6. Let U C M be a codimension-0 (i.e. open) submanifold of an oriented man-
ifold M. If w is an orientation form for M, and ¢: U < M 1is the inclusion map, then ¢*w is an
orientation form for U.

EXAMPLE 10.7. Any parallelizable manifold is orientable. Indeed, let X, ..., X,, be vector
fields on M™ with the property that {X|,,..., X,|,} is a basis for T,,M for each p € M. This
defines a pointwise orientation, simply by choosing the orientation given by the ordered basis
(Xilp, - .., Xnl|p) in each tangent space 7,,M. To show it is a smooth orientation, we could go a
number of routes. For example, we could fix a Riemannian metric g on M (a symmetric 2-tensor
field so that g, is an inner product on 7,,M for each p), and then define 1-forms n;(X) = g(X;, X);
then w = n; A --- A n, is an orientation form for the given pointwise orientation, as can be easily
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checked. Note that the specific form w depends on the choice of Riemannian metric; but we don’t
care about the specific form, only that one exists to induce this orientation.

Just as on a vector space, there are only two orientations on a connected manifold.

PROPOSITION 10.8. Let M be a connected, orientable manifold. Then there are precisely two
orientations: any non-vanishing top-form is either positively or negatively oriented. Moreover,
if two forms are consistently oriented at any one point, then they are consistently oriented at all
points.

The proof is left as a homework exercise.

Now, let M, N be oriented manifolds, and let F': M — N be a local diffeomorphism. We
call F' orientation-preserving if, given any p € M and any positively oriented ordered basis
(X1,...,X,) for M, the ordered basis (dF},(X1),...,dF,(X,)) is positively oriented for T, N;
if the image basis is always negatively oriented, we call /" orientation-reversing. Note that a com-
position of orientation-preserving maps is orientation-preserving; a composition of orientation-
reversing maps is also orientation-preserving; and a composition of an orientation-preserving map
with an orientation-reversing map is orientation reversing (all easy to check).

LEMMA 10.9. Let M, N be oriented manifolds, and let F': M — N be a local diffeomorphism.
Then F' is orientation-preserving if and only if, for each positively oriented form w on N, F*w is
positively oriented on M; F' is orientation-reversing if and only if, for each positively oriented
formw on N, F*w is negatively oriented.

The proof is simple definition chasing. This lemma leads to a nice way to define an orientation
on a manifold using a local diffeomorphism.

PROPOSITION 10.10. Let F': M — N be a local diffeomorphism. If N is oriented, then there
is a unique orientation on M, called the pullback orientation induced by F', such that F' is
orientation-preserving.

PROOF. Foreachp € M, there are two orientations on 7, M/, and one of them makes dF,,: T,M —
Tr )N orientation-preserving. So there is a unique pointwise orientation on M that does the trick.
To see that it is actually a (smooth) orientation, note that F*w is an orientation form for it, by
definition. O

Example |[10.7| shows that parallelizable manifolds are orientable, so we now know that the
spheres S!, S?, and S7 are orientable. In fact, all spheres are orientable: on R""!, let n =
Z;jll (=1 dxy A A dzi A -+ Ada™, and w = t*n be the pullback along the inclusion
t: S — R™"! to a top-form on S™. Then w is an orientation form for S™. A quick way to see this
is to note that n = E_(dz* A --- A dz™) where E is the Euler vector field £ = Z;Lill 27 2. This
is a normal field to S™: since the sphere is the regular level set of F'(z) = |x|? (at height 1), by
Proposition the tangent space 7, S™ is the kernel of dF,, whose action is dF,(v) = 2(E,,v);

thus the kernel is precisely the orthogonal complement to £,. Thus, for any vectors vy, ..., v, at
xr € St

We (V1,3 00) = Np(dig(v1), ..o dig(vn)) = dat A Ada™ T HEy, dig(v1), .. . dig(v,)).

If we choose vy, ..., v, to be linearly independent, so are their images under the immersion dt,;
and they are all orthogonal to £, so E,, vy, ..., v, are linearly independent, so the form da! A
-+« A dz™*! (which is the determinant) does not vanish on them.
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This kind of procedure works for any codimension-1 submanifold that possesses a nonvanish-
ing “normal” field — in fact, all that is necessary is that the field be nowhere tangent. The same
precise idea works for regular level sets of of smooth R-valued functions in all oriented manifolds.

PROPOSITION 10.11. Let M be an oriented manifold, and let S C M be a codimension-1
embedded submanifold that is a regular level set of a smooth function f: M — R. Then S is
orientable.

PROOF. We will construct a nowhere tangent vector field to S as follows (generalizing the
sphere case done above): choose a Riemnannian metrix g on M, and define a vector field V f
to be the dual vector field to df: df (X) = g(V f, X). By the Riesz-Fisher theorem, this defines
V f uniquely as a rough vector field. To see it is smooth, we compute in local coordinates: in
a chart (U, (z7)), g has components g;;, and by symmetry ¢;; = g;i. The condition that g, is
an inner product means precisely that the matrix [g;;];; is positive definite; in particular, it is
invertible. The standard (terrible) notation for its inverse’s components is to write the components
up: [g7];; = g”. Now, the identity df = g(V f, - ) inlocal coordinates reads (df); = >_. g;;(V f)’,
which means that (Vf)* = 7. ¢%(df);. Since f is smooth, the coefficient functions (df); are
smooth; since g is a smooth tensor field, its coefficient functions g;; are smooth, and therefore by
the inverse function theorem so are the raised coefficients g”/. Thus, V f is a smooth vector field
on M.

Now, suppose X € 2°(M) is tangent to S. Since S is a regular f-level set, it follows from
Proposition that X, is in the kernel of df,, for each p € S. This means precisely that df (X) =
0, and so since df = g(V f, -), it follows that X is g-orthogonal to V f.

Thus, follows exactly the same outline as above for the sphere, we see that if w is an orientation
form for M, then V f_Jw is an orientation form for S. U

2. Integration of Differential Forms

Let w € Q"(R™) be a compactly supported top-form. Using our global Euclidean coordinates,
this means that w = fdx' A - -+ A dz" for some smooth compactly-supported function f. We will
then simply use the Lebesgue integral to integrate the function f: letting U be any measurable
subset that contains the support of f, we define

/wz/fd:c1~--da;”.
U U

This looks like a trick of notation: we simply “erase the wedges”. As we will see, this is very
well-behaved: the only purpose of the wedges was to help us remember which orientation on R"
we used.

To begin, let us note that the definition does not depend on which set U: if U, U’ are two
measurable sets that contain the support of f then f = 0 on UAU’ (symmetric difference) and
this implies that [, f dz'---dz™ = [, f dz'---dz". More importantly, this definition — which is
prima facie coordinate dependent — is invariant under diffeomorphisms, up to the orientation.



2. INTEGRATION OF DIFFERENTIAL FORMS 153

PROPOSITION 10.12. Let U,V be open subsets in R", and let G: U — V be an orientation-
preserving or orientation-reversing diffeomorphism. For any n-form compactly supported in 'V,

/ w if G is orientation-preserving,
[ow=4 Yy
w if G is orientation-reversing.
v
PROOF. Let (y',...,y") be standard coordinates on V' and (x!, ..., z") standard coordinates

on U. Any n-form compactly supported in V' may be expressed as w = f dy' A--- A dy" for some
smooth, compactly-supported function f on V. By the change of variables theorem from calculus,

. 1., no_ o ... n
/Vw—/vfdy dy /U(f G)| det[DG]|dz” - - - dx

Suppose that G is orientation-preserving. This means that DG maps the standard basis (in 2-
coordinates) to a positively-orientated bases (relative to the y’-basis), which is precisely to say that
det[DG] > 0. Thus

/w—/ foG)(det[DG]) da* -~dx"E/U77, where 7 = (foG)(det[DG]) dz*A---Ada".

Now using Proposition [8.13] (the change of variables formula for pulling back top-forms), we
have n = G*(fdy* A --- A dy™) = G*(w) thus proving the first half of the proposition. If G is
orientation-reversing, the only difference is that | det[DG]| = — det[DG], introducing the global
minus-sign. U

This leads the way to defining the integral of a top-form on an oriented manifold. Let M be
an oriented n-manifold, and let w be an n-form that is compactly supported within a single chart
(U, @) of M. Note that p: U — UCR"isa diffeomorphism, and we fix the standard orientation
on R", so ¢ is either orientation-preserveing or orientation-reversing. We then define

/ wzj:/ (o™ w (10.1)
M o(U)

with the + in the case ¢ is orientation-preserving, and — in the case it is orientation-reversing.
Aside from the deficiency that this only covers forms supported in a single chart, it is also
prima facie dependent on the chart (U, ¢) in question. In fact, this is not so.

LEMMA 10.13. If (U, ) and (V,v) are two charts on an n-manifold M, and w is an n-form
compactly supported in U NV, then

/AD(U)(QO_I)*M o /w(V)<¢_1)*w

with the + in the case that © and 1) are both orientation-preserving or both orientation-reversing,
and — otherwise.

PROOF. Supposing ¢ and ¢ are either both orientation-preserving of both orientation-reversing,
ol p(UNV) — (UNV) is an orientation-preserving diffeomorphism. Thus, Proposition
[10.12] shows that

—1\* . _ —1*: o—l* —1*: —1\*
/W)w ”‘/WM(“” Y /V,W)W’ o () w /mm“" Y,
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and this equals the desired quantity (as in the first equality above) since (¢ !)*w is equal to 0 on
©(U) \ (U NV). This proves the proposition in this case; the case with the — sign comes from
the fact that 1) o ¢! is orientation-reversing in this case. U

Thus, is well-defined: if a different chart is chosen, we have the same value for f ywe It
now behooves us to extend the definition to the case that w need not be supported in a single chart.
To that end, we use a partition of unity. Let w € Q"(M) be compactly-supported, and fix a finite
open cover {(Uj;, ¢;)} of suppw by charts that are all orientation-preserving (with respect to the
standard orientation on their target R"™). Let { f;} be a partition of unity subordinate to {U,}. We

define
/MwE;/ijw (10.2)

subject to our definition of the integral of a form supported in a single chart (since ¥;w is
compactly supported in U;). This definition prima facie depends on the choice of charts and of the
partition of unity. Just as the integral in a single chart is actually chart dependent, this definition is
also well-defined: it does not depend on the partition of unity.

PROPOSITION 10.14. Let {(U;, ¢;)} and {(V;,1;)} be finite covers of suppw by positively-
oriented charts, and let { f;} and {g;} be subordinate partitions of unity. Then

zj:/ijwzzj:/ngw-

PROOF. We simply use the defining properties of partitions of unity, to compute that, for each

/Mfm:/M (Zj:gJ) fiw:Zj:/ngfM

Summing over ¢, we then have
§ fiw = g / gj fiw.
z /M g M ’

Inside the sum, each integral is well-defined regardless of which chart containing supp(g; fiw) we
use (either U; or V;), by Lemma|10.13| Hence, we may write this instead as

TR T

as desired. O

Hence, we have a well-defined notion of the integral of a (compactly-supported) n-form on
any oriented n-manifold. One common source of top-forms is from form on ambient manifolds: if
t: S < M is an oriented embedded submanifold of dimension n < dim(M), and w € Q"(M),
then (*w € Q"(S). We generally shorten notation and simply write

/w:/L*w.
s s

Let us note that it is possible to make sense of integral of (some!) non-compactly-supported forms,
but this requires a much richer integration theory mirroring Lebesgue integration. We will not need
this level of generality, so we will content ourselves with the compactly-supported case.
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PROPOSITION 10.15 (Properties of Integrals of Differential Forms). Let M, N be oriented
n-manifolds (n > 1), and let w,n € Q"(M) be compactly-supported.

(a) LINEARITY: Ifa,b € R, then

/aw+bn—a/w+b/ n.
M M M

(b) ORIENTATION REVERSAL: Let —M denote the manifold M with the oppposite orienta-

tion. Then
/ we— / w
-M M

(c) POSITIVITY: Ifw is a positively-oriented orientation form, then / w > 0.

M
(d) DIFFEOMORPHISM INVARIANCE: If F': M — N is an orientation-preserving or orientation-

reversing diffeomorphism, then

/l F*w if F is orientation-reversing.
N

PROOF. Parts (a) and (b) are trivial definition chasing. Part (c) is immediate in local coordi-
nates, and so follows from the definition (via partition of unity, consisting of non-negative bump
functions). Similarly, (d) can be reduced to local coordintes since (using the partition of unity def-
inition) w is a finite sum of orientation forms each supported in a single chart, and then the result
follows from Proposition [10.12] O

Although the definition of the integral, using a partition of unity, is useful for proving all of the
above properties, it is completely useless for actual computation: one can basically never explicitly
write down a partition of unity, and even if one can, it will involve functions like e~ /% which is
not the kind of function you want hanging around when you’re trying to do an integral. Instead, to
actually compute the integral of a form, we always use (local) parametrizations.

PROPOSITION 10.16. Let M be an oriented n-manifold, and let w € Q"(M) be compactly-
supported. Let D1, ..., Dy be open subsets of R" such that 0D; has measure 0 for each j, with
smooth maps F;: D; — M satisfying

() Fj|p,: D; — F(D;) is an orientation-preserving diffeomorphism.
(i) F'(D;)NF(D;) = @ wheni # j.
(iii) supp(w) € F(Dy) U--- UF(Dy).

Then
k
w = Frw.
=21,

PROOF. By the linearity of both sides of the desired equality, it sufficies to prove the proposi-
tion in the case that w is compactly-supported inside a single chart (by using a partition of unity to
express w in general as a sum of such forms). By choosing our covering charts carefully to begin
with, it suffices to assume that supp(w) is contained in a chart domain U for which U is compact,
©(U) is an open ball in R™, and ¢ extends to a homeomorphism U — ¢(U).
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We now resrict our parametrization domains to this chart as follow: A; C D;, B; C F(D,),
and C; C ¢(U) are the sets
Ay =F\(UNF(Dy)), B;j=UNF;(D;)=F;(4;), Cj=p(B))=wpoFj4).
The support of (¢ ~1)*w is contained in C; U - - - U C}, and any two of these intersect along their

boundaries. Note that 0C; = ¢(0B;), and B; is the intersection of an open ball with F;(D;). Since
0D; has measure 0, it follows that dC; also heas measure 0, and so is ignored by the integral; thus

IXE / L= Z / e

We now compute using the change of variables (Proposition [10.12)),

[eye= [ woryeyu= [ Fo=[ B

J J J J

and summing over j proves the desired result. U

EXAMPLE 10.17. We saw above that w = z dy/Adz+y dzAdx+z dz A\dy is an orientation form
on S2. Let’s compute the integral of w over the sphere. To do this, we use spherical coordinates:

F(¢,0) = (sin ¢ cos b, sin ¢ sin 0, cos ¢)

which is a diffeomorphism from (0, 7) x (0, 27) into the open set in S? given by the removal of the
arc from the north to the south pole in the > 0 half of the y = 0 plane. Since F'([0, 7] x [0, 27])
covers the sphere, and F is orientation-preserving (by definition if we use w to orient S?), it follows

from the preceding proposition that
s 2
/ w = / / F*w.
s2 o Jo

This is now a standard double integral. It is left to the bored reader to compute that F*w =

cos pdo N df. Thus
s 2m
/w:// cospdo N\ df = 4.
s2 o Jo

This example gives the usual volume form on S?. In general, an orientation form can be though of
as a choice of volume form. We will use this idea in the study of Lie groups.
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Lie Groups.






CHAPTER 11

Lie Groups, Subgroups, and Homomorphisms

DEFINITION 11.1. A Lie group is a smooth manifold G which is also a group, and has the
property that the group operations

m(g,h) = gh,  inv(g) =g

are smooth maps m: G x G — G and inv: G — G.

The notation above is typical: Lie groups are G, H, K (with K usually denoting a compact
group), elements are g, h € G (although we may also use a, b, c, ... or p,q or x,y, z). The iden-
tity element of the group may be denoted 1, but is more commonly called e (from the German
Einselement, “unit element”).

The multiplication map gives rise to two all-important families of diffeomorphisms of G: the
left-translation and right-translation maps L,, R,: G — G for g € G

Lg(h) = gh,  Re(h) = hg.

These are smooth maps: letting ¢,: G — G x G be the map ¢,(h) = (g, h) which is clearly smooth,
note that L, = m o ¢4 is smooth as well. (A similar argument shows R, is smooth.) Since L,, R,
are bijections whose inverses are L,-1, R,—1 which are also smooth, L , R, are diffeomorphisms
forall g € G.

As a first application of the efficacy of these maps, we note that the two conditions in Definition
[[T.T]are redundant: smoothness of multiplication alone is sufficient.

LEMMA 11.2. If G is a smooth manifold that is a group such that the multiplication map
m: G X G — G is smooth, then G is a Lie group.

PROOF. Let F': G x G — G x G be the map F'(g, h) = (g, gh). By assumption, F' is smooth.
Note that it is also a bijection: the inverse is F~1(g, h) = (g, g~ *h). We will show that F is a local
diffeomorphism: it then follows (since it is a bijection) that F' is a diffeomorphism, and hence its
inverse is smooth. This means that the map (g,h) — ¢ 'h (the second component of F'~!) is
smooth, and therefore the map g — (g, e) — g 'e = g~ ! is smooth, as claimed.

Thus, we need to compute the differential of F'. Since F'(g,h) = (g, m(g, h)), we have

dFypn(X,Y) = (X, dmg,(X,Y)), X €T,GY € T;G.
So, let o, B: (—¢,€) — G be smooth curves with (0) = g and &(0) = X, while 3(0) = h and
£(0) =Y. Then, by definition,

d
dmgﬁ(X, Y) = —

| ma(), 8.

For any test function f € C*°(G),

y d
< Om(a@),ﬁ(t))(f) =7
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We now apply the chain rule, giving

d d d
|, (f om)(e(t), 5() = — i (f om)(a(t), 5(0)) + — i (f om)(a(0), (1))
which shows by definition that
d d d
| M50 = 5w, h) + F| w(o.50)
d d
== URh(Oé(t)) + o OLh(ﬁ(t))

= dRhlg(X> + dLg|h(Y>-
All together, then, we have
dFyn(X,Y) = (X, dRp|o(X) + dLg[n(Y)).

We know that R),, L,: G — G are diffeomorphisms, so the differentials dR;,|,: 1T,G — T),,G and
dLgly: ThG — T,,G are isomorphisms.

So, suppose (X,Y) € ker(dF,;). Then X = 0 and dRy|,(X) + dLy|n(Y) = 0, thus
dL,|n(Y) = 0 and since dL,;, is an isomorphism, Y = 0. This shows dF}, , is injective. Since the
domain 7}, ,G x G and codomain 7, ;,G x G of F has the same dimension 2dim(G), it follows
that dI'y, , is a linear isomorphism, so F' is a local diffeomorphism, concluding the proof. U

1. Examples
The first example of a Lie group is the group of invertible matrices.

EXAMPLE 11.3. Let GL,,(F) denote the general linear group of invertible n x n matrices over
the field F. With F € {R, C}, we know this is an open subset of the vector space of n X n matrices
over R (dimension n?) or C (dimension 2n?), and hence is a smooth manifold of dimension n? or
2n?. Matrix multiplication is a smooth map (indeed, its coordinate functions are all polynomials),
and hence GL,,(F) and GL,,(C) are both Lie groups.

One easy way to generate Lie groups is as subgroups of a given Lie group, in the following
sense.

LEMMA 11.4. Let G be a Lie group, and let H C G be a subgroup that is also an embedded
submanifold. Then H is a Lie group.

PROOF. By definition, the inclusion map ¢y : H < G is a smooth embedding, and so H is
a smooth manifold in its own right. Since H is a subgroup, its multiplication map my is the
restriction of the multiplication map mg on G: my = mg o (¢ X ty). This is a composition of
smooth maps, hence is smooth. O

A subgroup satisfying the conditions of Lemma|11.4]is called a(n embedded) Lie subgroup.
(Some authors also allow immersed subgroups to be called Lie subgroups.) Now let us delve into
a long list of examples of Lie groups, mostly given as Lie subgroups of GL,,(R) and GL,,(C).

EXAMPLE 11.5. (1) We denote GL;(R) = R* and GL;(C) = C* the multiplicative
groups of real and complex numbers.
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(2) The subgroup GL,! (R) of GL, (R) of those invertible matrices whose determinant is > 0.
Since det(AB) = det(A)det(B), and det(l,,) = 1 > 0, this is indeed a subgroup.
Moreover, by continuity of det, it is an open subset, so it is an embedded submanifold of
codimension 0. Thus, it is a Lie subgroup.

(3) The special linear groups SL,,(R) and SL,,(C) are defined to be the subgroups of GL,,
with determinant 1. Since det(AB) = det(A)det(B), SL,, is a subgroup. We need to
check that it is a Lie subgroup. Since it is defined as the level set of a smooth function
det, is sufficies to show that it is a regular level set. To see this, we use the following
formula: for any A € GL, and X € M,,,

% i det(A +tX) = det(A)Tr(A™1X).
To prove this, first note that
A+tX = A(I +tA7TX) = A X 4 o(t).
Thus, by smoothness of det,
det(A 4 tX) = det(Ae X)) + o(t) = det(A)det (e X) + o(t).
Now, if Y is a diagonalizable matrix Y = P~!D P, then we have
det(e¥) = det(e? PP} = det(P~'e” P)

= det(eD) — P gDun — JT(D) _ JTx(PTIDP) Tr(Y)

=€

Since the set of diagonalizable matrices is dense, and det and Tr are continuous, it follows
that the identity det(e'’) = ™) holds for all matrices Y. Thus, w ehave

det(A + 1Y) = det(A)eMEAX),

Taking the derivative now gives

D(det)a(X) = % det(A +tX) = det(A)Tr(A1X).
0
For any A € GL,, so that det(A) = 1, we therefore have D(det)(X) = Tr(A™'X).
This linear map is clearly surjective: for any real or complex number ¢, D(det) 4(cA/n) =
Tr(A~'Ac/n) = ¢/n - Tr(I) = c. Thus, SL,, is a regular level set of the smooth function
det, and so it is an embedded submanifold of GL,, of codimension 1 in the real case .
Thus, is a Lie group of dimension 2 — 1 in the real case and 2n? — 2 in the complex case.

(4) The orthogonal group O,, = O, (R) and unitary group U,, = U,,(C) are the groups of
R-linear / C-linear isometries of R™ / C™. In particular, this means that

0,={QeM,(R): QTQ=1},U, ={U € M,(C): U'U = I}.

They are therefore level sets of the smooth functions A +— AT A or A — A*A. Viewing
the range not as the full space M, by rather the space M of self-adjoint matrices (X =
X T in the real case, X = X* in the complex case), we showed in Examplethat O,isa
regular level set; a nearly identical proof shows the same for U,,. Since the group operation
is still given by matrix multiplication which is smooth, O,, and U,, are also Lie groups.
Since the codomain M (R) of the defining function of O,, has dimension @, that’s

the codimension of O,,; thus dim(O,,) = @ On the other hand, the space M (C)
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has dimension n?: the upper-triangular entries are all independent complex coordinates,
n(n—1)

giving 2 - ==— coordinates, and the diagonal has n independent real coordinates. Thus,

dim(U,,) = 2n? — n? = n?

(5) Combining the last two examples: suppose Q € O,. Then Q'Q = I, and so 1 =

det(Q'Q) = det(Q)?, meaning det(Q) = +1. In fact, O,, has two connected compo-
nents, given by det ' (£1). These components are open subsets. By the homomorphism
property of det, the component of the identity (where det () = 1) is a subgroup. It is
called the special orthogonal group SO,,. As an open subgroup, it has the same dimen-
sion as O,,.

The complex case is different: the same argument shows that, for U € U,,, |det U| =
1, so in fact det: U, — S'. Now one can use the same argument we did in the case
of SL,, to see that det is full rank onto the circle, and thus the subgroup SU,, = {U €
U,: detU = 1} is an embedded submanifold of codimension 1. Thus SU,, is a Lie group
of dimension n? — 1.

(6) We can generalize the construction of O,, by taking a different inner product. Any inner

product on R™ has the form (z,y) = 2" Ay for some positive definite matrix A; then
we might define O to be the set of matrices Q with QT AQ = A (which is the same
as requiring () to be a linear isometry of the inner product given by A). All the same
arguments show this is a Lie group; in fact, it is the image of O,, under the map ) —
A12Q A2 which gives (as we’ll discuss below) a Lie group isomorphism.

But we could also take a matrix A that is not positive definite. If A is degenerate, the
resulting object will not be a manifold. But we could take a non-degenerate antisymmetric
A. The canonical example is to work in even dimension and take J € My,,:

0 I
J= { ol ] |
The symplectic group Sp(n,R) is the set of matrices A € My, such that ATJA = J.
We could also do this over C, noting that in this case we still have to take T and not *, to
give Sp(n, C). Arguments just like those for O,, show that these are Lie groups. The same
computations as in the previous example show that, if A € Sp(n), then det A = +1. It
is less obvious, but not too hard to show, that det A = 1 always. So there is no “special
symplectic group” — it’s already special enough!
Note: some authors use the notation Sp(n) to refer to the compact symplectic group,
which is (in our notation) Sp(n, C) N Uy, (C).

(7) The Heisenberg group H, (R) is the subgroup of GL,(R) consisting of matrices of the

form I + T where T is a strictly upper-triangular matrix. It is easy to see this is a mani-
fold: its ”("T_l) upper-triangular entries are global coordinates making it isomorphic as a
manifold to R™"~1)/2 Tt is therefore a Lie group since (as usual) matrix multiplication is
smooth. Sometimes “Heisenberg group” refers to just H3(R), which is deeply connected
to quantum mechanics (as we’ll explore a little later).

(8) The Euclidean group E(n, R) is the set of bijections of R" that preserve the Euclidean

distance. So O,, C E(n,R), but they are not equal: for example, the translation map
T.(y) =y + xisin E(n,R). It is a theorem that this covers everything: every element of
E(n,R) can be written uniquely in the form 7,() for some translation 7}, and orthogonal
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map (). By writing out how the product of two such tranformation acts, we see that we
can view E(n, R) as the subgroup of O, ; of elements of the form

Q

0 11"
It is then straightforward to build charts for E(n,R) out of any atlas for O,,, showing
that E(n,R) is a manifold. It is globally isomorphic to O,, x R", and so has dimension
n(n—1) n(n+1)

Ty tn="5—.

We can also build new examples as products of old ones:

LEMMA 11.6. If Gy, ..., Gy are Lie groups, so is their product Gi x --- X G}, (given the
manifold structure and group structure of the product).

This is easy to check. For example, since S* 2 SO, is a Lie group, so is the torus T" = (S*)™.
Note: the final example above E(n, R) is not O,, x R™ as a Lie group. As a manifold, this is true,
but the group structure is different. In fact it is a semidirect product, as we’ll discuss soon. First
we need to discuss the morphisms in the category of Lie groups.

2. Lie Group Homomorphisms

DEFINITION 11.7. Let G, H be Lie groups. A Lie group homomorphism is a smooth map
F: G — H that is also a group homomorphism. a Lie group isomorphism is a Lie group
homomorphism that is also a diffeomorphism; hence, its inverse is also a Lie group isomorphism.
If there exists a Lie group isomorphism G — H, we say G and H are isomorphic as Lie groups.
A Lie group isomorphism from G to itself is called a Lie group automorphism.

The map F': O,, x R" — E(n,R) given by (Q, z) — T,Q is a diffeomorphism (as the matrix
representation above shows), but it is not a group homomorphism; so, although these two groups
are diffeomorphic as manifolds, they are not isomorphic as Lie groups. (To be clear: we have
not shown that they are not isomorphic, we have only shown that this diffeomorphism is not an
isomorphism. In fact, they are not isomorphic, as we’ll prove later.)

EXAMPLE 11.8. Here are some examples of Lie group homomorphisms.

(1) If H C @ is an embedded Lie subgroup, then the inclusion < G is a Lie group
homomorphism. Examples [I1.5(2-6) are all embedded Lie subgroups of GL,, and so
their inclusions are all Lie group homomorphisms.

(2) The exponential map exp: R — R* or exp: C — C* is a homomorphism: it is a ho-
momorphism of groups (with the additive group structure on R, C and the multiplicative
ones on R*, C*), and it is smooth, so it is a Lie group homomorphism. It is also injective.
It is not surjective, however: its image is equal to R, = (0, 00). In fact, exp: R — R is
a Lie group isomorphism, since it has an inverse log: R, — R which is also smooth. In
the complex case, the exponential map is surjective but not injective: its kernel is 2miZ.

(3) The map e: R — S! given by () = exp(2it) is a surjective Lie group homomorphism,
whose kernel is Z. Similarly, " : R® — T" is a Lie group homomorphism whose kernel
is the integer lattice Z".

(4) The determinant det: GL,(F) — F with F € {R,C} (additive groups) is a Lie group
homomorphism — it is smooth because it is a polynomial in the entries. It is never an
isomorphism if n > 1, of course.
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(5) Let G be a Lie group, and let g € GG. The inner automorphism of GG is the map Cy: G —
G given by C,;(h) = ghg™" (conjugation by g). Because multiplication and inversion are
smooth, C, is smooth; inner automorphisms are group isomorphisms, so this is a Lie
group automorphism. As a reminder: a subgroup H is called normal if C,(H) = H for
all g € G.

Lie group homomorphisms are the best kind of smooth maps: they have constant rank.
THEOREM 11.9. Every Lie group homomorphism has constant rank.

PROOF. Let GG, H be Lie groups, and let /': G — H be a Lie group homomorphism. Let gy €
(G, and denote the identity of G as e (and the identity of H as ey). Since F' is a homomorphism,
we have, for all g € G,

F(Lgy(9)) = F(909) = F(g0) F(9) = L) (F(9)).

Thatis: F'o Ly, = Lp(g,) o F. Taking differentials of both sides at the identity, the chain rule then
tells us

dFy, o d(LQO)eG = d<LF(go))€H o dFe,.
Since Ly, and Lp(y,) are diffeomorphisms, their differentials at any points are isomorphisms. It
follows therefore that dFy, has the same rank as dF. . As this holds true for any gy, we see that
dFy, has constant rank. O

A corollary is that the relation between “Lie group homomorphism™ and “Lie group isomor-
phism” is the same as the relation between “group homomorphism” and “group isomorphism”: it
is just a question of being a bijections.

COROLLARY 11.10. A Lie group homomorphism is a Lie group isomorphism iff it is a bijection.

PROOF. The ‘only if” direction is in the definition of isomorphism. For the ‘if” direction, we
apply the Global Rank Theorem since the Lie group homomorphism is constant rank, if it is
a bijection, it is therefore a diffeomorphism, hence a Lie group isomorphism. U

3. Lie Subgroups

As we saw in Lemma [11.4] if H C G is a subgroup that is also an embedded submanifold,
then it is a Lie group in its own right. The simplest such example is an open subgroup. However,
the group structure poses serious restrictions on what kind of open submanifolds are subgroups.

LEMMA 11.11. Let H C G be an open subgroup of a Lie group. Then H is an embedded Lie
subroup. In addition, H is closed, and so it is a union of connected components of G.

PROOF. Any open submanifold is embedded, and so the first statement follows from Lemma
Now, for any g € G, the left coset gH = {gh: h € H} = L,(H) is open, since it is the
image of the open set A under the diffeomorphism L,. The cosets of any group are all disjoint,
and so G \ H is the union of all cosets excluding H itself. Thus G \ H is a union of open sets,
so is open, and thus H is closed. Therefore H is clopen, and hence it is a union of connected
components. U

In fact, the components of a Lie group are all diffeomorphic. To prove this, we first study the
component containing €.

PROPOSITION 11.12. Let G be a Lie group, and let W C G be a neighborhood of G.
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(a) The subgroup of G generated by W is open.

(b) If W is connected, the subgroup generated by W is a connected, the subgroup it generates
is connected.

(¢) If G is connected, then W generates G.

Note: the subgroup generated by W is the smallest subgroup containing /. Alternatively, it
can be described as the set of all finite words in elements in W U T !, as can be readily verified.

PROOF. Let W C G be a neighborhood of the identity, and let H be the subgroup it generates.
For k € N, let Hj, denote the set of all elements of GG that are equal to a product of k or fewer
elements from W U W~1; so H = |J, Hy. Now, W~ = inv(W¥) is the image of the open set W
under a diffeomorphism, so it is open. Hence H; = W U W1 is open. For each k& > 1, note that

Hy, = HiHy_y = | ] Ly(Hy).
geEH,

Proceeding by induction, once we’ve shown Hj_; is open, its image under the diffeomorphism
L, is open, and so H, is a union of open sets, hence is open. Thus, Hj, is open for each k, and
therefore its union  is open, proving (a).

Now, suppose W is connected. Then so is W ~! (since it is the image of a connected set under
a diffeomorphism). Then H, = W U W ! is the union of two connected sets that intersect (at
ea), hence H; is connected. Now we proceed by induction again: suppose we’ve shown Hj_;
is connected. Then the Cartesion product H; x Hj_; is connected, and so H, = H{H; | =
m(H; x Hy_1) is connected since it is the image of a connected set under a continuous map. Thus,
Hjy, is connected for all k. Finally, this shows H = |J, Hj, is connected, sicne all H}, intersect at
e, proving (b).

Item (c) now follows from Lemma|l1.11; since H is an open subgroup, it is also closed, and
hence if GG is connected and e; € H # @, H = G. U

The connected component of GG that contains e is called the identity component, and is often
denoted Gy. Item (b) above thus says that any connected neighborhood of GG generates the identity
component of GG. In fact, we can say more.

COROLLARY 11.13. Let G be a Lie group and let G be its identity component. Then G is a

normal subgroup of G, and is the only connected open subgroup. Every connected component of
G is diffeomorphic to G.

The proof is left as a homework exercise.
A good way to generate Lie groups is via the image and kernel of a Lie group homomorphism.

PROPOSITION 11.14. Let G, H be Lie groups, and let F': G — H be a Lie group homomor-

phism. Then the kernel ker F = F~(eg) C G is an embedded Lie subgroup whose codimension
is the rank of F.

PROOF. This follows immediately from Proposition [9.24] and Theorem since I is a Lie
group homomorphism it has constant rank r, and thus the ep-level set ker F' is an embedded
submanifold of codimension . The kernel of a group homomorphism is a group, and so ker /' is
an embedded Lie group. U

PROPOSITION 11.15. Let F: G — H be an injective Lie group homomorphism. Then the
image F'(G) has a unique smooth structure such that F(G) is a (not necessarily embedded) Lie
subgroup of H, and F': G — F(Q) is a Lie group isomorphism.



166 11. LIE GROUPS, SUBGROUPS, AND HOMOMORPHISMS

PROOF. Since [’ has constant rank and is injective, by the global rank Theorem [9.10|it is an
injective immersion. Hence, by Theorem[9.18] F is a local smooth embedding, and this defines the
topology and smooth structure on F(G) since F' is injective. It is clear this is the unique smooth
structure for which F' is a diffeomorphism onto its image. Since [’ is an immersion, this makes
F(G) into an immersed submanifold. The image of a group under a homomorphism is a group,
and the group multiplication is inherited from H so is smooth, cf. Proposition Hence F(G)
is a Lie group. Since F'is a group homomorphism and a bijection G — F(G), it follows from

Corollary [I1.10[that it is a Lie group isomorphism. U
EXAMPLE 11.16. (1) With Proposition|11.14|in hand, we didn’t need to work so hard to

show SL,, is a Lie group. Note that SL,,(F) = ker(det: GL,(F) — F*) with F € {R,C},
and since det is a Lie group homomorphism, it follows that SL, (FF) is an embedded
Lie subgroup. Similarly, SO,,(F) and SU,,(C) are kernels of the restrictions of det to
O,(F) — F*and U, (C) — C*.

(2) Consider the map 3: GL,(C) — GLy,(R) defined by replacing each complex entry a+ib
with its representation as a 2 x 2 real matrx [ ¢ - |. It is straightforward to verify that £ is
an injective Lie group homomorphism, and thus we can identify GL,,(C) as a Lie sugroup
of GLy,(R). Moreover, it is also easy to check that the image is, in this case, an embedded
submanifold (the 2 x 2 blocks gives us slice charts). Note: 3 arises nauturally from the
identification of (z! + 4y, ..., 2" + iy") € C" with (2!, yy, ..., 2", y") € R*™.

(3) Define a: R — T? by a(t) = (e*™, ™) for some irrational a. Then « is a Lie group
homomorphism and is injective (cf. Example|9.12)), and so its image is an immersed Lie
sugroup. But the image is dense, and so it is definitely not an embedded Lie subgroup.
The closure of the image is all of T?, of course, which is an embedded Lie subgroup.
In fact, we could have considered a boosting of this example: v: R — T? given by
v(t) = (a(t),1); then the image is an immersed Lie sugroup whose closure is T? C T?,
an embedded Lie subgroup. This is the generic situation: if S C G is any Lie subgroup,
then its closure is an embedded Lie subgroup.

4. Smooth Group Actions

Let GG be a group and let M be a set. A left action of G on M isamap0: G x M — M,
usually written as (g, p) = 0,(p) = ¢ - p, which satisfies the following two group laws:

g1 (92 -p) = (q192) - p, forall g;,92 € Gandp € M, and
eG-p=p forall p € M.

Written in terms of the notation 6, these say 6, o 0, = 0,,,, and ., = Id,;. We may also talk
about right actions, where 6,06, = 6, ,,, better understood in the notation (p-g1)-g2 = p-(9162).
Note, if 0 is a left action, then ¢(g,p) = 0(g~', p) is a right action, and vice versa. Note also that
f, is a bijection for each g, since by the group law it has inverse 6,-1.

Now, let G be a Lie group and let M be a smooth manifold; we call an action §: G x M — M
a smooth action if the map ¢ is smooth. In this case, 6, is a diffeomorphism for each g € G.

Here is some standard notation for group actions. (We work here with left actions, but of course
the comparable terminology applies to right actions.)

e Forp € M, the orbitof pistheset G-p={g-p: g € G}.
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e For p € M, the stabilizer of p, also called the isotropy group of p is the set G, = {g €
G': g-p = p}. Thatis, itis the set of group elements that fix p. Note that GG, is a subgroup.

e An action is said to be transitive if there is only one orbit, containing all elements of
M. In other words, it is transitive if, for each pair p,q € M, there is some g € G with
g-p=q

e An action is said to be free if all stabilizers are trivial: G, = {eg} for all p. In other
words, only the group unit fixes any element.

Here are some basic and important examples of smooth actions of Lie groups.

EXAMPLE 11.17. (a) If GG is any Lie group and M is any smooth manifold, the trivial
action of G on M is defined by g - p = pforall g € G,p € M. It is smooth (6 is just the
projection map G x M — M); each orbit is a single point, and the isotropy group of each
point is all of G.

(b) Let G C GL(n,R) be any Lie subgroup of a general linear group. It acts on R" (viewed
as column vectors) by matrix multiplication: A - x = Ax € R". It is a smooth action: its
components are polynomials in the entries. Note that A - 0 = 0 for all A, so the stabilizer
of 0 is all of GG, and the orbit of 0 is just {0}. If G = GL(n, R), then there is only one other
orbit: for any two non-zero vectors x, y, there is some invertible matrix A with Ax = y.
For subgroups, it can be more interesting. For example, if G = O(n, R), then there exists
Q) € G with Qz = y if and only if |x| = |y|, and so the orbits of () are spheres centered at
0. In general, stabilizers are intersections of GG with affine spaces: the condition Ax = x
is the same as (A — I)z = 0, meaning that the matrix A — I has rows in 2.

(c) Every Lie group G acts smoothly on itself by left translation L,: G — G. Given g1, g2 €
G, there is a unique element ¢ € G with g - g, = g, (namely g = gog; '); this shows
that the action is transitive and free. We may also consider the restriction of this to a Lie
subgroup L: H x G — G with H C G. The action is still free: h-g = g implies h = ey;
but it is not transitive unless H = G. (Indeed: if H acts transitively, then for any g € G
there is some h € H for whichh-eq = g;buth-eq =h,sog € H.)

(d) Every Lie group acts smoothly on itself by conjugation g - h = ghg~!. (Written this way
yields a left action.) The orbits of this action are called the conjugacy classes of GG. The
stabilizer of A is the commutator of h: G, = {g € G: gh = hg}.

(e) A sub-example of (d): let G = U(n) act on itself by conjugation. Since unitary matrices
are normal, by the spectral theorem, every unitary matrix V' can be unitarily diagonalized:
V = UDU ! for some diagonal matrix D and UinU(n). Since D = U~ 'V U is a product
of unitary matrices, it too is unitary, meaning D*D = [. But since D is diagonal, this
implies that all the diagonal entries d;; satisfy |d;;|* = 1. In other words, the diagonal
entries are in the unit circle (i.e. the eigenvalues of a unitary matrix are in the unit circle).
Hence, the conjugacy classes of U(n) correspond to diagonal matrices with entries on
the unit circle (a set which can be identified with the n-dimensional torus T™). Note,
however, that these conjugacy classes are not all distinct: if g = (u1,...,1,) and X =
(A1,...,A,) are two vectors in T™, and if they are permutations of each other, y; = Ao (j)
for some o € S,, then if D, and D, are the associated diagonal matrices, we have
D, = S;DxS,-1, where S, is the permutation matrix associates to o (meaning that it
has exactly one non-zero entry in each column, a 1, and in the jth column the 1 is in
position o(j)). Since S, € U(n), this shows that D,, and Dy are in the same conjugacy
class. On the other hand, if two normal matrices are conjugate to each other by a unitary
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matrix then they have the same eigenvalues, and so the conjugacy classes of U(n) are in
one-to-one correspondence with points in T™ whose arguments increase in [0, 27) in their
components.

Group actions allow is to impart some nice properties of Lie groups to the manifolds they act
on. This can be described through a property called equivariance.

DEFINITION 11.18. Let M, N be smooth manifolds, and let F': M — N be a smooth map.
Suppose that M, N both possess smooth (left) actions by some Lie group G. We call F' equivariant
under the actions of G if

F(g-p)=g-F(p), forallgeG,pec M.

This is often expressed as a commutative diagram:

M-t N

g-l lg.

M —N
F
We equivalently say that F intertwines the actions of G on M and N.

EXAMPLE 11.19. Let v = (v!,...,v") € R" be a fixed nonzero vector. Define actions of R
on R" and T™ as follows: for ¢t € R,

t-(zh .. 2" = (@t ot 2" ), (z',...,2") € R"
t- (Zl Zn) — (eQWitvlzl 27thv Zn) (21 Zn) c Tn
- . , - .
Let £": R® — T" be the usual covering map 5"(3: o a) = (2™ €2 ™) Then it is easy

to verify that €™ is equivariant under these actions.

EXAMPLE 11.20. Let F': GL(n,R) — M, (R) be the defining map of the orthogonal group:
F(A) = AT A. Define (right) actions of GL(n,R) on the domain and codomain of F" as follows:
for the domain, GL(n, R) acts transitively by right multiplication on itself; for the codomain, define
the right action X - B = BT X B for B € GL(n,R) and X € M,(R). Then we have

F(A-B)=F(AB) = (AB)'(AB)=B'A"TAB=B"F(A)B=F(A)-B
and so F'is equivariant for these two actions.

We know (cf. Theorem [11.9) that all Lie group homomorphisms have constant rank. This
property extends to the much wider class of equivariant maps (under transitive actions).

THEOREM 11.21 (Equivariant Rank Theorem). Let F': M — N be a smooth map between
manifolds. Let G be a Lie group that acts smoothly on both M and N, and suppose the action on
M is transitive. If F' is equivariant with respect to these actions, then F' has constant rank.

PROOF. Denote the action on M by 6 and the action on N by ¢. Let p,qg € M. By the
transitivity assumption, there is some g € G with §,(p) = ¢. The equivariance of F is the statement
that F' o 0, = ¢, o F for all g. We now apply the chain rule at the point p: dF; o (df,),
(dog)p(py © dF,. Since f, and ¢, are diffeomorphisms, the differentials (df,), and (dgbg) F(p) are
linear isomorphisms, and it follows that dF), and dF;, have the same rank. O

Of course, the same applies to right actions.
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EXAMPLE 11.22. Returning to Example the two smooth actions of GL(n,R) there
were intertwined by F'(A) = A" A, and since the domain action was transitive, it follows by the
Equivariant Rank Theorem that £’ has constant rank. Hence, by Proposition [9.24] any level set
F~1(X) of F is an embedded submanifold of GL(n,R). In particular, this gives a very short proof
that O(n, R) = F~!(I) is an embedded submanifold (as we computed more directly above).

Generalizing the previous example, the Equivariant Rank Theorem is a powerful tool for find-
ing embedded submanifolds.

PROPOSITION 11.23. Let 6 be a smooth action of a Lie group G on a manifold M. For
each p € M, the orbit map 0%): G — M is defined by 0% (g) = 0,(p) = g - p. Note that
0P)(G) = G - p, while (§®))~(p) = G,. For each p € M, the orbit map has constant rank, and
so the isotropy group G, is an embedded Lie subgroup of G. If G, = {e}, then 6P is an injective
smooth immersion, and so the orbit G - p is an immersed submanifold of M.

REMARK 11.24. In fact, every orbit of a smooth action is an immersed submanifold, as we
will see later. For now, we only have the tools to prove this when the associated isotropy group is
trivial.

PROOF. The orbit map is smooth since the action 6 is smooth. Now, G acts on itself by left
multiplication, and by the definition of group action we have

09 (g-g0)=(g-90) p=9"(90-p) = g0 (g0)

showing that #) is equivariant with tespect to the actions of G’ on G and M. Moreover, the left
multiplication action of G on itself is transitive. Thus, by the Equivariant Rank Theorem, )
has constant rank. It now follows by Proposition M that the level set G, = (0®)~1(p) is an
embedded submanifold of G; since it is also a subgroup, it is therefore a Lie subgroup.

Now, suppose G, = {e}. Then 0% is injective: if §%)(g) = P (g') theng-p = ¢' - p
which implies, by the group law, that g~'¢' - p = p, andso g '¢' € G, = {e}, so g = ¢'. By
the Equivariant Rank Theorem and the Global Rank Theorem it now follows that () is an
injective immersion, and so its image G - p is, by definition, an immersed submanifold of M. [

5. Semidirect Products

Smooth actions give us tools to construct many new Lie groups from old ones. Let H, N be
Lie groups, and suppose #: H x N — N is a smooth action. Then we know that, for each h € H,
0n: N — N is a diffeomorphism. If 6}, is also a group homomorphism, we say that H acts by
automorphisms on N.

DEFINITION 11.25. Let H, N be Lie groups 0: H x N — N be a smooth action by auto-
morphisms. The semidirect product of N, H by 6, denoted N x4y H (or simply N x H if 0 is
understood from context) is the smooth manifold N x H given group operation

(nl, hl)(ng, hg) = (m@hl (ng), hlhl).

It is immediate to verify that this operation defines a group, with identity element (e, €), and
inverse (n,h)™" = (6,-1(n"1), h™). Moreover, since 6 is smooth and N, H are Lie groups, it is
also smooth. So V x H is a Lie group.
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EXAMPLE 11.26. Recall the Euclidean group E(n,RR) of Example [I1.5(8). Let O(n,R) act
on R™ by the natural action O(n,R) x R" — R" : (Q,z) — Qx viewing x as a column vector.
We view R™ as an additive Lie group, and so O(n,R) acts by automorphisms (i.e. linear isomor-
phisms). In fact, the group E(n, R) was defined precisely as R™ x O(n, R). Letting T}, (v) = v+,
for any ) € O(n,R) we have QT (v) = Q(v +y) = Qv + Qy = T,Qv, and so

(‘7;7 Q)(y7 R) = TwQTyR = TxTQyQR = T:Jc—i—QyQR = ('T + an QR>
Here are some basic properties of semidirect products.

PROPOSITION 11.27. Let N, H be Lie groups, let 0: H Xx N — N be a smooth action by
automorphisms, and let G = N xg H. Let N = N x {e} and H = {e} x H.

(a) The slices N , H are Lie subgroups of G isomorphic to N, H respectively.
(b) N is a normal subgroup of G.
(c) NN H ={(e,e)},and NH = G.

PROOF. By definition of the group operation, (n, €)(ng, €) = (n16.(n2), ee) = (n1ns, €) since
0 is an action so 0.(n) = n. Similarly, (e, hi)(e, ha) = (ebn,(€), h1hs) = (ee, hihy) = (e, h1hs)
since 6 acts by automorphisms so 6, (¢) = e. The slices are diffeomorphism to N, H as manifolds,
and so they are therefore also isomorphic as groups, proving item (a). For item (b), fix an element

(ng, ho) € G, then for any (n,e) € N, we have

(ng, ho)(n, €)(ng, ho) ™+ = (ngfn, (1), hoe) (ng, ho) ™
= (00 (n), ho) (0,1 (ng "), hg'')
= (00 (1) - Ono (0,1 (1)), hohg ™)
= (nobh, (n)ng ', €).

Since @ is an action of H on N, the first term is in N, and this shows (ng, ho) N (ng, ho) ™ C N,
proving the claim. Finally, for item (c), the first statement is immediate from the definition. For
the secondd, fix (n, h) € G; then we have

(n,h) = (nb.(e),eh) = (n,e)(e, h)
as claimed. U

The decomposition of Proposition [[1.27]is its characterizing property, as the following (essen-
tially purely algebraic) proposition demonstrates.

PROPOSITION 11.28. Let G be a Lie group, and let N, H C G be embedded Lie subgroups
such that N is normal, N N H = {e}, and NH = G. Then the product map m: (n,h) — nh
is a Lie group isomorphism N xy H — G, where : H x N — N is the conjugation action

0n(n) = hnh™".

PROOF. The action ¢ is smooth, so N x4 H is a Lie group, as is G. Thus, we need only
show that the map m is a bijective homomorphism. It is onto because NH = G. To see it is a
homomorphism, we note that m(e, ¢) = e, and we compute

m ((nl, hl) . (ng, hg)) = m(m@hl (TlQ), h1h2> = m(nlhlnghfl, h1h2> = n1h1NQhI1h1h2

and this is equal to nyhinohy = m(ny, hy) - m(ns, hy), as claimed. Finally, let (ng, hy) € ker(m);
then noho = e. Thus hy' = ng, which shows hy' € N; but NV is a subgroup, and so hy € N. Thus
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ho € HN N = {e}, so hy = e. Then nge = e so ny = e, and so (ng, hg) = (e, ). Thus m has
trivial kernel. Thus it is a group isomorphism, and hence a Lie group isomorphism. U






CHAPTER 12

Invariant Vector Fields and Measures

1. Left-Invariant Vector Fields

Let GG be a Lie group. Unlike a general manifold, GG has a special point: e. Now, let X, € T.G
be a vector tangent to the identity. Then the group operations allow us to translate X, around to
other points: using the diffeomorphism L,: G — G for g € G, we have (dL,).: T.G — T,G is
a linear isomorphism. So left multiplication gives us a natural way to identify all tangent spaces
with each other. Tanginbly, we transform X, to the vector X, defined by

X, = (dLy)e(Xe).

So any vector at e can be translated around to any other point. In fact, this defines a vector field,
which most authors call X. This is actually a smooth vector field.

PROPOSITION 12.1. Let G be a Lie group, and let X. be any vector in T.G, and define the
(rough) vector field X on G by X, = (dL,).(X.). Then X € Z'(G).

PROOF. Let f € C™(G). Let a: (—¢,¢) — G be a smooth curve so that a(0) = e and
&(0) = X.. Then by definition, for any g € G,

(00 (9) = Xy() = WL)(X) = Xe(fo L) = &

S (foLyoa)).

t=0

That is

(X0) @ =G| staato)

The function (g, t) — ga(t) is a smooth map G x (—e¢,€) — G, and so its partial derivatives are
smooth. This concludes the proof. U

Thus, we have a map 7.G — 2°(G), given by X, — X. It is elementary to verify that it is
an R-linear map. Note that X, = X., and so this map is also clearly injective. It is not, however,
surjective: the space 2" (G) is infinite-dimensional (if dimG > 1), while TG is finite-dimensional.
It is easy to see why this map cannot be surjective: the vector field X is left-invariant.

DEFINITION 12.2. Let G be a Lie group. A smooth vector field X € Z (G) is called left-
invariant if (L,).(X) = X forall g € G. That is: forall g,¢9' € G,
Xy = (Lg)e(X)g = d(Lg)(1,)-1(6) (X(g)-1(9))-

As (Ly)"Y¢") = g7 '/, taking h = g '¢/, it is more convenient to write left-invariance as the
condition

Xgn = d(Lg)n(Xn).
In particular, if X is left-invariant, then X, = d(Ly).(X.) = X, and so the vector field X
determined by left-translating X . around is left-invariant.

173
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Denote by 2'1(G) the set of left-invariant vector fields on G. Given a,b € R, note that
(Ly)e(aX +0Y) = a(Ly).(X) + b(L,).(Y), it follows that 2°%(G) is an R-linear subspace of
ZF(@). In fact, this subspace is finite-dimensional: it is the image of the map 7.G' — 27 (G) in
Proposition [12.1

COROLLARY 12.3. The map \: T,G — 2ZL(G) given by X, — X is an R-linear isomor-
phism.

PROOF. We noted above that X is left-invariant, so A is well-defined. We showed above that
)\ is R-linear and injective, so it only remains to show that it is surjective. Thus, let X € 2°L(G).
Let V = X = A(X.), s0 Vy = d(Lgy)e(Xe). Since X is left-invariant, we have X, = d(Ly).(X.) =
Vy = AMXe)g, 1.e. X € A(T.G). This concludes the proof. O

Hence, 2~ L(G) is finite-dimensional: it is isomorphic, as a vector space, to 7.G. One imme-
diate consequence is that Lie groups have global frames.

PROPOSITION 12.4. Any Lie group possesses a left-invariant global smooth frame, hence, it
is parallelizable, and hence orientable.

PROOF. Let GG be a Lie group, and fix any basis {E', ..., E"} of T.G, and let {Egl, ..,E"} be
the left-invariant extensions of them (i.e. Ei = A(EY)). We claim these form a smooth frame. They
are smooth vector fields by Proposition @, so we need only show they are linearly independent

at each point. Let g € G, and suppose clE; + -+ ¢, By = 0 for some cy,...,¢, € R. Then
using the isomorphism A of Corollary[12.3] we have

0=c AMEY) + -+, AME") = M BN+ -+ + ¢, E™)

and since \ is injective, it follows that ¢c; E* + - - - + ¢, E" = 0. But {E', ..., E"} are a basis for
T.G,and so ¢c; = --- = ¢, = 0. Hence, these smooth vector fields form a global smooth frame of
left-invariant vector fields. It follows (by definition) that G is parallelizable. Hence, from Example
it follows that G is orientable. O

Now, let G be a Lie group and fix any basis {E', ..., E"} of T.G; let {E",... E"} be the
corresponding left-invariant frame. For each g € G, let {wi |y, . .. ,wn|y} be the dual basis of T;G.
This defines n (rough) covariant vector fields wy, . . . , w,. Since E7 are left-invariant, we expect w;
to also behave well under the group action, and they do: they are preserved under pull back by L,.
We have

(Liw)n(E}) = (w5)r,n(d(Lg)n(E}))-

As E' is left-invariant, d(L,),(Ei) = Ei,, and so

g
(Liw;)n(Ey) = (wi)gn(Egy) = 05 = (w;)n(E}).
That is: L;wj = wj. This motivates a definition/lemma.

LEMMA 12.5. Let w be a (rough) covariant vector field on a Lie group G. Call w left-invariant
if Lyw = w for each g € G. Any left invariant covariant vector field is a 1-form, w € QYG); ie.
it is smooth.
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PROOF. Let Fix a left-invariant frame E L E" on G. Then we may expand any X € 2 (G)
as X = > | f;E7 for some f; € C*°(G). Thus, for any covariant vector field w, we have

w(X)(g) = Z fi(g)w(E7)(g).

Now, if w is left-invariant, since EJis left-invariant, we have
W(E?)(g) = wy(B)) = wy(d(Lg)e(El) = (Lyw)e(El) = we(El).

That is: these functions are constant. S owe have
w(X) =Y w(E))f; € C¥(G).
j=1

Thus w is smooth. O

Denote the subspace of left-invariant 1-forms as Q} (G). So, if {E*, ..., E'} is a basis for T,G
and {E', ..., E"} is the corresponding left-invariant frame, then the dual frame {wy, . .., w,} is in
Q1 (G)™. This allows us to construct a left-invariant orientation form, which is (up to scale) unique.
(Note: we can extend the definition of left-invariance to k-forms by the same formula Ljw = w
for all g € G. We denote the space of such forms as Q% (G). Lemma applies equally well to
covariant tensor fields, with virtually the same proof.)

PROPOSITION 12.6. Let G be a Lie group. Then there is a left-invariant orientation form
¥ € QF(Q), which is unique up to scale. If G is compact, there is a unique left-invariant orientation
form 19@ with fG 79@ =1

PROOF. Let {E', ..., E"} be a basis of T,G, let {E, ..., E"} be the associated left-invariant
frame, and let {w,...,w,} be the associated left-invariant dual frame as above, and set J =
wy A -+ A w,y,. By (induction on) Lemma (8.11} we have

Ly =Ly(wi A ANwp) = Lywi A AN Ljwn =wi A Awy, =1

so ¥ is left-invariant. By definition 9(E, ..., E")(g) = 1 for all g € G, which shows that ¥ does
not vanish at any g, so it is an orientation form.

Now, suppose 7 is another left-invariant orientation form on G. Since dim A"(7}G) = 1, there
is a constant ¢ € R* with 1, = ct.. Now using left-invariance, for any g € G we have

TNg = szﬂk = CL271196 = 0199.

Thus, ¥ is indeed unique up to scale.
Finally, fix any left-invariant orientation form ¢/ on G. We use it to give GG an orientation. If G
is compact, then o is compactly-supported, and so |, o ¥ is a positive real number (by Proposition

[10.15(c)). Hence, we may define
1

- 9.
Ja?

Then |, o Yc = 1, and since any two such forms are related by a scalar multiple, it follows that ¥
is unique. O

e
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The left-invariant orienation forms in Proposition are called Haar forms. It is more
common to use them to define Haar measure. At least for f € C'°(G), we can define integration

against Haar measure as follows:
/ flg)dg = / fe.
a a

(This is uniquely defined if G' is compact; otherwise it requires a choice of scale for the Haar form.)
The point if this is as follows: thinking of f as a O-form, for any h € G we have

(Lif)Ve = (Ly f)(Lyda) = Ly (fe)

[winwis= [ Lo = [ ra= [ s
G G G G
where the second equality follows by Proposition [I0.15(d), since L, is a diffeomorphism which

is orientation preserving (by left-invariance). Note that (L} f)(g) = f(hg) — i.e. it is the left-
translation of the argument of f. Thus, Haar measure is translation invariant. For example, on
R"™, the Lebesgue measure(s up to scale) are the Haar measures. That every Lie group posseses a
Haar measure is an important technical tool we will use later. (Note: this holds in greater gener-
ality: on any locally-compact topological group, there is a unique-up-to-scale Haar measure. But
this is much harder to prove without the tools of differential geometry.)

and so

2. Smooth Measures, Density Fields, and Haar Measure

In the preceding section, we noted how to construct left- (and right-)translation invariant mea-
sures, known has Haar measures, on Lie groups, using integration of volume forms. This is really
the only application of differential forms (of rank > 2) in basic Lie theory. Since the development
of differential forms, orientation, and integration of forms on manifolds is a time-consuming sub-
ject, we also include a self-contained section here that constructs Haar measure in a more direct
way, via smooth measures and density fields on manifolds.

2.1. Smooth Measures on Manifolds. For motivation, we begin with the change-of-variables
formula for Lebesgue measure in local charts.

DEFINITION 12.7. Let (U, x) be a chart on a smooth d-dimensional manifold M. Then x(U) C
R? possesses a Lebesgue measure m, (whose scale is determined by x). Let dx denote the push-
forward of this measure to U :
dr = x,u = m, o x.
(This is a measure because x is a diffeomorphism; i.e. this is really m, o (x=1)71.) Note that dx is
a Borel measure on U.

LEMMA 12.8. Let (U, z) and (V,y) be charts on a smooth manifold M. Then on U NV,
dy = |det[D(y o z7")]| o 2 da.

We therefore use the notation

0
a—z = |det[D(y oz~ ")]| o
for the Jacobian determinant. Thus |0y/0x| is the smooth function on U NV with the property that

dy

—Z| dx.
8xm

dy =
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PROOF. To avoid confusion, let s denote a point in z(U NV') and let t = y o z~!(s) denote the
corresponding point in y(U N V). Then by the measure-theoretic change-of-variables theorem, for
a (say) bounded continuous function f on U NV,

= oy ') o oy) = oL '
Uwfdy—/lmv(f y ) oyd(myovy) /y(mv)f YL (t) dt

We now apply the change-of-variables formula from multivariate calculus, with the diffeomor-
phismzoy~!: UNV — UNV, to convert this to

/ foy t(t)dt = / foa ! (s)|det[D(y oz )](s)]| ds.
y(Unv)

z(UNV)

Meanwhile, by definition

/ [ |det[D(y oz oa:dx:/ (foz ™) ox |det[D(yox™")]| 0z d(m, o z)
unv unv

which precisely equals the above expression, again by the measure theoretic change of variables
theorem. 0

The presence of the Jacobian determinant of the transition function should be no surprise. It
motivates what kind of invariance we need to build into a global object which we can only access
in local form. Such is life for an “smooth measure” on a manifold.

DEFINITION 12.9. A Radon measure . on a smooth manifold M is called absolutely contin-
uous if, for each chart (U, x) in an atlas for M, du|y < dz. If, in addition, du|y /dz € C*(U)
for each chart, we call ;1 a smooth measure on M.

In order to construct absolutely continuous (and in particular smooth) measures, they key is the
invariance property of their densities.

LEMMA 12.10. Let i1 be a smooth measure on a smooth manifold M. In any chart (U, x),
denote the Radon—Nikodym derivative as

d
'M—‘U =:p": U — R,
dx
If (V,y) is another chart, then on U NV,
9y
A AN
P P Oz

PROOF. By definition, we have
ptdr =du=p’dy onUNV.

By Lemma [12.8] we therefore have
dy

T

p*dx = p? dz.

Since these two measures are equal on U NV, it follows that p* = p? ‘%‘ a.e. with respect to dz.

The images of p* and pY }g—g} under z are smooth, hence continuous, and they are equal a.e. with
respect to Lebesgue measure. It follows that they are equal. 0
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(The above proof only required the Radon—Nikodym derivatives to be continuous in all charts;
for our purposes, continuous measures that are not smooth will not be important.)

In fact, the transition-invariance property of the local densities p* of a smooth measure, cf.
Lemmal[l2.10] is all that is needed to construct such measures.

THEOREM 12.11. Let M be a smooth manifold. Suppose that, for each chart (U, x) in an atlas
for M, there is a smooth function p”: U — R, and suppose that for any pair of charts,

dy

Ox

Then there is a unique smooth measure | on M such that du|y = p* dx on each chart (U, x).

P =’

To prove this, we use the following elementary measure theory lemma.

LEMMA 12.12. Let (M, 2) be a measurable space, and let o7 C 9B be a collection of measur-
able sets containing a countable subset {Ay, Ay, ...} C o with M = |J; A;. For each A € o,
let g be a measure on A (with respect to the o-field B4 == {ANB: B € B}). If ta = pa on
AN A forall A, A" € o7, then there is a unique measure [, on (M, B) such that p| 4 = pa for all
Ae d.

PROOF. We redistribute the A; so they are disjoint: let A} = A; and A} := A;\ (AU~ A; )
for j > 2. Then Jj_, A; = Uj_, A} for eachn € N, and so | J; A} = M. By construction { A’}
are disjoint, and A; C A,

Now, let us first address uniqueness. If y is such a measure on M, then for any B € 4, since
B=|] ;BN A’ (disjoint union), we have

u(B) = Z,u(BﬂA;) — Z,uAj(BﬂA;) (12.1)

where the second equality comes from the defining property of 1 and the fact that A C A;. Note
that (12.1) completely defines 1 in terms of the given measures /1;, demonstrating uniqueness.

For existence, we simply define p by (I2.1). By the disjointness of the A it is easily seen
that this defines a measure; we just need to check that p|4 = p for each A € 7. Fixing A, let
B € %4. Then

w(B) =3 pa, (B AY).
J

Since B C A and A; CA;,Bn A;. C AN A,. By assumption, it therefore follows that 14(B N
Al) = pa, (BN AY). Thus

pB) = pa(BNA) = pa(BNA) = pua (I_IB N A}) — pa(B)
J k J

as desired. [l

PROOF OF THEOREM [12.11l Let <7 be the set of all domains of charts in an atlas for M. By
the second countability of M, there is a countable subset of <7 that covers M (cf. Proposition
1.20). On each chart (U, ), define a measure p* on U by du* = p® dz. Then for any two charts
(U, z) and (V,y),

0
_y’ dr = p? dy = dp?

dp* = p*dz = pY
ph=ptde=pt o7
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where the penultimate equality follows from Lemma It now follows from Lemma|12.12]that
there is a unique measure ;. on M with du|y = du* = p® dz for each chart (U, ), as claimed.
Moreover, since p* is smooth by assumption, it follows by definition that j is a smooth measure.

O

2.2. Smooth Density Fields on Manifolds. We now explore how to construct a global object
on a manifold which gives rise to the local functions p® in Theorem [I12.11] defining a smooth
measure. The idea is to rely, once again, on the change-of-variables theorem from multivariate
calculus, in infinitesimal form: we define a “density” on each tangent space, glued together to
form a global object. The requisite notion from multilinear algebra is as follows.

DEFINITION 12.13. Let V be a real d-dimensional vector space. A density on V' is a function
§: V4 — R with the property that

d(Avy, ..., Avg) = |det A|d(vy, ..., vq)
forallvy,...,vg €V and A € End(V).

REMARK 12.14. Without the absolute value around the determinant, this would mirror the
transformation property of a d-form on V. In fact, such a density J is always the absolute value of
a d-form; as such, there is a unique density up to scale, as we now show.

LEMMA 12.15. Let V be a d-dimensional real vector space, and fix any basis e = {e, ..., eq}.
Let {e;, ..., e}} denote the dual basis of V*. Then

det ([e;f(vj)]jjl) ‘ (12.2)

defines a non-zero density on V. Moreover, if § is any density on V, then 6 = c - 0 where c is the
constant ¢ = 6(eq, ..., eq).

0¢(v1,...,vq) =

PROOF. Expanding v; = ), e;(v;)ex, we have
e; (Avj) = en(v))e; (Aey).
k
Letting S;, = €] (Aey) and T; = e (v;), we therefore have e} (Av;) = [STY;;. Therefore

det ([e;‘(Avj)] ’

ZA7‘j:

0¢(Avy, ..., Avy) =

1)‘ = |det[ST]| = | det S|| det T'|.

By definition, | det T'| = 0®(vy, ..., vq4). Also, Sy, are the components of the matrix of A in the ba-
sis {e1,...,eq}; therefore det S = det A. This demonstrates that §° is a density on V. Note, in par-
ticular, that 0°(ey, ..., eq) = 1 (since [¢](e;)]¢,_, is the identity matrix); thus 6°(Aey, ..., Aey) =
| det A for any A € End(V).

Now, let § be any density on V. Then

d(Aey, ..., Aeq) = |det A|r(eq, ..., eq) = 0°(Aey, ..., Aeg)r(er, ..., eq).

Since {ey,...,eq} form a basis for V, given any vectors {vy,...,v4} in V there is some A €
End(V') such that Ae; = v; for 1 < j < d. Thus, we have shown that, for all such d-tuples of
vectors,

5(’01, N ,Ud) = 6(61, ceey ed)de(vl, N ,Ud)

as desired. OJ
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REMARK 12.16. By scaling only one basis vector, the change of basis matrix is diagonal with
one non-1 entry, having determinant given by that non-1 constant. It therefore follows, by the
uniqueness up to scaling above, that every density has the form (12.2) for some basis of V. (A
further calculation will show that, fixing an inner product on V/, the value of the density is the
same for any orthonormal basis; so densities on V' are in one-to-one correspondence with inner
products on V'.)

We now extend this definition to a global object, gluing together densities at each point.

DEFINITION 12.17. A smooth density field on a smooth d-dimensional manifold M is a func-
tion §: | |, (T, M )4 — R with the following properties:
(1) Foreachp € M, 6,: (T,M)% — R is a density on T, M.
(2) If U C M is open and X4, ..., Xq € Z(U) is a smooth local frame of vector fields on
U, then the function p — ,(X1(p), ..., Xa(p)) is smooth.

REMARK 12.18. We could construct § more abstractly as a section of a certain line bundle over
M; then the smoothness condition would be shown to be equivalent to smoothness as a section,
and therefore also equivalent to the nominally weaker statement that p — 3,(X;(p), ..., Xa(p)) is
smooth for all Xy,..., X, € 2 (M).

We could now prove the existence of a multitude of smooth density fields by using a standard
partition of unity argument; in the case we care about, construction of a smooth density field will
be straightforward. The more relevant point for us now is that a smooth density field gives rise to
the local density functions of a smooth measure, as follows.

PROPOSITION 12.19. Let 6 be a smooth density field on a smooth manifold M. For any chart
(U, z) on M, define the function p*: U — R by
a )
p

- 0
p(p)_(sp(@ 7"'7@
p

Then for any charts (U, x) and (V,y), we have p* = p¥ ‘%‘ on U NV. Hence, by Theorem|12.11
0 gives rise to a unique smooth measure ji5 on M.

PROOF. This follows from the change of variables for coordinate vector fields, (3.5, which
states that forp e U NV

) 4. oyt 0 d B )
97| = 2o 9 @®) gr| = 2 [Per @@ 57| - (123
P k=1 P k=1 P
Hence, if A is the linear transformation of 7,,M defined so that A(%|p) = % pforj=1,....d,
Y e

(12.3) says that the matrix of A in the basis {57¢|,}{_, is the transpose [D(y o z~)](z(p)) .
Therefore |det A| = |det AT| = |det [D(y o z71)](x(p))| = g—g(p)|. Thus, using the fact that 9, is

a density on 7,,M, we have
0 0
=0, | Al =— LAl =—
p> p( (ayl p) (ayd p))

9
0 a)_ay
p

0
p"(p) = 0y (@
:ldetAwp(@_;ylp"”’@_yd %(P)

,...7@

p

P (p)-
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Proposition [12.19| shows how to construct a smooth measure from a smooth density field. In
fact, every smooth measure arises this way, and the resulting correspondence between smooth
measures and smooth density fields is a bijection.

THEOREM 12.20. To each smooth measure |1 there corresponds a unique smooth density field
0 related to . as in Proposition i.e. i = ug. Hence, this yields a bijection between smooth
measures and smooth density fields.

PROOF. Let {(Uj;, z;)} be a countable collection of charts on the smooth manifold M such that
U;U; = M. Ateach point p € U;, T,M has {a%;|p, . } as a basis; let 07 be the density
on T, M determined by this basis, cf. (I2.2)). It is left as an exercise to check that ¢/ is a smooth
density field on U;.

By assumption, 1|y, has a smooth density d“ in U;. Let {¢;} be a partition of unity subordi-
nate to the cover {U; }. Define

o)
'va_x;_lh?

dp
= 12.4
) Zw i (124)

Since 1); is supported inside the open set U;, and since the partition of unity is locally finite, the
sum is well defined and yields a smooth density field on all of M.
p)

Now, if (V, y) is any chart on M, the local density p¥ on V' induced by ¢ is
0 0
Py(P)—(Sp(a—yl ) Z% <8y

Now, for p € U NV, the value of 53 evaluated on the y basis vector fields is, by deﬁnition the

absolute value of the determinant of the matrix whose (k, )-entry is the kth component of | pl

the x; basis of vector fields. Referring to (12.3)) (with the roles of x and y reversed), this matrlx is
[D(z; 0y~ 1')] oy(p), and hence the determinant is |%(p) |. Hence

8%
- S uin g0l w).
onUNV. Thus, forpe UNV,
_dp
Z vi(p dy
where the last equality follows from the partition of unity property. By Theorem|12.11] this shows

that R induces the smooth measure i, as claimed. Together with Proposition|12.19] this shows that
there is a bijective correspondence. Between smooth measures and smooth density fields. U

9
Y ayd

J

ij

But from Lemma (12.8] Z—“ = j“
Y T

REMARK 12.21. The above proof shows something computationally useful. The sum (12.4))
used to define a density field corresponding to a given smooth measure y is, a priori, highly depen-
dent on the choice of charts and the partition of unity used. But as the proof shows, with any such
choices, the resulting density field ¢ yields the original measure y; and since (by Theorem [12.11
and Proposition [[2.19) each smooth measure corresponds to exactly one density field, it follows
that the sum (12.4) actually defines a density field that is independent of the choice of charts and
partition of unity. This will be important in the sequel.
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The last element we need before constructing Haar measure is a global change-of-variables
formula for smooth measures. First we must see how densities push forward under smooth maps.

LEMMA 12.22. Let M and N be smooth manifolds of dimension d, and let F': M — N be a lo-
cal diffeomorphism. Let § be a smooth density field on N. Define a new function F*6: | |(T,M )% —
R, as follows:

(F*0)p(X1,..., Xq) = Opp)(dF,(X1), ..., dF,(Xq)).
Then F*¢ is a smooth density field on M.

PROOF. Let (X1,..., X ) be alocal frame of smooth vector fields on an open subset U in M.

Since F' is a local diffeomorphism, it is an open map, and dF),: T,M — TN is an isomorphism
for each p; hence (dF,(X1|,),...,dF,(Xa|p)) is a frame on the open set F'(U) in N. The vector
fields are also smooth: if f € C*°(N), then f o F' € C*°(M), and so

p = dF,(X;l,)(f) = X;p(f o F) is smooth.

This verifies item (2) in Definition[12.17]of a smooth density field; we must now verify that (F*4),
is a density on 7, M for each p € M.

Let p € M and fix A € End(7,M). We use the isomorphism dF,: T,M — Tp@)N to
conjugate A to produce an endomorphism A" of T, N:

A'=dF,0AodF;" € End(TryN).
Note that dF}, o A = A’ o dF,,. Thus, for X;,..., X, € T,M,
(F*0)p(A(X1), ..., A(Xa)) = 6p(p) (dF,A(X1),. .., dF,A(X))
= 0p@y (A dE,(X1), ..., AdF,(Xy))
= |det A'|5pp) (dF(X1), - .., dF,(Xy))
= |det A|(F*8),(X1,. .., Xa).

In the last equality, det A’ = det A because A and A’ are conjugate by an isomorphism. This
verifies item (1) in Definition [12.17} and concludes the proof. U

REMARK 12.23. The proof of the transformation property above does not require F' to be a
diffeomorphism, just smooth. But smoothness can fail at points p where dF), is not surjective; at
such points (£*9), = 0, allowing the determinant to change sign, introducing a cusp due to the
absolute value.

We now come to the change-of-variables theorem for smooth measures / smooth density fields.

THEOREM 12.24. Let M and N be smooth d-dimensional manifolds, and let F: M — N
be a diffeomorphism. Let 6 be a smooth density field on M, and let 15 be the associated smooth
measure. Then the push-forward F,us is a smooth measure on N, and its density is (F~1)*5. In
other words: for f € C.(M),

[ g [ sor-tawpg = [ for-dup s
M N N

PROOF. We will prove the equivalent statement (reversing the roles of M and NV, thus replacing
F~! with F) that if § is a smooth density field on N, then for f € C.(N)

/foquF*(s:/ [ dus. (12.5)
M N
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To evaluate the integrals on the two sides, we will use (12.4); as spelled out in Remark [12.21] this
is well-defined independent of which choice of charts and partition of unity is used. Thus we will
choose different charts and partitions of unity on the two sides to aid in the proof.

Fix a countable family {(U;,z;)} of charts covering N, and a subordinate partition of unity

{®;}. Then

| rans= ) / g da, (12.6)

where for g € Uy, % (@) = b, (32l0s- - rla)-
J J
Now, for each chart (U;, z;), let V; = F~1(U;) and y; = z; o F'; then {¢); o F'} is a partition of
unity subordinate to the {V;}. So we may compute the integral on the left-hand-side of (12.5)) as

/M foquF*J:; / (f o F)(ty o F) (F*p)" dy

where, for p € V, (F*p)¥ (p) = (F*0), (aiyﬂp’ ce 8%;3”1”)' From the definition,
0 0 0 0
(F*(S)p —1 ""’_d :5F(p) de<—1 ),...,de _d

831]‘ » ayj » 831]‘ » 8%’ )

It follows immediately from Proposition [3.17| that de(% lp) = % |p(p) (note that the roles of x
J J

and y are reversed here from that Proposition). Hence

0

* \Yj _ _
(F P) (p) 5F(p) (9:10}

F(p) J

Finally, since y; = z; o F, we have dy; = (F~').(dz;), and so in total
| FeFdues =3 [ (FoR)w;0 Pt o F)(F)uldey)
M TSPy

Applying the measure theoretic change of variables formula, this becomes the right-hand-side of
(12.6)), thus proving (12.5)), concluding the proof. 0J

2.3. Haar Measure. We will now construct two smooth measures on each Lie group that are
invariant under (left and right) translations by group elements. These are the Haar measures
on the group. Appealing to Theorem [12.20} it suffices to construct a smooth density field with
appropriate invariance properties.

DEFINITION 12.25. Let G be a Lie group. Fix any non-zero density d. on its tangent space at
the identity T,.G. Define two functions

o | |T,G =Ry and 6" | | T,G - Ry

geG geG
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as follows: for g € G and Xy,...,Xq € T,G, the vectors dL,1|4(X1),...,dLs1|4(X4) and
dR;-1]4(X1),. .., dRy-1]4(Xq) are in T.G. Set

SH(X1, ., Xa) = 6. (dLy1|y(X0), .., dLy1 |y (Xa)
611 (X1, .., Xq) = 0c (dRy—1]4(X1), ..., dRy—114(Xq)) -
PROPOSITION 12.26. The functions 6, 6% in Definition |12.25|are smooth density fields on G.

PROOF. The proof here is very similar to the proof of Lemma [I2.22] with the added wrinkle
that the diffeomorphism /' being applied here is ' = L, or ' = R, which also depends on the
variable g of the putative density field. We will go through the details again, to prove that 6% is
a smooth density field; the proof for 6% is completely analogous. Let U C M be open, and let
Xi,..., X4 € Z(U) be a smooth local frame of vector fields. For each ¢ and j,

dLg114(X;(9))
is a vector in T,G; its action on a test function f € C*(G) is

[dLg—14(X1(g)I(f) = [X;(9)I(f © Lg1).
The two-variable function (g,h) — f o L,-1(h) = f(g~'h) is smooth, owing to the smoothness
of group multiplication, and the smoothness of f. A calculation in local coordinates then shows
that g — [X;(g)](f o Ly-1) is smooth on U (see the proof of Lemma [5.23). This shows that
dL,-1]4(X;(g)) are smooth T,G-valued functions. It follows that, for any basis {e;}{, of T.G,
the matrix-valued function
g — [ef(dl’g*ﬂg(Xj(g))]?,j:l

is smooth, and of full-rank for all g (since the X;(g) are a basis at each point, and dL,-1| is a linear
isomorphism for each ¢g). Thus, the absolute value of its determinant is a smooth function. Since
the chosen density d. has this form for some basis {e;} (cf. Lemma[12.15]and Remark [12.16), we
conclude that § satisfies the smoothness condition in Definition [12.17] of a smooth density field.
Hence, it remains to show that 5gL is a density on T, G for each g € G; but this is exactly proved in
the second half of the proof of Lemma[12.22] with F' = L, and p = e.

O

This finally brings us to the Haar measures.

THEOREM 12.27. Let G be a Lie group. There are smooth positive measures \* and \' on G
that are left and right translation invariant:

(L) N=XE and (R NF=)\' forall g€ G.

They are called the (left and right) Haar measures on G. Any two left Haar measures are scalar
multiples of each other, and the same holds for any two right Haar measures.

PROOF. We work with left Haar measure here; the case for right Haar measure is analogous.
Let 6” be a left-invariant density field on G, cf. Definition [12.25|and Proposition [12.26, By Propo-
sition [12.19] there is a unique smooth measure A\” = 152 on G corresponding to the density field
6%, If g € G, then since L, is a diffeomorphism of G, by the change of variables Theorem (12.24]

(Lg)*AL = (Lg)spsr = F(Lg):toL-
But §” was designed to be left-invariant. That is: since (L,)™' = L,-1, for any h € G and
Xi,..., X4 € TG, from Lemma [I2.22] we have

((Lg-1) 6"), (X1, Xa) = 001y (dLyg1 [n(X1), -, dLg-1]n(Xa)).
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By definition of %, this is equal to
Oe(dLg-1py-1]g-1h 0 ALy |n(X1), ..., dLig1py-1]|g-1h 0 dLg-1[n(Xa)).
By the chain rule,

dL(gflh)71|gflh o dLg—l |h = dLh—l 1p © dLgfl |h = d(Lh—lg o Lg*1)|h-

9|97

But L, 0 Ly = Ly, and s0 L1450 Ly—1 = Lj—1. The upshot is therefore that
((Lg-1)*0"), (X1,..., Xa) = 8e(dLp1[n(X1), . .., dLp-1]n(Xq)) = 6 (X1, ..., Xq).

That is: (L,-1)*6% = 0%, as expected. Thus (L,). A" = pse = A" as claimed.

Now, suppose p is another left-invariant smooth measure on GG. Since p is smooth, by Theorem
it has a smooth density, ;1 = pz for some smooth density field 0. By assumption s is left-
invariant, so (Lg),pu = p for any g € G. Again by the change of variables Theorem [12.24] 15 =
(Lg)sttz = by L, 1) By the bijective correspondence between smooth measures and densities, it

follows that 6 = (Lgfl)*g for all g € G. In particular, that means that, for X;,..., Xy € T,G,

6g( X1, .., Xa) = ((Lgfl)*S)g (X1, Xg) = 0g14(dLy—1(X1), . . ., dLy—1(Xa)).

In other words: 6 = 0 starting with a (potentially different) density 0. on T.G. But by Lemma
12.15} there is a constant ¢ so that 6. = ¢ - d., and backtracking, we find therefore that ;1 = ¢ - AL,
as claimed. U

REMARK 12.28. The proof above shows that there is a unique up to scale smooth left (resp.
right) Haar measure. It does not preclude the possibility that there could be another non-smooth
left- (resp. right-)invariant measure on the group. However, this is not the case, as the following
clever exercise due to Terry Tao demonstrates.

EXERCISE 12.28.1. Let A and v be two left-invariant measures on a Lie group (. Since
A < A\ + p, there is a Radon-Nikodym derivative [ = ﬁ. Show that 0 < f < 1, and use the
left-invariance of the measures (and some averaging) to prove that f is constant a.e. with respect

to A + p. Conclude that \ and j are proportional measures.

EXAMPLE 12.29. (1) On the additive Lie group R?, Lebesgue measure is the (unique up
to scale) left and right Haar measure. Note that it is an infinite measure.
(2) On the Lie group S', the (again bi-invariant) Haar measure is also given by Lebesgue
integration (wrapped around):

1 27 )
fd\ = —/ F(e?) do.
S1 27T 0

In this case, the measure is finite, and so it is customary to use the unique scaling that
makes it a probability measure.

As these two examples demonstrate, Haar measures may be finite or infinite; the distinction
exactly corresponds to whether the group is compact or not.

THEOREM 12.30. If G is a Lie group, then its (left and right) Haar measures are all finite if
and only if G is compact; otherwise, all Haar measures are infinite.
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PROOF. As constructed above, left and right Haar measures are smooth measures. Any smooth
measure on a compact manifold is finite (since the manifold may be covered by finitely many
charts, and the measure has a smooth density in each chart which can be shown to be bounded, e.g.
by the shrinking lemma).

Conversely, suppose G is not compact. Let U be a neighborhood of the identity with compact
closure, and let V' C U be an open neighborhood of the identity with the property that gh~! € U
whenever g, h € V. (The existence of such a neighborhood is a homework exercise.) Since U
is compact but G is not, no finite collection of left-translates of U can cover G. Thus, we can
inductively find a sequence ¢, g2, g3 . . . of points in G such that g,, ¢ |J in 95U

Claim. The left translates {g;V } jen are all disjoint. We prove this by contradiction: suppose
there are © < j with ¢,V N g;V # &. Hence there are u,v € V with g;u = g;v. But that
means g; = g;uv_'; by construction uv—! € U. This contradicts the construction of g; which is in
particular not in g;U.

Thus, if A" is a left Haar measure on (G, we have

AL (|_| gjv) = Z Mg V) = Z AH(V)

by left-invariance. Claim. A\“(V') > 0. To prove this, consider the set {hV: h € G} of all left
translates of V'; this clearly covers GG. By second-countability, there is a countable subcover, hence
there are {h;} € G with G = (J, h;V'. Hence

AH(G) < N (V) =) (V).

If \L(V) = 0, it then follows that A\X' = 0, contradicting the definition of Haar measure.
Hence, since \L(V) > 0, it follows that AL (| | ; 9;V') = co. The analogous argument shows the
same result for any right Haar measure. 0

In Example (12.29), the Haar measures were bi-invariant: both left- and right-translation in-
variant (evident in those cases, since the groups were abelian). This need not be the case: left Haar
measures need not be right Haar measures, and vice versa. They are, however, connected in a nice
way in general.

Suppose A is a right Haar measure on (. Fix any element ¢ € G, and consider the push-
forward (L) A% If f € C.(G), then

/fd((Lg)*)\R) :/ folL,d\ = / foL,d\".
G Lyl (@) G
Because \? is right invariant, for any i € G, A\® = (Ry},).A". Thus
/ foLyd\*= / foLyd((Rp) ) = / foLyoR,d\E.
G G G
Since the left and right actions commute, we then have
/ folL,oR,d\= / foRyoL,d\" = / foRud((Ly) ™).
G G G

Putting these statements together, we see that L, A" is another right-invariant measure. Because L,
is a diffeomorphism and \¥ is a smooth measure, (Lg)*)\R is also a smooth measure, cf. Theorem
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12.24] Hence, but the uniqueness of (smooth) right Haar measure up to scale, there is a positive
constant Ag(g) such that
Ly AT = Ag(g)\ " (12.7)

DEFINITION 12.31. The modular function of a Lie group G is the function Ag: G — R
defined as above: (L) A\ = Ag(g) A\ for any right Haar measure \". Stated alternatively: Ag
is characterized by the property

/ F(gh) AF(dh) = Ac(g) / FNAR),  for | e CuG).
G G

From here, it is easy to deduce that Ag(gh) = Aq(g9)Ac(h), and Ag(e) = 1; hence, A is a
group homomorphism from G to R ;.

A group is called unimodular if A = 1; this is equivalent to all Haar measures on GG being
bi-invariant.

Clearly all abelian Lie groups are unimodular. Another class of groups that are unimodular is
compact groups.

PROPOSITION 12.32. All compact Lie groups are unimodular.

PROOF. The modular function A is defined by (12.7). For any given g € G, evaluate this
equation applied to the whole group G:

Ac(9)AH(G) = (LyA™)(G) = M (Ly(G)) = N(G).

Since G is compact, A\*(G) is a positive, finite number; hence we can divide through by it to find

Hence, on compact Lie groups, we will usually refer to the Haar measure: it is both left and
right invariant, and it is unique when scaled to be a probability measure.

EXAMPLE 12.33. O(n,R) = F~%(1,) where F(A) = AAT is continuous; hence O(n,R) is
a closed subset of M, (R). Moreover, if Q € O(n,R), then n = Tr([,) = Tr(QQ"), and this
is equal to the sum of the squares of all matrix entries; i.e. the (squared) Hilbert—Schmidt norm,
which is the standard Euclidean norm on M,,(R). Thus O(n, R) is contained in the sphere of radius
v/n, which is compact. So O(n,R) is a closed subset of a compact set, and is hence a compact
Lie group. Thus it is unimodular. Analogous arguments apply to show the compactness of SO(n),

Sp(n), SU(n), and U(n).

There are other, non-abelian, non-compact Lie groups that are unimodular (e.g. GL(n, F) and
SL(n,F) for F € {R, C}). Later, we will see an explicit formula for the modular function on a Lie
group, with useful characterizations of unimodularity. A word of caution: subgroups of unimodular
groups need not be unimodular!

EXAMPLE 12.34. The affine group is the group of invertible affine transformations of R?; let’s
deal here with the case d = 1. That is, it is the set of functions R — R of the form 7'(z) = ax + b
for a # 0 and b € R. As a manifold it is diffeomorphic to R* x R; as a group it is a semidirect
product of these. Perhaps the easiest way to view it is as a matrix group:

{[8 11;@] :GGR\{O},beR}.

From this representation it is clear that the affine group is a Lie subgroup of SL(2,R), which is
unimodular. However, the affine group is not unimodular. This could be computed explicitly in
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this relatively simple case, but it would still take a page of calculations (first to compute the right
Haar measure in these global coordinates, then to compute the modular function). We will defer
this calculation until later, when we have studied the adjoint representations of Lie groups; we will
prove a general formula for the modular function.

3. Lie Algebras

A Lie group G is a manifold with extra structure: the structure of a group. This is reflected in
extra structure in the tangent spaces as well. This can be seen at the level of left-invariant vector
fields, which form a Lie algebra, whose definition we now recall from Section

DEFINITION 12.35. A Lie algebra is a vector space g equipped with an operation known as
the bracket [-,-|: g x g — g, satisfying the following properties (as spelled out in Proposition
4.21): fora,b € Rand X,Y, 7 € g,

(a) BILINEARITY:
l[aX +bY, Z] = a|X, Z] + b]Y, Z],
[Z,aX +bY] =alZ, X]|+D[Z,Y

—
[R—1

(b) ANTISYMMETRY:
(c) JACOBI IDENTITY:
X Y, 2]+ [V, [Z, X]| + [Z,[X, Y]] = 0.

EXAMPLE 12.36. (a) Any vector space can be made into a Lie algebra by setting [ X, Y] =
0 for all X, Y. Such a Lie algebra is called abelian.
(b) The Lie bracket of Section [5|makes 2" (M) into a(n infinite-dimensional) Lie algebra.
(c) Let o be an (associative) R-algebra. Then the commutator bracket [a,b] = ab — ba
defines a Lie algebra structure on 7.

We may now add another example to this list: the Lie bracket of vector fields makes 2 *(G)
into a Lie subalgebra of 27 (G).

PROPOSITION 12.37. Let X,Y € Z'L(QG) be left-invariant vector fields. Then [X,Y ] is also
left-invariant.

PROOF. This follows immediately from Corollary .23} for g € G, since L, is a diffeomor-
phism, and since (L,),X = X and (L,).Y =Y by assumption, we have

(L)« [X, Y] = [(Lg): X, (Ly). Y] = [X, Y].
Thus [X,Y] € 275(Q). O

This gives us the extra algebraic structure on 7,G: it is (up to its isomorphism with 2" %(G)) a
Lie algebra.

DEFINITION 12.38. Let G be a Lie group. Denote the Lie algebra of left-invariant vector fields
2 E(G) as Lie(G), the Lie algebra of G. Common notation is to use lower-case Fraktur letters:
Lie(G) =g, H=, etc.
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So the tangent space at the identity of any Lie group G has the structure Lie algebra. In order
to understand its Lie algebra structure, one in principle needs to identify 7,G with 2"%(G) and
take the bracket there. In practice, it is usually much easier to identify the bracket. To see how, we
must first develop some basic properties of Lie algebras, beginning with their homomorphisms.

DEFINITION 12.39. Let g,b be two Lie algebras. A linear map ¢: g — b is called a Lie
algebra homomorphism if

[D(X), 6(V)y = &([X, Yg)-

If ¢ is also a vector space isomorphism, we call it a Lie algebra isomorphism.

EXAMPLE 12.40. (a) If g, b are abelian Lie algebras, then any linear map between them
is a Lie algebra homomorphism.
(b) Let @7, % be a algebras, turned into Lie algebras via their commutator brackets. If
¢: o/ — A is an algebra homomorphism, then it is also a Lie algebra homomorphism:

[6(a), p(a')]z = d(a)d(a’) — ¢(a')¢(a) = d(ad’ — d'a) = ¢([a, a'].
Not all Lie algebra homomorphisms are of this form, as we will see.

When g is the Lie algebra of a Lie group G, then Lie group homomorphisms of G yield Lie
algebra homomorphisms of g, just by differentiating at the identity. To see how this works, we
first need the following lemma, which says that in the category of left-invariant vector fields, we
can push-forward by a Lie group homomorphism even if it is not a diffeomorphism.

LEMMA 12.41. Let G, H be Lie groups and F': G — H a Lie group homomorphism. For
every X € Lie(G), there is a unique Y € Lie(H) so that F-related to X : namely Y = dF.(X.).
We denote thisas Y = F,. X.

PROOF. If X and Y are F'-related then, by definition, Yr,) = ng(Xg) for any g € G;
since F'(e) = e, this shwos that Y, = dF.(X.). Thus, since Y, is left-invariant, it must be true

that Y = dF.(X.). So we need to verify that this vector field is, indeed, F' related to X. To
show this, we use the now familiar argument of differentiating the homomorphism property: since
F(Ly(g')) = F(g9') = F(9)F(¢") = Lpg)(F(g')), we have F o Ly = Lpg) o F, and so
dF od(Ly) = d(Lp) o dF.
Thus, for any point g € G,
dF(Xy) = dF(d(Lg)(Xc)) = d(Lpg))(dF (X)) = d(Lr)(Ye) = Yr(y

which shows that X and Y are F'-related, as claimed. O

So we can consider the push-forward F, X of any left-invariant vector field by a Lie group

homomorphism. In this context, Corollary still verifies that [F, X, F.Y] = F,[X,Y]. This
gives us the following.

PROPOSITION 12.42. Let G, H be Lie groups, and let F': G — H be a Lie group homomor-
phism. Then F,: Lie(G) — Lie(H) is a Lie algebra homomorphism.

PROOF. Since F is a linear map, we need only verify that it preserves the bracket, which is
the statement of Corollary U

REMARK 12.43. We will see later that, remarkably, the converse is true if G is simply con-
nected: in this case, any Lie algebra homomorphism Lie(G) — Lie(H) is of the form F, for a
unique Lie group homomorphism G — H.
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REMARK 12.44. Under the isomorphism \: T.G — 2°L(G), the map F, becomes simple
dF,. So the statement is that, viewing the Lie algebra as 7.G, differentiating any Lie group homo-
morphism at the identity yields a Lie algebra homomorphism.

Here are some elementary properties of induces Lie algebra homomorphisms. The proof is
simple and left to the reader.

PROPOSITION 12.45. Let G, H, K be Lie groups, and let F\: G — H and F5: H — K be Lie
group homomorphisms.
(@) (Idg)s: Lie(G) — Lie(G) is the identity map.
(b) (F2 ] Fl)* = (FQ)* o (Fl)*i Lle(G) — Lle(K)

Consequently, isomorphic Lie groups have isomorphic Lie algebras.

REMARK 12.46. Again, remarkably, the converse is true in the simply connected case: if G, H
are simply connected Lie groups and Lie(G) = Lie(H), then G = H. We will prove this later.

It follows that we can identify the Lie algebra of a subgroup of G as a Lie subalgebra of Lie(G).

COROLLARY 12.47. Let H C G be a Lie subgroup, and let .: H — G be the inclusion map.
There is a Lie subalgebra ) C Lie(QG) that is canonically isomorphic to Lie(H); it is given by

h =1 (Lie(H)) ={Y € Lie(G): Y, € T.H C T.G}.

PROOF. Since ¢ is a Lie group homomorphism, it follows that ¢,: Lie(H) — Lie(G) is a
Lie algebra homomorpism. Since the inclusion is an immersion (by definition of Lie subgroup),
L, 18 injective, and so its image b is linearly isomorphic to Lie(H); thus, as ¢, is a Lie algebra
homomorphism, it is a Lie algebra isomorphism. We therefore need only to verify the second
equality. Given X € Lie(H), to say that Y = ¢, X is to say that X, Y are (-related, meaning that
dup(Xp) = Y,y = Y. This is precisely how we identify T, H as a subspace of 7},G, and so it
follows that Y = (, X if and only if Y}, € T}, H for all h € H. At h = e, this yields the forward
inclusion: if Y € b, then Y, € T.H. Conversely, if Y, € T.H C T,G, this means there is a vector
X, € T H so that Y, = di.(X.). Now Y is left-invariant, so for h € H,

Yy = d(Lp)e(Ye) = d(Lp)e o die(Xe) = d(Lp o t)e(Xe).
For h € H, we may easily verify Ly ot = ¢ o L, as functions on G, and so
Yy, = d(vo Ly)e(X.) = dun(X)) = 0.X).

Since the vector field X is left-invariant, it is in Lie(H), and this shows Y € b. O

The Lie algebra of a Lie group G is the space of left-invariant vector fields on G. While this
makes the action of the bracket clear, it is a challenge to understand the actual space. On the other
hand, we have a linear isomorphism \: 7,G — Lie(G), so we would like to think of the Lie
algebra as the tangent space at the identity, which is an object we can easily understand. The trick
is then figuring out what A does to the Lie bracket. In most of the cases we are interested in, this is
not hard to understand. We begin with abelian groups.

PROPOSITION 12.48. Let G be an abelian Lie group: gh = hg for all g,h € G. Then the Lie
algebra Lie(G) is also abelian: [X,Y]| = 0 forall X,Y € Lie(G).
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PROOF. If G is abelian, then the map inv: G — G given by inv(g) = ¢! is actually a group
isomorphism. Thus, it induces a Lie algebra isomorphism inv,: Lie(G) — Lie(G). Recall that
inv, (X)) is the left-invariant extension of the vector dinv,.(X.). We can compute dinv, easily. In
the proof of Lemma|[I1.2] we showed that, for the multiplication map m: G x G — G,

dmgyh(Xg, Yh) = d(Rh)g(Xg) + d(Lg)h(Yh), Xg € TgG, Yh c ThG

At g = h = e, this says simply that dm ¢ (Xc,Y.) = X. + Y. for X,, Y, € T.G. Now, m o
(Id,inv): G — G is the constant map g — e, and so

0=d(mo (Id,inv)), = dme) o (Idz,¢, dinve).
That is, for X, € T.G,
0 = dmc) o (Idr,q, dinve)(Xe) = dmyee) o (Xe, dinve (X)) = X + dinv.(X,).

Thus dinv,.(X.) = —X.. It follows by linearity that inv, (X) = —X on Lie(G). We showed above
that this is therefore a Lie algebra isomorphism, meaning that

—[X,Y] =i, [X,)Y] = [inv, X, inv,Y] = [-X, -Y] = [X,Y].
Thus [X,Y] = 0forall X,Y € Lie(G). O
Most (and all interesting) Lie groups are not abelian, and likewise their Lie algebras won’t
be. In order to understand them better, we need to delve a little deeper into the structure of left-
invariant vector fields, and in particular their flows. But in the special case (which covers almost

all interesting examples) that the group is a matrix Lie group (i.e. a Lie subgroup of GL(n,R) or
GL(n, C)), the Lie bracket coincides with what one would expect.

PROPOSITION 12.49. Let F € {R, C}. The Lie algebra gl(n,F) of GL(n,F) is isomorphic to
M, (), equipped with its typical commutator Lie bracket [X,Y]| = XY — Y X.

This will follow from some general considerations in the next chapter, but the basic idea is a
simple computation and it will pay for future understanding to do it here directly.

PROOE. Since GL(n, F) is an open subset of M, (IF), the tangent space at the identity 7;GL(n, )
is canonically identified with T} M,,(F) = M, (F), cf. Proposition Our goal is to show that,
for X, Y € M, (IF), the associated left-invariant vector fields X, Y satisfy

[X,V];=XY —YX. (12.8)
To prove this, we recall the definition of X: for any A € GL(n, F),
X = dLa|1(X).
In other words: for f € C°°(GL(n, F)), the function X (f) is given by

(X)) (4) = Za(f) = dLals(X)(F) = X(f o La).

To evaluate this, we choose a smooth curve ax: R — GL(n,F) satisfying ax(0) = [ and
ax(0) = X. For any such curve, we have

d

foLaoax(t)= —| f(Aax(t)).

(X)) = X(7oLa) = 5 il

t=0
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We can now do this computation in local (in this case global) coordinates: the matrix entries A;;.
For the curve Aax(t) € GL(n,F) C M,(F),

AOé X Z Azk: Oé X
and so by ordinary multivariate calculus, we have

d
AaX ZAZk OéX ]kj = ZAszk] = (AX>U
k

.

Letting f denote the expression for f in coordinates as usual, we then apply multivariate calculus
to the full expression to find

of

f(Aax(t)) = [D(A)(AX) = 94,

(5(’( f)) (A) = % B (A)(AX)y;.

Now, we must evaluate Y (X (f))(I). For the moment denoting g = X (f), following the above
analysis we find that

PR =3 5

(A)Yom.

Combining, we have

Y = aj (8(?4]; (A)(AX)z‘j)

%,7,m,m

Yom.-
A=I

For the inside derivative, we apply the product rule:

0 (9f B a2f 0f 5
0o (aAiﬂ‘ (A)(AX)”> = 94,04, DA+ G (g, (A%

and expanding the matrix product we have

0
7 %y

Aikaj = Z5n25kak] - 5niij~
k

Altogether, then, we have

FENWD= Y (Mf?Tﬁmuxm + ai{; >6meJ>Y

©,7,m,m

=2 8AU8Anm X“Y”m+z ()Xo Yo (129

©,7,m,n ©,J,m

0A;;

and the second term is just the matrix product expansion of




3. LIE ALGEBRAS 193

Now, repeating all this to evaluate X (Y (f))(I) simply means reversing the roles of X and Y in
the computations. Note that the first term in (12.9) is manifestly symmetric in X and Y’; hence, in
the difference it will be canceled, and so we are left with

XY (M) =YX(HHU) = (XY =Y X),. (12.10)

]

This is precisely the local coordinate expression for XY — Y X interpreted as a derivation at /.

That is: if 5: R — GL(n,F) is a curve with 5(0) = I and 3(0) = XY — Y X, then viewing
XY —YX € M,(F) as a derivation at /, we have

d
(XY =YX)(f)= 2| foBl)
t=0
and computing this in local coordinates yields precisely (12.10]). This establishes the desired equal-
ity (12.8)), concluding the proof. U

Combining this result with Corollary [12.47| shows that all matrix Lie groups have matrix Lie
algebras (i.e. with bracket given by the commutator of matrices).

COROLLARY 12.50. Let G be a matrix Lie group: a Lie subgroup of GL(n,F) for somen € N
and F € {R, C}. then the Lie algebra of G is isomorphic to a Lie subalgebra of gl(n, F).

EXAMPLE 12.51. (1) The Lie group SL(n,F) is the regular level set det (1) of the
smooth map det: GL(n,F) — F. The tangent space at the identity, 7;SL(n, F), is then
identified with the subspace kerD(det); of M, (F) = T;GL(n,F). As we computed in
Example [11.5(3), D(det);(X) = Tr (X). Thus

sl(n,F) := Lie(SL(n, F)) = {X € M,(F): Tr (X) = 0}.

By Corollary sl(n,F) must be a Lie subalgebra of M, (F); i.e. it must be closed
under the commutator bracket. This is easy to show directly. Indeed: if X,Y are any
matrices in M,,(F), then Tr (XY —Y X) = 0 due to the cyclic trace property Tr (XY) =
Tr (Y X) and linearity of Tr. (This shows that sl(n, F) is actually an ideal in the larger
Lie algebra gl(n,F).)

(2) The Lie group O(n,TF) is the regular level set F'~*(I) where F(A) = AAT viewed as a
map from GL(n, F) to the vector space M¥™(IF) of symmetric (real or complex) matrices.
As computed in Example in the real case, DF;(X) = X + X ". Hence, the tangent
space at the identity, 77O (n, F), is identified with ker(DF;) = {X € M,(F): X' =
— X}, the space of skew-symmetric matrices. This is the Lie algebra of O(n, F):

o(n,F) ={X € M,(F): X" = -X}
where the Lie bracket is the usual commutator of matrices. As above, it follows from

Corollary [12.50| that this space is a Lie subalgebra of gl(n,F), and hence closed under
commutator bracket; this is also easy to see directly: if X T=—_XandY' =-Y,

X, Y]'=(XYy —vX)' =YX - X"y’
= (=Y)(=X) - (=X)(=Y) = —-[X,Y].
Now, consider the subgroup SO(n,F) C O(n,F), i.e. SO(n,F) = O(n,F) N SL(n,F). If

Q € O(n,F) then 1 = det(I) = det(QQ ") = det(Q)?, and so det Q = +1. Hence, we
can also express SO(n, F) = O(n,F) Ndet ' (B(1,1)) (where D(1, 1) is the open ball of
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radius 1 around 1 in F. Thus SO(n, ) is an open subset of O(n, ) which contains /, and
thus 7750(n, F) = TySO(n, F). As such, the two groups have the same Lie algebra:

so(n,F) = o(n,F).

This can also be seen on the Lie algebra side directly: since SO(n,[F) is the regular
level set of (F,det) at the value (I, 1), its tangent space at the identity is the kernel of
D(F,det); 1, which is the intersection of the kernels of DF} and D(det);: i.e.

so(n,F) ={X € M,(F): X" = -X}n{X € M,(F): Tr(X) =0}.

However: if XT = — X, for diagonal entries we have —X;; = (XT)jj = X7, and thus
all diagonal entires are 0. Hence, X € o(n, F) automatically implies that Tr (X)) = 0.

Very similar considerations show that the unitary group U(n) has Lie algebra
u(n) ={X € M,(C): X* =-X}

the skew-Hermitian matrices. In this case, SU(n) = U(n) N SL(n,C) is not an open
subgroup: as discussed in Exampled 5), SU(n) is a subgroup of codimension 1.
This can also be seen at the level of Lie algebras: following (2) above, we have

su(n) =u(n) N{X € M,(C): Tr(X) = 0}.
If X € u(n), then X* = —X and so the diagonal entries satisfie —X;; = (X*);; = Xj;

Ji 3j>
hence, they are purely imaginary. As such, the constraint 0 = Tr (X) = X1+ -+ X,
is a 1-dimensional constraint.

Recall the Heisenberg group H(n,F) = {I+T: T € M, (F) is strictly upper-triangular}.
It therefore has the global parametrization f: T, (F) — H(n, F) where T,,(IF) is the vector
space of strictly upper-triangular matrices and f(X) = I 4+ X. Then the tangent space at
I is identified with the image of D f;. Note that D f4(X) = X is the identity map for any
point A, and hence the Lie algebra of H(n,F) is just the space of strictly upper-triangular
matrices
b(n, F) = T, (F).

As the product of strictly upper triangular matrices is strictly upper-triangular, so is the
commutator, and hence we see directly (what already followed from Corollary [12.50|
above) that T, (IF) is closed under the commutator bracket.
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The Exponential Map

1. One-Parameter Subgroups

Let G be a Lie group. Let us begin by noting that left-invariant vector fields in 2%(G) are
necessarily complete.

LEMMA 13.1. Let X € Z2'L(G) be a left-invariant vector field. Then X is complete.

PROOF. Here we use the Uniform Time Lemma if there is a uniform interval (—¢, €) so
that the integral curve 09 of X starting at any point ¢ € G exists on (—¢, €), then X is actually
complete. Now, we assume that X is left-invariant, which means that X is L -related to itself. By
Lemma (naturality of flows), it follows that L, o §° is an integral curve of X starting at g,
and therefore is equal to #7. Thus, each integral curve is defined for at least the interval that 6° is
defined, which gives the uniformity, concluding the proof. 0

Hence, all left-invariant vector fields are complete, so their flows are global. The question is:
what do their maximal integral curves (which are defined for all time) look like? To answer this,
we define the following.

DEFINITION 13.2. Let G be a Lie group. A group homomorphism o: R — G (where R has
the usual additive Lie group structure) is called a one-parameter subgroup.

This is strange but universal terminology, as it means a one-parameter subgroup is not a sub-
group per se, although it will turn out that the image of such a homomorphism «(R) is a Lie
subgroup (isomorphic to either R, S', or {e}). To be clear: a one-parameter subgroup is a smooth
map a: R — G with the properties that «(0) = e and

a(s)a(t) = a(s + t), s,t € R.
Our main theorem is that these are the (maximal) integral curves of left-invariant vector fields.

THEOREM 13.3. Let GG be a Lie group. If a: R — G is a one-parameter subgroup, then it is
the maximal integral curve of the left-invariant vector field which is equal to &.(0) at e. Conversely,
if X € ZL(G) = Lie(G) is any left-invariant vector field, then its maximal integral curve starting
at e is a one-parameter subgroup.

PROOF. First, suppose « is a one-parameter subgroup. As it is a Lie group homomorphism,
there is an induced Lie algebra homomorphism a: Lie(R) — Lie(G). Note that the vector field
4 ¢ 2 (R) is left-invariant. Define X = c. (%), which is by definition in Lie(G). We will show
that X is the infinitesimal generator of . Indeed, by definition (cf. Lemma and Proposition
12.42), X = a, (<) is the unique left-invariant vector field on G that is a-related to <, meaning

dt dt’
) = Xa (tO) .
t=to

that, for each 5 € R,

. d
Oé(to) = dOétO (E

195
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That is precisely to say that « is an integral curve of X; and since it is defined for all time, it is
maximal.

Conversely, suppose X € 2'L(G), and let « be its maximal integral curve starting at e. By
Lemma « is defined on all of R. Since X is left-invariant, it is L -related to itself, and as in
the proof of the afore-mentioned lemma, by naturality of flows, it follows that L, o « is also an
integral curve of X. Apply this with g = «a(s) for some s € R; then ¢ — «(s)a(t) is an integral
curve of X starting at a(s). But the Translation Lemmal[5.7] t — «(t + s) is also an integral curve
starting at «(s), and so it follows that a(s + t) = «a(s)«(t). Together with the fact that a(0) = e,
this shows « is indeed a one-parameter subgroup. U

Given X € Lie((), we denote the corresponding integral curve starting at e as the one-
parameter subgroup generated by X. This gives us a correspondence

T.G = Lie(G) = {one-parameter subgroups of G'}.

EXAMPLE 13.4. Let G = GL(n,F) where F € {R,C}. The collection of all Lie group
homomorphisms «: R — G is well-known in this case. Note that, since G is an open submanifold
of the vector space M, (F), we have global coordinates (the matrix entries) to work with, so we
can differentiate in the classical way. Thus, holding ¢ fixed, and differentiating with respect to s,
the group homomorphism property (s + t) = a(s)a(t) yields &(s + t) = &(s)a(t). Now taking
s = 0, this gives the ODE

a(t) = a(0)a(t).
By the uniqueness of solutions to ODEs, we need only find a solution to this equation with a/(0) =
I,,, then we know it is the solution. As with the case n = 1, this is just given by the exponential
map: for A € M, (FF), we define as usual

1
A k
e’ = E —k!A.
k=0

Note that M, (F) is a Banach space under the operator norm, and since ||[AB| < | Al/||B|l, it
follows that

DA < X Al
k=t k=¢

This is the ¢-up-to-m segment of the infinite series for the real number e/, and since that series
converges, the right-hand-side tends to 0 as ¢, m — oo. Thus, the series of partial sums is Cauchy,
and since ML, () is complete, the series converges.

What’s more, let €(t) = 4. That is

The same argument above shows that this power-series converges uniformly on compact ¢-sets,
and so it follows that it is differentiable and its derivative is given term-by-term:

) =L ktkt k — k! k-1 — 1 ¢ tA
=1 =1 =0

In particular, this means that the unique solution of &(t) = &(0)«(t) with «(0) = [, and &(0) = A
is a(t) = e't. We now must verify that this indeed is a one-parameter group (we only checked
above that if there is a one-parameter group then it must satisfy this ODE).
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First note that €(0) = I,, by definition. Also, the proof that e(s + t) = €(s)e(t) is exactly
the same as the standard power-series proof of this fact for n = 1. In particular, this means that
I, = e(t —t) = €(t)e(—t), which shows that €(¢) is invertible, with inverse ¢(—t). Thus, € is a
one-parameter subgroup. Moreover, we have therefore characterized all one-parameter subgroups
of GL(n, F): they are all functions of the form ¢(t) = ¢' for some A € M,,(F).

Finally, note that invertible matrices form a dense open subset of M, (F), so the tangent space
T.GL(n,TF) is (up to the usual inclusion identification) equal to M, (F). Thus, for any left-invariant
vector field X € Lie(GL(n,F)), its initial vector X, is a matrix in M, (F). Thus, the one-parameter
group generated by X is simply a(t) = etXe,

Example [13.4] actually shows us what all one-parameter subgroups look like in all linear Lie
groups (Lie subgroups of GL(n, F)), due to the following general lemma.

LEMMA 13.5. Let G be a Lie group, and let H C G be a Lie subgroup. The one-parameter
subgroups of H are precisely those one-parameter subgroups « of G for which &(0) € T H.

PROOF. First, suppose .: R — H is a one-parameter subgroup of H. Then the composition
RS H— G

is a Lie group homomorphism and so is a one-parameter subgroup of (G, which clearly satisfies
a(0) e T.H.

Conversely, suppose « is a one-parameter subgroup of G which happens to satisfy &(0) € T, H.
Let & be the one-parameter subgroup of H with &(0) = ¢(0). Again, we can compose with the
inclusion map into GG, and then view « as a one-parameter subgroup of G; but it has the same initial
velocity vector as «, and since both are maximal integral curves of the left-invariant vector field on
G which is equal to ¢(0) at e (cf. Theorem [13.3), it follows that they are equal. Thus, « actually
takes values in H, and is a one-parameter subgroup of H. 0

EXAMPLE 13.6. Consider the Lie group O(n,R), which is the I,-level set of the function
F(A) = AAT. By Proposition the tangent space 77, O(n,R) (viewed now as a subspace of
T, M, (R) = M, (R) since O(n, R) is an embedded submanifold of M, (R)) is equal to ker(dF},) ).
As we’ve computed, dF; (H) = H + H', and so T;,0(n,R) = {H € M,(R): H" = —H}
(the so-called skew-symmetric matrices). Thus, by Lemma the one-parameter subgroups of
O(n,R) are all of the form ¢ — e for some skew-symmetric H. In particular, this shows that
every matrix of the form e with H' = —H is in fact orthogonal. (This is easy to see directly
from the fact that (¢”)T = e# ' ; thus (ef) L = e H = e#' = (¢H)T))

2. The Exponential Map

In light of Example and Lemma [13.5] at least in linear Lie groups G C GL(n,R), all
one-parameter groups are of the form ¢ — e for some A € T,G C M,,(R). We therefore borrow
the terminology exponential map to refer to one-parameter groups in general.

DEFINITION 13.7. Let G be a Lie group. Define a map exp: Lie(G) — G, called the expo-
nential map of G, as follows: for X € Lie(G), let ax be the one-parameter subgroup generated
by X. Then

exp(X) = ax(1).

That is: exp(X) is the value of the maximal integral curve of X starting at e at time 1.
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It might make sense to denote the exponential map by exp, as it in principle depends on G, but
this added notation is universally left out. As we will see in the following propositions, it makes
good sense to call this an exponential map in general. To begin, we note that, as in the linear case,
exp maps the line {tX : ¢t € R} in Lie(G) to the one-parameter subgroup generated by X.

PROPOSITION 13.8. Let G be a Lie group. For any X € Lie(G), a(s) = expsX is the
one-parameter subgroup generated by X.

PROOF. Let a: R — G be the one parameter subgroup generated by X, i.e. the maximal
integral curve of X starting at e. By the Dilation Lemma(5.6] for any fixed s # 0 the dilated curve
a(t) = a(st) is the integral curve of sX starting at e, and so by definition

exp sX = as(1) = afs).
U

Let us now summarize and prove all the major results about the exponential map that we will
use.

THEOREM 13.9. Let G be a Lie group. Denote by Lie(G) the Lie algebra of left-invariant
vector fields as usual, and let g denote T,G.

(a) The exponential map exp: Lie(G) — G is smooth (giving Lie(G) the standard smooth
structure of a vector space — i.e. identifying it with g).

(b) For X € Lie(G) and s,t € R, exp(s +1)X = expsX exptX.

(c) Forany X € Lie(Q), (exp X)™! = exp(—X).

(d) Forany X € Lie(G) and any n € Z, (exp X)" = exp(nX).

(e) Identifying TyLie(G) = g, the differential dexp,,: ToLie(G) — g is the identity map.

(f) The exponential map restricts to a diffeomorphism from some neighborhood of 0 in Lie(G)
onto a neighborhood of e in G.

(g) If H is another Lie group and F: G — H is a Lie group homomorphism, then with
F.: Lie(G) — Lie(H) the corresponding Lie algebra homomorphism, we have exp oF, =
F'oexp, i.e. the following diagram commutes:

Lie(G) ——= Lie(H)

exp l/ l exp

G H

(h) The flow 0% of X € Lie(Q) is given by 0¥ = Rexpix; i.e. 0X(g) = gexptX.

PROOF. The only part here that is a little tricky is (a). We need to show that exp X = 0x(1,¢)
depends smoothly on X. This does not follow directly from the Fundamental Theorem on Flows
(Theorem [5.15)), but we can reduce it to be so-covered with the following trick. Define a vector
field = on G x Lie(G) as follows:

Eg’X = (Xg, 0) € TgG D TxLie(G) = T(g7X)<G X Lle(G))

In fact, = € 2 (G x Lie(G)) (it is smooth), which we can see as follows. Choose any basis
X1,..., X, for Lie(@); then we have global coordinates (z7) for Lie(G) (where the point (z7)
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specifies the vector field Z?Zl 27 X;). Let (y') be a coordinate chart for G, and let f € C>*(G x
Lie(G)). Letx = (z!,...,2") and y = (y',...,y"). Then we have

(Ef)(x,y) = chj X;f(x.y)

where X; only differentiates f in the y-directions. As X; are smooth vector fields, this is a smooth
function, and so it follows that = is smooth. Let © denote the flow of =; it is easy to check that

®t(97 X) = (QX(t7 9)7 X)
By Theorem[5.15] © is smooth. Thus its component functions are smooth, and this shows that
X—=expX =0%(1,e) =1 00;(e, X)

is smooth, as claimed (here 7;: G x Lie(G) — G is the projection onto the first factor). This
proves (a).

Since exptX = ax(t) where ax is the one parameter group generated by X (cf. Proposi-
tion [13.8)), it follows from the group homomorphism property that exp(s + t)X = ax(s +t) =
ax(s)ax(t) = expsX exptX, proving (b); (¢) and (d) follow immediately. For (e), fix X €
Lie(G), and let o(t) = tX be the straight line curve in Lie(G); then ¢(0) = X. Thus, again by
Proposition |13.8] we have

d

dexpy(X) = dexpy(6(0)) = & expoo()

dt

exptX = dax(0) = X.

t=0 t=0

Part (f) now follows immediately from (e) and the inverse function theorem.

For part (g), we actually show the (nominally) stronger property that exp(tF, X) = F(exptX)
for all t € R. By Proposition t — exp(tF.X) is the one-parameter subgroup generated by
F.X; so it suffices to show that 3(t) = F(exptX) is a Lie algebra homomorphism R — H with
B(0) = (F.X).. That it is a Lie group homomorphism follows from (b): /3 is the composition
of t — exptX which is a Lie group homomorphism R — G, and the Lie group homomorphism
F: G — H. The initial velocity can be computed thus:

) d
B(0) = pn F(exth):dFe<E
t=0

exp tX) =dF.(X,) = (F.X).
=0
as claimed.

Finally, for part (h), since X is left invariant, it follows that for any ¢ € G and any integral
curve a of X, Lyav is also an integral curve of X. Thus ¢t — L, exptX is the integral curve of X
starting at g, meaning L, exptX = 6~ (t, g). Thus

Rexthg = geXth = Lg exptX = QX(t7g> = 05(9)
as claimed. O

REMARK 13.10. It is very important to realize that Theorem does not imply that exp (X +
Y) = exp(X) exp(Y') for any two vector fields X, Y € Lie(G). This generally only happens when
[X,Y] =0, as we will soon see.
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3. The Adjoint Maps

Let GG be a Lie group. For any ¢ € G, we have the associated left-action of GG on itself by
conjugation:
Cy: G— G, Cy(h)=ghg"

The map C is a Lie group homomorphism from G to itself (it is an inner automorphism). It thus
induces a Lie algebra homomorphism (C,).: Lie(G) — Lie(G). This is called the Adjoint map:

Ad, = (Cy): Lie(G) — Lie(G).

Since C, is a group isomorphism, Ad, is a Lie algebra isomorphism. In particular, Ad, is a linear
isomorphism. In other words, for each g, Ad, € GL(Lie(G)). We canonically identify Lie(G)
with g = TG, and this makes GL(Lie(G)) into a Lie group in its own right. So we have a map

Ad: G — GL(Lie(G))
where Ad(g) = Ad,. In fact, this is a Lie group homomorphism.

PROPOSITION 13.11. For any Lie group G, the Adjoint map Ad: G — GL(Lie(G)) is a Lie
group homomorphism.

PROOF. First note that C,,,,(h) = g1g2h(g192)™" = gig2hgs ‘97" = C,y o C,y(h); thus
Cy,9, = Cy, 0 C,,. It then follows that

Adg,g, = (ngz)* = (Cg1 © ng)* = (091)* o (ng)* = Ady, o Ady,.

Since C, = Idg, we also have Ad, = Idp(), and hence Ad is a group homomorphism from G
into GL(Lie(G)). (The inverse of Ad, is, of course, Ad,-1.) Hence, to complete the proof, we
need only show that Ad is smooth.

Let C: G x G — G be the two-variable conjugation map C(g, h) = ghg™" (so C, = C(g, ).
Let X € Lie(G) and g € G. By definition, X = £|,_gexptX, and so we have

d
CylexptX) = —| C(g,exptX) = dC,.(0,X,).

(Ad,X) i,

©dt,,
As C' is smooth, this depends smoothly on both g and X (as can readily be seen in local coor-
dinates). Thus, the left-translation of it, which is (by definition) Ad,X, is also smooth in g and
X.

Now, choose a basis {X1,...,X,} for Lie(G), and let {A4, ..., A,} be the dual basis. Then
for any linear operator A € End(Lie(G)), its matrix entries in terms of the basis { X1, ..., X, } are
Al = N (AX;). This gives global coordinates on GL(Lie(G)), and in these coordinates, the above
computation shows that the matrix entries of Ad, are

[Adg]g = Aj<Angi)
are smooth functions of g, concluding the proof. U

Thus, since Ad: G — GL(Lie(G)) is a Lie group homomorphism, it too induces a Lie alge-
bra homomorphism Ad,: Lie(G) — Lie (GL(Lie(G))). The codomain is a complicated looking
space, but we will simplify it by invoking the canonical identification of Lie(H) with T, H which,
in this direction, is just given by X +— X_.. Note that the tangent space 7.GL(V) is precisely the
full space of endomorphisms of V/, which is usually denoted gl(1/).
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DEFINITION 13.12. The adjoint map ad: Lie(G) — gl(Lie(G)) is the induced Lie algebra
homomorphism composed with the evaluation map at the identity: ad(X) = (Ad.(X)),. In other
words: ad(X) is the left invariant vector field whose value at e is (dAd).(X.).

Thus, for each X € Lie(G), ad(X) is an endomorphism of Lie(G): itis a linear map Lie(G) —
Lie(G). In fact, it is a familiar one.

THEOREM 13.13. For any Lie group G and any X € Lie(G), the linear operator ad(X) on
Lie(G) is given by
ad(X)Y = [X,Y].

PROOF. Since 4|,_gexptX = X,, we have
d d
(dAd)o(X)Y = —| Ad(exptX)|Y = —| (Ad(exptX)Y). (13.1)

dt|,_, dt|,_,

Now, Ad(g) = (C,)., and Cy(h) = ghg™" = R,-1 o Ly(h), thus Ad(g) = (Ry-1)s« o (Ly)s-

Applying this with g = exp tX (and so g~! = exp(—t X)) gives, at the identity,

(Ad(exptX)Y), = d(Rexp(-1x)) © d(Lexptx)(Ye) = d(Rexp(—tx)) Yexprx)
where the last equality follows from the left-invariance of Y. Now, as shown in Theorem h),
the flow 6% of X is given by 0¥ = Ry, +x, and so we have

(Ad(exptX)Y), = d(6%,)(Ypx c))-

Thus,
d
(ad(X)Y)e = | d(62)(Yox (o) = (Lx(Y))e,
t=0
i.e. it is the Lie derivative, cf. Definition The result now follows from Proposition [5.24}
(ad(X)Y). = [X, Y], and since both ad(X)Y and [X, Y] are left-invariant, this concludes the
proof. U

So, what have we gained? We have recast the bracket on Lie(G) in terms of a complicated
second derivative ad: Lie(G) — gl(Lie(G)). That might seem counterproductive; but, in fact, it
allows us to finally see what the bracket really looks like when though of as an operation not on
Lie(G) but on T.G — at least in the case of a matrix group G.

THEOREM 13.14. Let G C GL(n,R) be a matrix Lie group. Then g = T.G is a subspace of
M, (R). We identify g — Lie(G) in the usual way A — A. Then for A, B € g,

—_——

[A’ B]Lie(G) = [A7 B]g[(n)
That is: the Lie bracket on the tangent space g is the commutator bracket of matrices.

REMARK 13.15. The same thing holds for complex matrix Lie groups, since we can view
GL(n,C) as a Lie subgroup of GL(2n, R), cf. Example|[11.16(2).

PROOF. First note that it suffices to prove the theorem for the group GL(n,R) itself, by
Corollary We now proceed to compute the Ad and ad maps directly on GL(n,R). Fix
g € GL(n,R). Then C,: GL(n,R) — GL(n, R) is the restriction of the same map C,: M, (R) —
M., (R) to the open subset GL(n, R). Note that the map C,,(A) = gAg " is linear in A € M, (R).
Consequently, the differential of C is the map itself:

(AC,).(A) = gAg ™.
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Thus, Ad(g) is the linear operator on Lie(GL(n, R)) given by
Adg(g) = g/frg__/l :

Now, we use (T3.1). Let X = Aand Y = B for A, B € gl(n). Then exp(tX) = ¢, and so We
have

Ad(exptX)Y = Ad(e'!))B = ¢4 Be—tA
and so

tA T —tA
= — e Be ",
dt|,_,

We now use regular calculus: applying the product rule,
d d d
% (etABeftA) _ (%etA) BeftA + etAB (%etA) — AetABeftA + etAB<_A)€ftA'
Setting t = 0 yields AB — BA, and so we have
(ad(X)Y). = AB — BA.

Combining this with Theorem [13.13] we have [Z, E]e = AB — BA, and using left-invariance of
[A, B] yields the result. O

(ad(X)Y).

Henceforth, especially when dealing with matrix Lie groups, we will de-emphasize the distinc-
tion between the Lie algebra Lie(G) and the tangent space T.G = g at the identity; the Lie bracket
is easy to understand on g, as it is always just the commutator bracket of matrices. Hence, we may
be imprecise and refer to g as the Lie algebra of G

Before we continue, let’s point out a few properties of the Ad and ad maps that were hidden in
the preceding proofs.

COROLLARY 13.16. Let G be a Lie group, and let X € Lie(G). Then Ad(exp X) = exp(aﬁ)/().

—~——

PROOF. Since ad(X) = Ad.(X), this follows immediately from Theorem|13.9(g). O

COROLLARY 13.17. Let G C GL(n,R) be a matrix Lie group, and let g C M,,(R) be its Lie
algebra. Then forany A € gand any g € G, gAg~! € g

PROOF. We computed above that gAg~—' = (dC,).(A) which is, by definition, a vector in
Tog(e)G =T.G =g. ]

EXAMPLE 13.18. Let G = SL(n,R). This is the 1-level set of the Lie group homomorphism
det: GL(n,R) — R*, and so its Lie algebra / tangent space at the identity sl(n, R) is ker((d det).).
As we computed in Example 3), (ddet).(A) = Tr A, and so

sl(n,R) = {4 € M,(R): Tr A = 0}.
Now, if g € G (in fact if ¢ is any invertible matrix whatsoever), and A € sl(n, R), we have
Tr(gAg™") = Tr(¢g7'gA) = TrA=0

and so indeed gAg~' € sl(n,R). Also, note that Tr [A, B] = Tr(AB — BA) = Tr(AB) —
Tr (BA) = 0 by the trace property, for any matrices A, B; so, indeed, sl(n, R) is closed under the
commutator bracket, making into a Lie algebra; as we saw above, it is the Lie algebra of SL(n, R).
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EXAMPLE 13.19. Let G = O(n,R) = O(n). Then the Lie algebra / tangent space at the
identity is o(n) = {A € M,(R): A+ AT = 0}. We can compute directly that if A, B € o(n),
then

[A,B]" = (AB—-BA)" =BTAT —A"B"
= (=B)(=A) — (—A)(—=B) = BA— AB = —(AB — BA) = —[A, B|

so [A4, B] € o(n), making o(n) into a Lie algebra (and it is the Lie algebra of O(n)). Note that
SO(n) has the same Lie algebra, as it is the identity component of O(n). Also note that we can
check again directly that, for any ) € O(n) and any A € o(n),

(QAQ™T = (QAQ") =QATQ" = -QAQ",
and so indeed QAQ™! € o(n).

EXAMPLE 13.20. Consider the Lie groups U(n) and SU(n). Then the Lie algebra of U(n) is
u(n) = {A € M,,(C): A*+ A = 0}, and calculations like those above confirm directly that this is
closed under the commutator bracket. Now, the subgroup SU(n) actually has (real) codimension
1, since the determinant of a generic matrix in U(n) is a unit modulus complex number, not just
+1. At the level of Lie algebras, this is reflected in the fact that SU(n) is the level set of the pair
of functions A — (AA*,det A) = (I, 1), and so the tangent space is the kernel of this map which
is the intersection of the two kernels: su(n) = {A*+ A =0} N {Tr A = 0}. In the real case, the
condition AT + A = 0 implies that Tr A = 0, but this is not so in the complex case (the diagonal
entries of a skew-Hermitian A € u(n) can be any purely imaginary numbers).

4. Normal Subgroups and Ideals

Recall that a subgroup H C G of a group G is called normal if it is closed under conjugation
by elements of G: gHg™! C H for all g € G. These are the “best” subgroups: the kernel of any
group homomorphism is a normal subgroup, and conversely, every normal subgroup is the kernel
of a group homomorphism: namely the projection 7: G — G/H (highlighting the fact that normal
subgroups are the only ones for which the quotient G/ H has a group structure).

There is an analogous concept for Lie algebras; as we will see, the connection is more than
nominal in the case of Lie groups.

DEFINITION 13.21. Let g be a Lie algebra. A linear subspace J C g is called an ideal if, for
every X € JandY € g, [X,Y] €.

For example, let g = gl(n,F) for F € {R,C}, and let 3 C g be the linear space of matrices
X satisfying Tr X = 0 (thatis: J = sl(n,F)). If Y € gl(n,F) is any matrix, then Tr ([X,Y]) =
Tr (XY — Y X) = 0; so J is an ideal. Note that any ideal is a Lie subalgebra by definition.

PROPOSITION 13.22. Let g be a Lie algebra. If by is another Lie algebra, and ¢: g — b is
a Lie algebra homomorphism, then ker ¢ is an ideal in g. Conversely, if J is an ideal in g, then
there is a unique Lie algebra structure on the quotient vector space g/J for which the projection
7: g — g/J is a Lie algebra homomorphism. Consequently, any ideal is the kernel of a Lie algebra
homomorphism (namely 7).

PROOF. Let X € ker¢ and Y € g. Since ¢ is a Lie algebra homomorphism, we have

P([X,Y]) = [o(X), o(Y)] = [0, (Y)] = 0,
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and so [ X, Y] € ker ¢ as well, proving that ker ¢ is an ideal.

Now, suppose J is an ideal. We wish to define a Lie bracket on g/J so that the projection 7
is a homomorphism. It is clear that there is a unique way to do this: for X,Y € g, we must have
[7(X), 7(Y)] = 7([X,Y]). We must check that this is well-defined. Suppose that 7(X) = 7(X"’)
and 7(Y) =7(Y'). Thus X' = X + Zand Y’ =Y + W where Z,W € J. Thus

X' Y| =[X+ZY +W|=[X,Y]+ X, W]+ [Z, Y]+ [Z, W]

Since Jisanideal, [X, W] € J,[Z,Y]| = —[Y,Z] € J,and [Z, W] € TJ; thus [ X' Y'|-[X,Y] € 7,
so ([X",Y"]) = n(|X,Y]), showing this bracket is well-defined. It is easy to check that it is a Lie
bracket.

Finally, by design 7 is a Lie algebra homomorphism. Since ker m = 7J, this shows J is the
kernel of a Lie algebra homomorphism. U

Now, suppose G is a Lie group and H C (' is a Lie subgroup. If both are connected, we will
see that normality of H is equivalent to its Lie algebra being an ideal in Lie(G). First, we note
that, to test normality from the definition, it suffices to do so on group elements in the image of the
exponential map (which generates the group, since it is an open neighborhood of the identity in a

connected group, cf. Proposition c).

LEMMA 13.23. Let GG be a connected Lie group, and let H C G be a connected Lie subgroup.
Then H is normal in G iff for all X € Lie(G) and Y € Lie(H),

exp(X)exp(Y)exp(—X) € H. (13.2)

PROOF. Since exp(—X) = exp(X)~!, if H is normal then by definition of normality.
Conversely, suppose holds. Let V' C Lie(G) be a neighborhood of 0 such that exp; is a
diffeomorphism from V onto U = exp. (V). Now, since H is a Lie subgroup, exp;; = exp |z (by
Theorem [13.9(g)), and so applying the same argument and shrinking V' if necessary, without loss
of generality expy; is a diffeomorphism from V' N Lie(H) onto a neighborhood Uj of the identity
in H. Shrinking V' further if necessary, we may assume it is symmetric: X € V iff - X € V.
Then (13.2)) says that ghg~' € H whenever g € U and h € U,.

Now, as H is connected, Proposition @Kc) shows that U, generates H. Thus, any element
h € H may be written in the form ~ = h; - - - h,,, for some hq, ..., h,, € Uy, and so we have, for
any g € U,

ghg™ = ghi - g™ = (glug™") -~ (ghmg™") € H.
Similarly, as G is connected, Proposition[I1.12(c) shows that U generates G. Thus, any g € G may
be written as g = ¢; - - - g with gy, ..., g, € U. Now, for any h € H, we’ve seen that ghg™' € H
for g € U; thus, if g1, go € U then gohgy* € H and therefore (g192)h(9192) ™ = g1(g2hgs gyt €
H. Proceeding by induction, we see that ghg~! € H for any g € G, concluding the proof that H
is normal. O

Before connecting ideals in Lie(G) with normal subgroups of GG, we need one more lemma:
we can use the exponential map to identify a Lie subalgebra (this will be useful in the next section
as well).

LEMMA 13.24. Let G be a Lie group, and let H C G be a Lie subgroup. With Lie(H)
considered as a subalgebra of Lie(G) as in Corollary

Lie(H) = {X € Lie(G): exptX € H forallt € R}.
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PROOF. By the characterization of Lie(H) C Lie(G) in Corollary we simply need to
establish that
exptX € Hforall te R <«— X, e€T.H.
If X, € T.H, then exptX € H forall t € R by Lemmal|I3.5] Conversely, if exptX € H for all
t, then the map ¢t — exp t.X is a smooth map R — H, and thus X, = 4 exptX € T, H. O

dt |t:0
THEOREM 13.25. Let G be a Lie connected group, and let H be a connected Lie subgroup.
Then H is normal in G if and only if Lie(H) is an ideal in Lie(G).

PROOF. For any g € G, recall that Ad(g): Lie(G) — Lie(G) is the Lie algebra homomor-
phism induced by the conjugation group homomorphism Cy; thus, by Theorem [13.9(g), the fol-
lowing diagram commutes

Lle(G) Adlg) Lie(G)
exp lexp
G G

g

SoexpoAd(g) = Cyoexp. Let Y € Lie(H ), and apply this with ¢ = exp X for some X € Lie(G);
thus

exp (Ad(exp X)Y) = Cexpx(expY) = exp X exp Y exp(—X).
On the other hand, by Corollary [13.16] we have

Ad(exp X)Y = exp(adX)Y

Now adX acts on the matrix Lie algebra Lie(GL(Lie(G))), and so the exponential map can be
identified as the matrix exponential of the evaluation at the identity:

N . > 1
(adX)Y = ey =3~ H(adX)kY.

Now, assume Lie(H) is an ideal in Lie(G). Then [X,Y] € Lie(H), and therefore (adX)?Y =
ad(X)([X,Y]) = [X,[X,Y]] € Lie(H), and so forth by induction we find that (adX)*Y €
Lie(H). Thus, we see that

— 1
exp X exp Y exp(—X) = Ad(exp X )Y = exp( adX Z k:_ (adX)*Y € Lie(H).
k=0

By Lemma |13.23] it follows that / is normal in G.
Conversely, suppose H is normal in G. Let X € Lie(G) and Y € Lie(H); then Lemma|13.23
shows that, for any s,¢ € R,

exptX exp sY exp(—tX) € H.
Applying the same reasoning as above we can express this in terms of Ad as
H > exp(Ad(exptX)sY) = exp(sAd(exptX)Y)

where we have used the fact that Ad(exp¢X) is a linear operator on Lie(G). Hence, the vector
field Z = Ad(exptX)Y in Lie(G) satisfies exp sZ € H for all s € R; it follows from Lemma
13.24{that Z € Lie(H). This holds true for all ¢ € R, and so we also have

X,V] = ad(X)y = 4

o Ad(exptX)Y € Lie(H).

t=0
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This shows that Lie(H) is an ideal.



CHAPTER 14

The Baker-Campbell-Hausdorff Formula

Let g be a Lie algebra, and let X, Y € g. Unless [X, Y] = 0, it is not true that exp(X +Y) =
exp(X) exp(Y). This is, however, true “to first order.” The Baker-Campbell-Hausdorff formula is
a general expression for log(exp(X) exp(Y')) that, amazingly, is expressed entirely in terms of the
Lie bracket. That is: if GG is a Lie group, then at least on a neighborhood of the identity where exp
is a diffeomorphism, the group operation can be expressed entirely in terms of the Lie bracket on
Lie(G). This fact has many important consequences that we will explore.

REMARK 14.1. As we’ll see below, the work of Baker, Campbell, and Hausdorff in the late
19th and early 20th Century did not give an explicit formula, but rather showed that one exists:
that there is a way to express log(exp(X) exp(Y')) entirely in terms of brackets, and brackets of
brackets, etc. of X, Y. The first explicit formula was given by Dynkin in 1947. For this reason,
many people call it the Baker-Campbell-Hausdorff-Dynkin formula.

1. First-Order Terms and the Lie-Trotter Product Formula
We begin with the lowest-order terms in the Baker-Campbell-Hausdorff formula.

PROPOSITION 14.2. Let G be a Lie group. Then for any X,Y € Lie(QG), there is some ¢ > 0
and a smooth function Z : (—¢, €) — Lie(G) so that

exp(tX) exp(tY) = exp(t(X +Y) +t2Z(t)), |t] <e.

PROOF. By Theorem f), there are neighborhoods U of 0 in Lie(G) and V of e in G so
that exp is a diffeomorphism from U onto V. Let 3(t) = exp(tX) exp(tY'); then 5(0) = e € V.
Since V' is open and /3 is continuous, there is some € > 0 so that 5(¢) in V for all |t| < e. Thus, we
may define v: (—¢, €) — Lie(G) by

Y(t) = exp™!(B(t)) = exp™ (exp(tX) exp(tY)), [t] <e,
and this defines a smooth function. By definition v(0) = 0, and
exp(tX)exp(tY) = expy(t), |[t| <e.

We now calculate the first-order Taylor expansion of 7. Since it is smooth, Taylor’s theorem with
integral remainder (Theorem[0.9) shows that () = 0+ ¢7/(0) + t2Z(t) for some smooth function
Z, so to conclude the proof we need only compute '(0). By the inverse function theorem,

o d d
7'(0) = (dexpy) T exp(tX)exp(tY) = -

because d exp, = Id by Theorem e). Continuing, using the multiplication map m,

exp(tX) exp(tY)

t=0

t=0

d d d

Y(0) = —| m(exp(tX),exp(tY)) =dmee | —| exp(tX), —| exp(tY) ) =dm;(X,Y).
dt|,_, Tdt |, dt{,_, ’

We have computed that dm. ) (X,Y) = X + Y, and this concludes the proof. O

207
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REMARK 14.3. There is nothing sophisticated going on here, just Taylor’s theorem. We can
easily go further and compute higher-order terms: if you do that up to order 4, you can compute
that

t? t3
(1) = t(X +Y) + S[X Y]+ XX Y]+ Y [V, X)) + O,

The amazing fact is that all the terms can be expressed as iterated brackets of X and Y (this is not
at all clear from Taylor’s theorem). We will address this later in the section.

COROLLARY 14.4. Let G be a Lie group. For X,Y € Lie(G), t € R,

t t "
lim ((exp —X> <exp —Y)) =expt(X +Y).
n—00 n n

This is called the Lie product formula, or the Lie-Trotter product formula. It was proved by
Lie (in a less rigorous sense) in the 19th Century; this formula was extended to the context of some
unbounded operators on Hilbert space by Trotter in the 1950s.

PROOF. By Proposition there is some ¢ > 0 and a smooth function Z: (—¢, €) — Lie(G)
so that exp(sX ) exp(sY') = exp(s(X+Y)+s*Z(s)) for |s| < e. Forany ¢ € R, for all sufficiently
large n, || < ¢, and so

(o) (s £7) - (L 074 2 (1))

Taking nth powers on both sides and using Theorem [13.9(d), this gives

(o) (s 3)) e (051 £2(2)).

As Z is continuous at 0, as n — oo, Z(t/n) — Z(0), and so multiplying by ¢?/n sends this term
to 0, completing the proof. 0

2. The Closed Subgroup Theorem

We have seen (Lemma|[IT.11|and Proposition [I[T.12)) that the group structure of a Lie subgroup
imposes strong geometric requirements: for example, an open subgroup is also closed. The main
theorem of this section is the ultimate result of this variety: it turns out that it is impossible for any
subgroup of a Lie group to be closed unless it is an embedded Lie subgroup.

THEOREM 14.5 (Closed Subgroup Theorem). Suppose G is a Lie group, and H C G is a
subgroup that is closed in G. Then H is an embedded Lie subgroup.

We will prove the theorem in a sequence of lemmas. First, note by Lemma it suffices to
show that H is an embedded submanifold. To do this, we will find slice charts for H, and to do this
we will identify what the tangent spaces of of the subgroup are. Using left multiplication, it suffices
to find the tangent space at e, and so we begin by determining what subspace of g = Lie(G) is
actually the Lie algebra of H.

We are motivated here by Lemma [13.24] which identifies the Lie algebra of a known Lie
subgroup in terms of the image of the exponential map. That will be our definition here. Define
h C g as follows:

h={X €g: exptX € H forallt € R}.

LEMMA 14.6. The subset iy C Lie(QG) is a linear subspace.
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PROOF. It is not clear from the definition that § is even a subspace; it follows trivially from
the definition that b is closed under scalar multiplication, but closure under addition is not so clear.
This is where the Lie product formula of Corollary comes into play. For any fixed ¢ € R, if
X,Y € b then, by definition, exp(+X) and exp(+Y') are in H for all n € Z. Thus

t t
n n

t t n
((exp —X) (exp —Y)) € H foranyt e R.
n n

Thus, taking limits, since H is closed, it follows from the Lie product formula that exp t(X +Y) €
H aswell. Thus X +Y € bh. U

We will eventually show that this subspace b is Lie(H). En route, we first establish that the
exponential map (of GG) is, when restricted to a neighborhood of 0 in b, a diffeomorphism onto a
neighborhood of e in H. Of course, to say it is a diffeomorphism already implies we have a smooth
structure, and so we will use this to help define the smooth structure.

We need one small technical result before we proceed.

LEMMA 14.7. Let G be a Lie group and let g = Lie(G). Let ) C g be a linear subspace, and
let b be a complementary subspace (so g = b @ b). The map ®: g — G defined by

P:hpbs3 X +Y —expXexpV

is a diffeomorphism from some neighborhood of 0 in g onto its image.

PROOF. First note that ® is well-defined: we may write itas ® = do Y where: g=hdb —
f x b is the linear isomorphism X + Y — (X,Y), and ®(X,Y) = exp X expY. It therefore

suffices to show that ® restricts to a diffeomorphism from some neighborhood of (0,0) € h x b
into its image in G. We can compute that

B 0,0)(X,Y) = dmyee)(dexpy(X), dexpy(Y)) = dmg(X,Y) = X + Y.

The image of dZIv)(O,O) isin g = h @ b, and so composing with the linear isomorphism ¢~ we have

Yp~to dcf(o’o) = Idyyp. Thus, d®g = ¢t o dci(o’o) o 1) is a linear isomorphism, and the result
follows from the inverse function theorem. O

Now, let U C g be a neighborhood of 0 such that exp: U — exp(U) C G is a diffeomorphism.
Since exp(h) C H, it follows that exp(U N'h) C (expU) N H. In fact, for small enough U, this
containment is an equality. (This shows exp is a homeomorphism from U N h onto (exp U) N h.)

PROPOSITION 14.8. There is an open neighborhood U of 0 € g such that exp(U N'h) =
(expU) N H.

PROOF. As noted above, the forward containment is clear from the definitions. We will prove
the reverse containment holds for all small enough U by contradiction. Assume there is no neigh-
borhood U of 0 such that exp is a diffeomorphism from U to its image and (expU) N H C
exp(U Nh).

Choose a subspace b C g complementary to h, and define (X +Y) = exp X expY as in
Lemma [[4.7] By that lemma, shrinking if necessary, we can find a neighborhood U, of 0 € g so
that exp |y, and ®|y, are diffeomorphisms onto their images.

Now, let {U;} be a sequence of open balls in g whose radii converge to 0. Then let V; =
exp(U;), and U; = ®~1(V};). For all sufficiently large j, U; C Uj. Now to our contradiction
argument: our assumption implies that for all large j there is some h; € (exp U;) N H such that
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h; ¢ exp(U; N'h). In particular, this means h; = exp Z; for some Z; € U;. Now, exp(U;) =
®(U;) by definition, and therefore there is also some pair (X;,Y;) € U; C bh & b such that
h; = exp X expY;. If Y; were 0, this would mean exp Z; = expX; € exp(h); but exp is
injective on U; C Uy, which would mean X; = Z; € U; N b, contradicting our assumption that
h; ¢ exp(U; N'b). Thus Y; # 0. But since (X, X;) € U; = &~ 0 exp(U;) and the radius of U;
tends to 0, it follows by continuity that ¥; — 0 as 7 — oo. Note also that exp X; € exp(h) C H,
and therefore exp Y; = (exp X;)"'h; € H as well.

Now, choose any norm || - || on b, and let ¢; = ||Y}||; then ¢; — 0 as j — oo, but ¢; # 0.
Now Y /c; is in the unit sphere in the finite-dimensional normed space (b, || - ||), which is compact,
and thus there is a subsequence that converges; reindexing, wlog we have some limit Y € b with
Y| = 1sothatY;/c; — Y as j — oo. In particular, Y # 0. We will now show that Y € b; since
b and b are complementary, this is a contradiction.

To see that Y € b, let ¢ € R, and for each j let n; = [t/c;| € Z; in particular, |n; — tc;| < 1.
This means that |n;c; — t| < ¢; — 0, and so njc; — t. Thus

Y.
n;Yj = (njc;)—= — tY

J

and by continuity we have expn;Y; — exptY. Note that expn;Y; = (expY;)"™, and since
expY; € H, it follows that expn;Y; € H. As H is a closed subgroup, the limit exptY =
lim; . expn;Y; € H as well. Thus exptY € H forall t € R, which means Y € §. This gives us
the desired contradiction, and concludes the proof. OJ

We are now ready to prove the theorem.

PROOF OF THE CLOSED SUBGROUP THEOREM. Choose a linear isomorphism E: g — R"
such that £(h) = RF x {0}. Let U be a neighborhood as in Proposition Then the composite
map ¢ = Eoexp™!: expU — R" is a smooth chart for G, and ¢ ((expU) N H) = E(U Nb)
is the slice chart obtained by setting the last n — k coordinates in ¢ to 0. This gives us a slice
chart for points near e, but we can translate in the group to do the same at any point: if h € H,
Ly, is a diffeomorphism from exp U onto a neighborhood of 4 in G, and since H is a subgroup,
L,(H) = H. Thus

L, ((expU)NH) = Lp(expU)NH

and so ¢ o L; ! is a slice chart for H in a neighborhood of h. It follows that H is an embedded
submanifold, concluding the proof. U

Let us also note that there is a (much simpler) converse: embedded Lie subgroups are always
closed.

PROPOSITION 14.9. Let G br a Lie group, and suppose H C G is an embedded Lie subgroup.
Then H is closed in G.

PROOF. Let H denote the closure of H in G, and let g € H. Let (h,,) be a sequence in H with
h, — g. Let U be a neighborhood of ¢ in G that is the domain for a slice chart for H, and shrink
U a little to a neighborhood W containing e so that W C U. There exists a neighborhood V of e
in G so that, for all g1, g0 € V, g1g, ' € W (this is an assigned homework exercise [3, Problem
7-6]). Note that h,g~* — e, and thus for all large n h,,g~' € V. Then for such large n, m,

hhy, = (hag™")(ghy') = (hng ") (hmg™ ")~ € W.
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Sending n — oo and using continuity of the multiplication map shows that gh, ! = lim, h,h ! €
W c U. Since U is a slice chart, and H N U is a slice, it is closed in U, and therefore gh;n1 c H
for all large m. But h,,, € H, and so g € H. Thus H is closed. O

Thus, it is impossible to have a Lie subgroup that is the interior of a manifold with boundary
in the ambient Lie group. If a Lie subgroup is not closed, then it is not embedded. For example,
the image of the one parameter group a(t) = (e*™ e2™) for ¢ € R\ Q is a Lie subgroup of T?
which is dense, but not all of T2. Note that the closure is all of T?, which is of course embedded.
That is our final (immediate) corollary to the closed subgroup theorem.

COROLLARY 14.10. If H is any Lie subgroup of G, then the closure H of H in G is an
embedded Lie subgroup.

PROOF. By the closed subgroup theorem, we simply need to show that H is a subgroup. But
this follows by continuity of the multiplication map: if g, » € H, let (g,), (h,) be sequences in H
with g, — g and h,, — h. Then H > g,h, — gh, and so gh € H. Thus, H is a subgroup, and it
is closed, thus it is an embedded Lie subgroup. U

3. The Heisenberg Group: a Case Study

Recall the Heisenberg Group H(n, R) of Example 7), consisting of matrices in M, (R) of
the form I + 7" where T’ is strictly upper-triangular. To be concrete, let us take n = 3, so

1
H3,R) =< | 0 ca,b,cER V. (14.1)
0

O = Q
= SO

as an embedded submanifold its tangent space is

Since H(3,R) is an affine subspace of M3(R),
h(3,R)

simply the strictly upper triangular matrices

h(3,R) = tu,v,w € R

o O O
S O R
o ©

It follows from Theorem 13.13|that this subspace must be closed under the commutator bracket; it
is an easy (and illustrative) calculation to see it directly:

0 rr 21 0 Ty X9 0 Ty 29 0 r1 21 0 0 1Yz — T2Y1
00 v |00 w|=l0o0w|]l0oo0o wl=|00 0
0 0 O 0 0 O 0 0 O 0 0 O 0 0 0

and this is certainly in h(3, R). We can frame this another way. Notice that the linear space h(3, R)
is 3-dimensional, spanned by the three vectors X = Fi5, Y = Fb3, and Z = Fs33. Then the
statement that h(3,R) is closed under the bracket means that all brackets of these three vectors
must be linear combinations of them. In fact, the preceding calculation shows that

X,Y]=2, [X,Z]=[Y,Z]=0. (14.2)

In particular, this shows that, as a Lie algebra, h(3, R) is generated by the two-element set { X, Y'}.
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Now, consider the exponential map exp: h(3,R) — H(3,R). As this is a matrix Lie group, we
know that it is simply given by matrix exponentiation, and this is easy to compute from the power
series. Indeed, we have

0z 2]° 0 0 zxy 0z 2]°
00yl =loo o], |0o0yl| =0
0 0 O 0 0 O 00 0

Thus, for any W € h(3,R), Wk = 0 for k > 3, and thus

=1 1
eXpW:ZEWk=]+W—I—§W2.
k=0

Explicitly, this means

0 =z =z 0 =z =z 1100 ay 1L o z2+%
exp| 0O 0 vy |=I+|0 0y +§ 00 0 |=1]01 Y
0 0 0 0 0 0 00 O 0 0 1

From here, we can see explicitly that:
PROPOSITION 14.11. The exponential map exp: h(3,R) — H(3,R) is a diffeomorphism.

PROOF. This is simply a matter of solving equations. Given any element g € H(3,R) (given
in the form (14.1))), we need to find a unique W € h(3,R) with exp W = g¢. That is:

1 a ¢ 0 =z =z 1 =z z—i—%
01 b|l=exp| 00 y|=1]01 Y
0 0 1 0 00 00 1

Immediately we see that we must have x = a and y = b, which shows that z = ¢ — 9”2—?’ =c— %b
This is a real number, and so indeed there is a unique solution W for each g. What’s more, note
that the expression for exp™! is a polynomial in the entries of the matrix, and so it is smooth,

concluding the proof. U

Because the form of the exponential map is so simple in this example, we can hope to fully
understand all the terms in this Baker-Campbell-Hausdorff formula, and indeed that is the case.
We could fool around directly with power series, but since we will use this example to motivate
the general case, we want to work directly with Lie algebraic terms. To that end, we note from
(T4.2) that h(3, R) has the property that all second- and higher-order commutators vanish (that is:
(X, [X,Y]] = [X, Z] = 0, etc.) When this happens, the Baker-Campbell-Hausdorff formula takes
a very simple form.

PROPOSITION 14.12. Let X,Y € M, (R) be elements that commute with their commutator:
X, [X, Y]] = [Y.[X,Y]] = 0. Then

1
o XY — XHYHEIXY]
PROOF. We introduce a parameter ¢ € R scaling X and Y, so that the desired conclusion
becomes

2
2
X ptY _ otX Y +S[XY]
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By assumption, [X, Y] commutes with X and Y, and so it commutes with X +Y"; thus, the standard
power-series approach to exponentials shows that

2 2
6tX+tY+ 5 [X,Y] 6t(X+Y)6 5 [X,Y}'

Hence, the desired property is equivalent to the statement that
At) = X Y T IXY] . pt(XHY) = B(t).

Note that the two functions A, B: R — M, are smooth. Our strategy to prove they are equal is
to show that they both satisfy the same ODE with the same initial condition; by Theorem [0.22(2)
(the uniqueness part of the Picard-Lindelof Theorem), it then follows that A = B.

We begin with the right-hand-side B(t) which is the one-parameter subgroup generated by
X +Y; thus, it satisfies the ODE

B(t)=Bt)(X+Y), B(0)=1I.
Moving to the left-hand-side, we apply the product rule to find that
At) = X X et o= 1KY + XYy e T IOY] _ ptX Y o 1Y) [(X,Y].
Since Y commutes with [X, Y], it also commutes with all powers of [X, Y], and therefore with

2
7%[X7Y};

e hence, the last two terms maybe written as

XY T XYIY 41X Y]) = A(E)(Y — ¢[X,Y]). (14.3)

For the first term, we must commute X past e*¥. To do this, we involve the adjoint map, following

Corollary [13.16}
XetY — GtYG_tYXBtY — etYAd(e—tY)X _ thead(_ty)X — the_tad(Y)X.

Recall that ad(Y) X = [V, X]. Since [Y, [V, X]] = —[Y,[X, Y]] = 0, we therefore have ad(Y)?*X =
0, and so ad(Y)*X = 0 for & > 2. Thus, expanding the power-series,

e VX — X —tad(Y)X = X —t[Y, X] = X +t[X,Y].
So, finally, the first term in A(t) is
2 2
X (X +t[X,Y])e 7Y = X Vo= 5OV X LX) Y]) = A() (X +t[X,Y]) (14.4)

where the last equalities result from commuting X + ¢[X, Y] past e‘ép@y], valid since X and
[X, Y] both commute with [ X, Y]. Combining (14.3) and (14.4) yields
Alt) = A)(X +Y)

which is the same ODE satisfied by B. Since the initial condition is again A(0) = I, we now
conclude that A(t) = B(t) forall t € R. O

Thus, since any two vectors in h(3, R) satisfy the conditions of Proposition ({14.12} it follows
that the Baker-Campbell-Hausdorff formula for the Heisenberg group can be stated thus.

COROLLARY 14.13 (the Baker-Campbell-Hausdorff Formula for H(3,R)). For any X,Y €
h(3,R), the exponential map exp: h(3,R) — H(3,R) satisfies

t2
exptXexptY = exp (t(X+Y)+§[X,Y]> , t € R.
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REMARK 14.14. Note: the X, Y in this corollary do not refer only to the basis elements X =
Epand Y = Fy3in h(3,R) as in (14.2)), but rather to any two elements.

This points the way to how we will prove the Baker-Campbell-Hausdorff formula in general:
by solving ODE:s. To that end, we will need a formula for the differential of the exponential map;
as noted above, it will involve that adjoint map. That is the goal of the next section.

Before we get there, we will complete the story of the Heisenberg group’s connection to its
Lie algebra by proving the Lie correspondence in this example. Recall from Proposition [12.42]
that, if H, G are two Lie groups and F': H — G is a Lie group homomorphism, it induces a Lie
algebra homomorphism F,: Lie(H) — Lie(G). If we canonically identify Lie(H) = T.H = h
and Lie(G) = T.G = g, then the induced map F, becomes dF.: h — g.

The question is: can we reverse this process? Given a Lie algebra homomorphism ¢: h — g,
is there a (unique) Lie group homomorphism F' so that dF, = ¢? (Spoiler alert: the answer, in
general, is no.) To get a sense of what this /" might look like, we refer back to Theorem [I3.9(g),
which asserts (in this language) that exp, odF, = F' o expy. This, of course, does not uniquely
specift £ in terms of dF,, except in the special case when exp;; happens to be invertible.

THEOREM 14.15. Let G be a matrix Lie group, with Lie algebra g, and let ¢ H(3,R) — gbea
Lie algebra homomorphism. Then F' = expg, ogboexpﬁ(l3 R) is the unique Lie group homomorphism

F: H(3,R) — G such that dF, = ¢.

Thus, there is an exact correspondence between Lie group homomorphisms from H(3, R) to
some matrix Lie group, and Lie algebra homomorphisms from h(3, R) to its Lie algebra.

PROOF. By Proposition[T4.TT} expy s g is a diffeomorphism, so F'is well-defined and smooth.
Since dexp, = 1d, it is easy to check that dF, = ¢. So what remains to see is that F' is indeed a
group homomorphism. This is where the BCH formula comes into play. Fix g, h € H(3,R); then
there are unique X,Y € h(3,R) so that g = exp X and h = exp Y. Thus

F(gh) = F(expXexpY) = F(exp(X + Y + 1[X,Y])) = exp(¢(X + Y + J[X,Y]))
by Corollary [14.13|and the definition of F'. Now ¢ is a Lie algebra homomorphism, and so
X +Y + 3[X,Y]) = ¢(X) + ¢(Y) + 3[6(X), 6(Y))).

Now, since X, Y € h(3,R), they both commute with their commutators. Since ¢ is a Lie algebra
homomorphism, it follows that ¢(X) and ¢(Y") also commute with their commutators. Thus, by
Proposition [14.12] it follows that

exp(¢(X)+(Y)+3[6(X), 6(Y)]) = exp(¢(X)) exp(¢(Y)) = F(exp X)F(expY) = F(g) F(h).
This shows that F'is a group homomorphism, completing the proof. U

The point is: the BCH formula expresses exp~*(exp X exp Y') entirely in terms of Lie algebraic
operations, and so we may pass ¢ through to give a Lie group homomorphism, modulo the well-
definedness of exp~!. That is the general way in which the BCH formula will be used; the question
of how to make sense of exp~! in general is a topology question we will tackle after we have proved
the full BCH formula.
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4. The Differential of the Exponential Map

We have already seen, and used repeatedly, the fact that d exp, = Id. We will presently need
the differential of the exponential map at an arbitrary point of the Lie algebra, not just 0.

THEOREM 14.16. Let G be a Lie group, and let exp: Lie(G) — G be the exponential map.
Then for any X € Lie(G),

1
dexpy = (Lepr)*/ e tadX gy, (14.5)
0

To be clear: adX : Lie(G) — Lie(G) is the linear operator ad X (Y') = [X,Y]; we may take
the usual matrix exponential of this operator, and moreover (as we are in finite dimensions) there
is nothing fancy about integrating an operator-valued function. To be clear, for any Y € Lie(G),

1 1
(/ e‘tadxdt) (V) = / e 184Xy dt.
0 0

This is then followed by the linear operator (Lexp x )« : Lie(G) — Lie(G). If we are identifying
Lie(G) with T,G as usual, then this should read dLeyp x| instead of (Lexp x )

Before we prove the theorem (preceded by a few lemmas needed in the calculation), let’s first
expand the integral as a power series instead. In general, if A is any linear operator on a finite
dimensional vector space, we can integrate the exponential power series term-by-term, and we get

! tA — (—A)F - A*
/Oe— dt:Z%/o t’“dt=2(—1)’“<k+1)!.

k=0 k=0

We might choose to write the function of ad X in (14.5) in this way instead of as the integral; they
are equivalent. Another somewhat incorrect way that it is often written is as follows. Suppose that
a € C* is a nonzero (i.e. invertible) complex number. Then

1 _
1—e
/e_tadt: .
0 a

It then follows using functional calculus that, if A is an invertible operator,

1 I — —A
/ At = ATHI — e = ¢
0 A

This only makes sense if A is invertible, but the above formulas (as a power series or integral) are
often used to give meaning to this expression even when A is not invertible:

A e =3 A /le_tAdt.

k=0

In particular, (14.5)) is often written in the form

J — e—adX

adX

This does not make literal sense, since adX is never invertible: ker(adX) > X which is nonzero
unless X = 0 in which case ad X = ad0 = 0 is certainly not invertible. Nevertheless, this is the
way you will often see it written.

The following limit will be needed in the computation of the differential of exp.

dexpy = (exp X ).
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LEMMA 14.17. Let A be a linear operator on a finite dimensional vector space V. Then

1 ¢ !
lim — e~ MM = e A dt.
s 25
=0
PROOF. Rewriting the left-hand side as the limit of
m—1
¢ 1
I
m
=0
we recognize this as a Riemann sum for the stated integal, with partition {0, %, %, -, 1} of

constant width % and left-end-point evaluations. Thus, the result is merely the statement that

t — e~ is Riemann integrable on [0, 1] (which is immediate from its continuity).
O

We will also need a generalization of the iterated product rule.

LEMMA 14.18. Let M be a manifold and let G be a Lie group. Let Fy, F5: M — G be smooth
maps, and define F(p) = Fi(p) - Fa(p) to be the product. Then
dF, = dLp )| () © dF2lp + dRpy ) 71 () © A -

PROOF. We write ' as F' = m o (F}, F3); then by the chain rule
dFp(X) = dmp ), Fa(p)) © d(F1, F2)p(X) = dmp, ), ma(p)) (dF1[p X, dF[pX)
Now, in the proof of Lemma|11.2, we saw that dm, ;,(Y, Z) = dRy|4(Y) +dL,|,(Z); in the present
case, this means
dFy(X) = dRp,)| () © dF1[pX + dLE ()| o) © dF2[pX.
O
COROLLARY 14.19. Let M be a manifold and let G be a Lie group. Let n > 2 be an integer,

let Fy,...,F,: M — G be smooth maps, and define F (p) = Fi(p) --- F,,(p) to be the product.
Then

dF, = Z dLFl(p)~-Fk_1(p)|Fk(p)--~Fn(p) 0 dRp, ., (p)--Fu(p) |Fk(p) o dFy|p. (14.6)
k=1

It may be easier to read what (14.6)) says if we write it in terms of the tangent map without evalua-
tion at basepoints explicit:

dF = Z dLF1~~-Fk_1 o) dRFk+1"'Fn O dFk
k=1
Also, since Ly, = L, o L, while Ry, = Rj o Ry, we can apply the chain rule and express this
instead as

alF:z:dLF1 o---odLp, ,0odRp,0---0dRp,,, odFy.
k=1

This is the generalization of the iterated product rule for functions taking values in a real algebra
(such as M, (R)), where

d(F1-"Fn):ZFr“quOdFkOFkH-“Fn.
k=1
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Indeed, in the case that G is a matrix Lie group, since L,: G — G is the restriction of the linear
map A — gA on M, (R), its derivative is given by dL,(X) = ¢X (at any point), and so (14.6)
matches this more elementary product rule. The proof of Corollary [[4.19]is a simple induction on
Lemma|[14.18] and is left to the (bored) reader.

We now stand ready to prove Theorem[14.16]

PROOF OF THEOREM [14.16] Fix XY € Lie(G). We will use the linear curve «(t) = X +tY
which passes through X at ¢ = 0 and satisfies ¢(0) = Y. Then
d

dexpx(Y) = —

o exp(X +tY).

t=0

d
expa(t) = pr

t=0

oot )= (o (X 12))"

We now apply the iterated product rule of Corollary [I4.19] which yields that
il (0 G
exp| — +t—
=0 m o m
()
exp| — +t— .
-0 m m

dt
= d
= Z dLexp(X/ertY/m)k’_1 ‘tzO © dRexp(X/m+tY/m)m_’C |t:0 %
()
exp | — +t— .
+=0 m m

k=1
We also use the linearity of the

Now, for any m € N,

We now reindex ¢ = m — k, giving

m—1
d
Z dLexp(X/m)mféfl 9] dRexp(X/m)Z (a
=0

From the chain rule, d Ly, x/m)

m—t=1 :dLexp(X/m)m_1 odLexp(X/m)_Z '

d X
— exp <— + tY))
=0 m

1
dLexp(x/mym1 | — D ALy /myt © dResp(x/my: ( y
=0

Now, set ¢ = exp(X/m)~"; then dL, o dR,~1 = dC, and (under the standard identification of
Lie(G) with T.G) this is the definition of Ad(g). Also using the fact that Ad is a homomorphism,

this gives
1 m—1 , d X
dexpx (V) = dLeg(xjmpnr © — 3 Ad(exp(=X/m)) ( =/ exp(—+tY ) ).
t=0

=0

inside derivative in Y/m to give
m—1

But

_adX

Ad(exp(=X/m)) = XXM — =5
So, all together, we have for any m € N
X
exp (— + tY)) .
t=0 m

m—1
1 _aax\ ¢ [ d
doal?) =il o 3 () (
We now take the limit as m — oo. First, for the inside derivative, by smoothness we may take m —
oo inside, which just gives us % li=o exp(tY) = Y. The normalized sum converges to fol e~ tdX q¢
by Lemmal|l4. 17L Finally, exp mT_lX converges to exp X, and under the standard identification of

Lie(@) with T.G, (Leyp x )« is identified with d L, x|.; this concludes the proof. O
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Let us conclude by combining with the chain rule to state the following version of Theorem
the proof is immediate.

COROLLARY 14.20. Let G be a Lie group, and let s — X (s) be a smooth curve in Lie(G).
Then
X

d | taax(s
gmmwﬂ%mmﬁe““$“

5. The Baker-Campbell-Hausdorff(-Poincaré-Dynkin) formula

We can now state an integral form of the Baker-Campbell-Hausdorff formula. We need a
certain holomorphic function. First, let log z denote the standard branch of the complex logarithm.
If we restrict it to the disk |z — 1| < 1, it has the convergent power series

log z = Z (_i)n(z -1

n=1

Now, define

log z
9(2) = 1_1

which is then manifestly holomorphic on the annulus 0 < |z — 1| < 1. In fact, 1 is a removable
singularity: by I’Hdpital’s rule,

4 Nog 2 1
. 1 dz T z
iole) =lm+ -y =g =1

Thus, ¢ is actually holomorphic on the disk |z — 1| < 1, and so it has a convergent power series

g(z) = Zgn(z - |z—-1 < 1L
n=0

We will return to the power series coefficients g,, later in this section; for now it is good enough to
know they exist.

We can then use holomorphic functional calculus to define g(A) for any linear operator A on a
finite dimensional vector space with operator norm satisfying || A — [|| < 1; it is defined simply as
the power series

g(A) = galA =D

We may now state the first form of the Baker-Campbell-Hausdorff formula, which is due to
Poincaré.

THEOREM 14.21 (Baker-Campbell-Hausdorff-Poincaré Formula). Let G be a Lie group, with
Lie algebra g. There is an open neighborhood U of 0 € g so that, forall X,Y € U,

1
exp X expY = exp <X +/ g(e* e ) (V) dt) : (14.7)
0
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This is an admittedly awful formula, and no one could reasonably use it to actually compute
with. Rather, its use is in its form: it manifestly expresses the product exp X exp Y as the expo-
nential of something built explicitly out of the Lie algebraic objects ad X and adY . Thus, it shows
that, near 0 € g at least, the group operation on G is completely determined by the Lie bracket on

g.

PROOF. We know that exp is a diffeomorphism on some neighborhood Uj of 0 € g; thus, we
can choose a neighborhood U so that, for all X, Y € U; and ¢ € [0, 1], the element exp X exp tY
is in exp(Up), and thus there is a unique element Z(t) € U, with exp Z(t) = exp X exptY.
Moreover, as exp is a diffeomorphism on Uy, Z is a smooth function of ¢ € [0, 1]. Our goal is to
compute Z(1); since Z is a smooth function, we can compute this as

1 1
d d
Z(1) = 2(0) + / Lyt = x + / L war.
o dt o dt
Thus, it bhooves us to calculate the derivative of Z(¢). Now, on the one hand, by definition we
have
d d d
7 exp Z(t) = 7 exp X exptY = dLeprE exptY = dLexp x © dLexpry (V)
where we have used the product rule of Lemma|14.18] and the definition of exptY" as the integral
curve of the left-invariant vector field Y. By the chain rule, and the fact that Ly, = L, o Ly, we
can write this as d Leyp X expty (Y) = dLexp z1)Y', and so we have

d
dLexp(-z() 7y exp Z(t) =Y.

On the other hand, by Corollary [14.20, we have

d b d
dLexp(fZ(t)) % exp Z(t) = /O\ e sadZ(t) %Z(t) ds.

That is, if we let h(z) = fl

o € Fds = % (with a removable singularity at z = 0), then

h(adZ(t))%Z(t) —Y.

Now h(0) = 1so h(A) is invertible for all sufficiently small operators A. Shrinking U, if necessary,
we may assume that X, Y are small enough to make adZ(t) small enough (for all ¢ € [0, 1]) that

h(adZ(t)) is invertible. That is:
%Z(t) = h(adZ(t))"'Y.

It remains to see that h(adZ(t))~! has the desired form. We use the relationship between Ad and
ad to compute that

2 — Ad(exp Z(t)) = Ad(exp X exptY) = Ad(exp X)Ad(exptY) = e2d¥etadY,
P P P P P
Thus
h(adZ(t))g(e* ¥ et ™) = h(adZ(t))g(e™*).
For any sufficiently small complex number w,

1 1 1
h(w)g(e’) = / e ds— o / we ' ds = 1.
0 0

1—@*“’:1—6*1”
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It then follows that, for all sufficiently small operator A, h(A)g(e?) = I. Thus h(adZ(t))™! =
g(e*XetadY) "concluding the proof. O

Now, to derive a series expansion, we must expand g as a power series, and also expand
e?dX etadY " combining appropriately. While the computations are elementary, they become fierce
quickly. Let us content ourselves for now with the expansion to order 2. By differentiation we can
quickly verify that

1 1
g(z) =1+ 5(2 —1)— 6(2 — 1?4+ 0((z — 1)3).
At the same time, we have
t2
erdXetadY T — (1 +adX + = (adX) ) (I +tadY + — (adY) > —1
=adX +tadY +fadX adY + o (adX) 5 (adY)Q +

where the - - - mean terms of degree > 3 in ad X and adY. Since there is no degree 0 term in this
expansion, taking the nth power will result in terms of degree > n, and so composing the Taylor
series we get

1 t2
g(e*XeladYy = 1 4 3 (adX +tadY +tadXady + 5 (adX) 5 (adY)2>
1 £ ?
~ 5 (adX +tadY +tadX adY + = (adX) 5 (adY)2> + -
1 t?
=1+ 5 adX +tadY +tadX adY + - (adX) (adY)

1
5 ((adX)* 4+ t*(adY)® + tadXadY + tadYadX) +
1 t? , t
=1+ adX + adY + 12(adX) 12(adY) + gadX adY — gadY adX +---
Applying this to Y, many of the terms cancel (as adY (Y) = [V, Y] = 0), and we find
1 t

G ) Y) =Y+ X Y]+ XX Y] - VX Y]+

Integrating,
! 1 1 1
| atete )Wy de =y 4 5K Y]+ 0 YY) - 5 Y]

0

Thus, Theorem [14.21] shows that

1 1 1
expXexpY =exp (X—i—Y—i— 2[X Y]+ 12[X’ (X, Y]] - E[Ya X, Y]] +)

justifying the formula in Remark

Following this procedure, being very methodical, it is possible to find the complete expansion.
This was done by Dynkin, which is why we attach his name to the formula. We state it here for
completeness, but we do not prove it (as the proof would take several pages, and would not really
teach us anything).
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THEOREM 14.22 (Baker-Campbell-Hausdorff-Dynkin Formula). Let G be a Lie group, with
Lie algebra g. There is an open neighborhood U of 0 € g so that, forall XY € U, exp X expY =
exp(u(X,Y)), where

L (—1)F 1 (adX)™ (adY)™  (adX)™ (adY)"™*
XY)=X+4Y+)» —— e X).
& ) ;k+1m1;k>om1+---+mk+l my! ny! my,! n! (X)
n1::nk§0
mj+nj>0

In particular, we can check the 4th order term from here. The ad(-) that immediately hits X
must be an adY (as ad X (X) = 0)

6. Interlude: Riemannian Distance

Our next goal is to generalize Theorem [[4.15] (as far as possible) to other Lie groups. To do
so, we will need a few ideas from Riemannian geometry that we have so far avoided. Recall that
a Riemannian metric on a manifold M is a symmetric tensor field g € 72(M) that is positive-
definite at each point: foreachp € M, g,: T,M x T,,M — R is an inner product. We then denote
the length of a vector X, € T,,M by

[ Xplg = (X5, Xp)l/z'

One of the key uses of Riemannian metrics is to give a metric structure to manifolds. The way
to do this is to use them to measure the lengths of curves.

DEFINITION 14.23. Let (M, g) be a Riemannian manifold. Let a < bin R, and let v: [a,b] —
M be a piecewise smooth curve. The Riemannian length of « is defined to be

b
Ly(e) = [ Ja(), e

This precisely mirrors the usual calculus definition of lengths of curves. It is easy to verify standard
properties of this length definition; for example,

Ly(alae) = Lg(@lian) + Le(alpa),  a<b<e (14.8)
It is important to note that L, is independent of parametrization.

LEMMA 14.24. Let (M, g) be a Riemannian manifold, and let «: [a,b] — M be a piecewise
smooth curve. Let [3 be a reparametrixation of « (see the discussion preceding Proposition[6.25)).

Then Ly (o) = Lg(B).

The proof is a standard calculation involving the change-of-variables from calculus, and is left to
the reader.

We can now use lengths of curves to define distances between points, by using curves as “mea-
suring tapes” (and then choosing the shortest one).

DEFINITION 14.25. Let (M, g) be a connected Riemannian manifold. The Riemannian dis-
tance d,: M x M — Ry is the minimal length of any piecewise smooth curve connecting two
points:

dg(p,q) = inf Lg(a).
a:p—q

It is well-defined since, for any two p,q € M there exists a piecewise smooth curve connecting p

to q (cf. Lemmal6.28).
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EXAMPLE 14.26. if g is the usual Euclidean inner product on R", then (as straight lines are the
shortest paths) dg(p, ¢) = |p — ¢|g, the usual Euclidean metric (in topological sense).

In fact, d, is always a metric in the topological sense. Some of the defining properties of a
metric are immediate from the definition; others (such as nondegeneracy) require a little work. First
we prove the following lemma, which shows that it is always locally equivalent to the Euclidean
inner product.

LEMMA 14.27. Let U be an open subset of R", and let g be a Riemannian metric on U. Let g
denote the Euclidean inner product on R". If K C U is compact, then there are positive constants

¢,C > 0sothat, forallx € K andv € T,U,
elolg < [olg < Clole.

PROOF. As usual, we identify T,,U = R", and so TU = U x R". Consider first the subset
KxS" ' ¢ KxR" C TU, which is compact. By definition of S"™!, |(z, v)|z = 1 for (z,v) € K x
S™~1. The function (z,v) + |(x,v)|y is continuous and strictly positive, and so by compactness
there are constants ¢, C' > 0 such that < |(z,v)|; < C for (z,v) € K x S""'. Now, for any
(z,v) € K x R™, either v = 0 (in which case |(z,v)|; = |(x,v)|z = 0) or there is a unique A > 0
(equal to |(z,v)|g so that \™'v € S"~. Thus, by the homogeneity of the norm | - |, at the point z,

|(z,0)|g = Al(z, A )|g < AC' = C(2,0) g
This is half of the desired inequality; the other half is proved the same way. U

THEOREM 14.28. Let (M, g) be a connected Riemannian manifold. The the Riemannian dis-
tance function dy: M x M — R is a (topological) metric, and the metric space (M, dy) has the
same topology as M.

PROOF. By definition d, > 0. It is symmetric since, for any curve a: p — ¢, the reversed
curve —a: ¢ — p is a reparametrization, and so by Lemma[14.24] L, () = Lg(—c), which (taking
inf, of both sides) shows that d,(p,q) = dy(q,p). The triangle inequality follows from (14.8).
Thus, to show d, is a metric, it suffices to show that it is nondegenerate: dy(p, q) > 0if p # q.

Fix p # ¢, and let (U, ¢) be a chart containing p by not ¢q. As usual, let U = ¢(U). We can
then define a Riemannian metric g on U by g = (¢ 1).g,

8(v,w) = g(d(e™ ) (v), d(@™ o (W), 7 €U, v,w € TyryU.
This is a Riemannian metric since ¢~ is a diffeomorphism, so d(¢ ™), is a linear isomorphism
at each pointr € U.
Fix some ¢ > 0 so that B(¢(p)) C U; let V = o~Y(B.(¢(p))), so that V C U is compact. By
Lemma[14.27] there are constants ¢, C' > 0 so that

clvlg < |vlg < Clulg, V€ Be(p(p)), v € TpBe(¢(p))

where g is the Euclidean metric. -
Now, let a: [a,b] — V be a piecewise smooth curve contained in V', and let a: [a, b] — R™ be
the coordinate curve & = ¢ o . Then, integrating, we have

(Lg(@) < L5(@) < Cly(@).
On the other hand, note that

0 = (4™ a0 800, dle s 50 ) = w(a(e). 4 = (o),
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by the chain rule. It follows that

b b
Ls(@) = / & (t)|g dt = / lG(t)]g dt = Ly(c). (14.9)

Thus, we have

Lg() < Ly(a) < CLg(@).
Now, let v be a piecewise smooth curve from p to g. Let to = inf{t € [a,b]: v(t) ¢ Viasqé¢V,
by continuity tg € (a,b), y(t) € V for a <t < ty, and y(to) € V. It follows that

Le(7) 2 Le(lfa.to]) = cLg(@liato))-
We know that the g-shortest path from 7(a) = p to J(to) in R™ is the straight line path, and so

Lg(’/y\ha,to]) Z dg(paf)/(t())) =€

since y(to) € OV and so 7(tg) € dp(V') = 0B.(p). Hence, any piecewise smooth curve from p to
q has g-length > ce, and it follows taking the infimum that d,(p, ¢) > ce > 0. Ergo, d, is a metric.

It remains to show that the d, metric topology on M is the same as the manifold topology on
M. First, suppose U C M is open in the manifold topology. Let p € U, and fix a a chart (V| ¢) at p
so that V' C U, and (V) is a ball of some radius e > 0 centered at (p). The preceding argument
shows that there is a (V' and therefore ¢ dependent) constant c so that dy(p, q) > ce forall ¢ ¢ V.
The contrapositive is that, for any point ¢ with dx(p, ¢) < ce, it follows that ¢ € V C U. Thus,
the g-ball of radius ce around p is contained in U. As this holds for any p € U, it follows that U is
openin (M, g).

Conversely, Let W be open in (M, g), and let p € W. Fix a chart (V) such that V=
©(V) = By (¢(p)). Let g be the Euclidean metric on V, and let § = (1), g as above. Then there
are ¢, C' > 0 so that R R

clvlg < vl < Clulg, VeeV,veT,V. (14.10)
Fix € > 0 small enough that ¢ < 1 and such that the g-ball B (p) = {¢ € M: dy(p,q) < Ce}
is contained in . At the same time, let V. denote the set of points ¢ € V C M such that
dz(o(p), p(q)) < e. If ¢ € V,, let & be the straight line path from ¢(p) to p(q), andlet v = p ' oq;
then from (14.9) and integration of (14.10), we have

dg(p, q) < Lg(a) = Lg(@) < Clg(a) < Ce.
This shows that V. C B¢, (p) C W. Since V. is a neighborhood of p in the manifold topology, this
shows IV is open in the manifold topology, completing the proof. 0

REMARK 14.29. To summarize the idea of the last half of the proof (showing the manifold
and metric topologies are the same): the manifold topology is locally Euclidean, which means it
is locally the Euclidean metric topology. Lemma shows that the Euclidean metric and the
given Riemannian metric are locally equivalent metrics, and thus give the same topology.

In the context of Lie groups, the most relevant kind of Riemannian metric is a left-invariant
metric.

DEFINITION 14.30. Let G be a Lie group. A left-invariant Riemannian metric on G is a
Riemannian metrc g € 7*(G) that is left-invariant: for any g € G, (L,).(g) = g. Equivalently:
such a metric is of the form

g(ngyth) = <dLg|e(Xe)vdLg|e(Y6)>ea geG

for some given inner product (-, -). on the Lie algebra g = T.G.
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A left-invariant Riemannian metric gives rise to a left-invariant Riemannian distance.

PROPOSITION 14.31. Let G be a Lie group, and let g be a left-invariant Riemannian metric on
G. Then dg is left-invariant: for any g, hy, he € G,

dg(ghhghQ) = dg(hla hz).
EXAMPLE 14.32. The Euclidean inner product on R" is translation-invariant, and as a conse-

quence the Euclidean distance (x,y) — |z — y| is translation invariant. Proposition |14.31|is the
generalization to arbitrary left-invariant Riemannian metrics on Lie groups.

PROOF OF PROPOSITION [I4.31]. Let PSy, 5,(G) denote the set of piecewise linear curves
from h; to he in G. Then o — L, o «v is a bijection from PSy,, 1, (G) to PSyp, g, (G), and so

dg(ghi, ghs) = inf{Ly(L,0a): a € PShl_ﬁlQ(G)}. (14.11)

We then compute that, for any «: [a,b] — G in PSy, p, (G

o(Lg0a) /|L oa)(t)|gdt = /|dL w0 (t)|g dt

and

[(dLg)aryé(t)]g = & ((dLg)ar e (1), (dLg)ar(yc! (1))
((Lg).g) (o/(t), (1))

g(d/(t),a'(t)) = |/ (t)lg

by definition Thus Ly(L, 0 a) = Lg(c), and this, together with (T4.T1)), concludes the
proof. 0

To conclude this section, we give an application of the existence of a left-invariant distance
function as in Proposition[14.31|that we will need in the next section. The result is: any continuous
curve « has multiplicative increments o/(s) '«(t) that all stay within a given neighborhood of the
identity when s, t are sufficiently small.

LEMMA 14.33. Let G be a Lie group and let «: [a,b] — G be a continuous path. Then for
any neighborhood U of e € G, there is a § > 0 so that, for any s,t € [a,b] with |s — t| < 0,
a(s)ta(t) e U.

PROOF. Fix some left-invariant Riemannian metric g on G. Since « is continuous [a, b] — M,
it is continuous as a map from [a, b] to the metric space (M, d,) by Theorem [14.28] Since [a, ] is
compact, it follows that « is uniformly continuous, so for any € > 0, there is some 6 = §(e) > 0
such that |s—¢| < ¢ implies that d,(c(s), «(t)) < e. Now, let e > 0 be small enough that the metric
ball B2(e) = {g € G: dg(e,g) < €} is contained in U. Then by left-invariance and Proposition

14.31} for |s — t| < d(e),
dg(a(s) " a(t), e) = dg(a(s) - als)"'a(t), a(s) - e) = dy(a(t), a(s)) = dy(als), o)) < e
Thus a(s)ta(t) € B8(e) C U whenever |s — t| < 4, as required. O
REMARK 14.34. As pointed out in class by Jonathan Conder, Lemma [14.33| can be proved
without knowledge of the existence of a left-invariant distance function. We include the simple

topology proof below. We may have use for left-invariant Riemannian metrics later on, so the
material in this section is good to keep in mind.
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ALTERNATE PROOF OF LEMMA [14.33] The function A: [a,b]x[a,b] — G givenby A(s,t) =
a(s) ta(t) is continuous. Thus A~!(U) is an open subset of [a,b] X [a,b]. Since A(t,t) =
a(t)a(t) = eforall t € [a,b], the diagonal D = {(¢,t): t € [a,b]} is contained in A~(U),
so each point (¢, ) has a neighborhood contained in A~!(U). Fix a diagonal square S; centered at
each each point ¢ € D that is contained in A~!(U); so S; has the form

Se={(s"t):|s —t| <& &t—F <+t <t+%}.

Since D is compact, it is covered by a finite collection of such squares. Let J be the minimum
side-length of the covering squares. Then |s — ¢| < § implies (s,t) € A7 (U), as required. O

7. The Lie Correspondence

In this section, we prove the converse of Proposition [[2.42] Lie algebra homomorphisms give
rise to Lie group homomorphisms (when the domain group is simply-connected).

THEOREM 14.35. Let G, H be Lie groups, with Lie algebra g, Y, and suppose that G is simply-

connected. If ¢: g — b is a Lie algebra homomorphism, then there is a unique Lie group homo-
morphism ®: G — H such that ®(exp X ) = exp(¢(X)) forall X € g.

Note that, since d exp, = Id, it follows that ®, = ¢. The condition that G is simply-connected
is necessary — the next chapter will explore the extent to which Theorem [14.35]fails without this
assumption. Note: simply-connected implies connected.

Let us begin with the following far less ambitious uniqueness lemma: on a connected group,
there is at most one Lie group homomorphism which induces any given Lie algebra homomor-
phism.

LEMMA 14.36. Let GG, H be Lie groups, and let G be connected. Suppose 1, ®5: G — H are
Lie group homomorphism. If (®1). = (Ps)., then &1 = P,

PROOF. Denote ¢ = (®1), = (Py).. By Theorem [13.9(g), we know that, for j = 1,2,
;(exp X) = exp(¢(X)) for any X € Lie(G), and by part (e) of the same theorem, there is a
neighborhood U of 0 € Lie(G) such thatexp: U — V = exp(U) C G is a diffeomorphism. Since
G is connected, V' generates all of GG by and thus every element g € GG can be written in the
form g = exp(X) - - - exp(X,,) for some X,..., X, € U. Thus, for j = 1,2,

®;(g9) = @j(exp(Xy) - - - exp(Xn)) = @j(exp(Xy)) - - - Dj(exp(Xn)) = exp(d(X1)) - - - exp(P( X))
and so ®1(g) = Py(g) forall g € G. O

Before embarking on the proof of Theorem [14.35] let us note the following Corollary, which
is the main point of theoretical interest: in the simply-connected category, Lie group isomorphism
and Lie algebra isomorphism are equivalent.

COROLLARY 14.37 (Lie Correspondence). Let G, H be simply-connected Lie group, with Lie
algebras g, 1. Then G is isomorphic to H if and only if g is isomorphic to b.

PROOF. The ‘only if” direction was proved in Proposition [12.45] so assume we know g = b,
and let : g — b be a Lie algebra isomorphism. Let ®: G — H be the associated Lie group
homomorphism as in Theorem Similarly, ¢~1: h — g is a Lie algebra isomorphism, and
so it has an associated Lie group homomorphism ¥: H — (. We will show that ® and ¥ are
inverses.
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The map ® o W: H — H is a Lie group homomorphism, and by the chain rule, its differential
is o ¢t =1Idy = (Idy).; similarly, (U o @), = Id, = (Idg).. The result now follows from
Lemma 1436 O

Thus: determining whether two simply-connected Lie groups are isomorphic reduces to the
linear algebra problem of deciding whether their Lie algebras are isomorphic.

To prove Theorem we begin by mimicking the proof of Theorem [14.15] now using the
full Baker-Campbell-Hausdorff formula instead of its special case Corollary which holds in
H(3,R). The key difference is: we no longer know that the exponential map on the domain group
is a global diffeomorphism (indeed, this is almost never true). As such, the farthest the direct
analog of the proof can get us is to construct a local homomorphism.

DEFINITION 14.38. Let G, H be Lie groups. A local homomorphism from G to H is a pair
(F,U) where V. C G is a connected neighborhood of the identity, and F': V' — G is a smooth map
which satisfies the following property: if g, h € V are such that gh € V, then F(gh) = F(g)F(h).

For example, if ®: G — H is a Lie group homomorphism, then ®|y is a local homomorphism
for any connected neighborhood V. The question is whether all local homomorphism are restric-
tions like this, and the answer depends on the topology of (G, as we will see later in this section.
First, let us now see how far the analog of Theorem @] will take us.

PROPOSITION 14.39. Let G, H be Lie groups with Lie algebra g,b. If ¢: g — b is a Lie

algebra homomorphism, then there is a local Lie group homomorphism (F,V') such that exp is a
diffeomorphism exp=(V') — V and F(exp X) = exp ¢(X ) whenever exp X € V.

PROOF. We apply Theorem choosing U so that holds both for (X, Y’) and for
(0(X),(Y)), and so that exp is one-to-one on U and U is connected; then set V' = exp(U). We
may then define F on V by F' = exp o¢ o exp™'|,, which is a composition of smooth maps. We
must prove that /' is a local homomorphism. Let g, h € U; then there are unique X, Y € g so that
expX = gand expY = h. Assume also that gh € U. Applying the Baker-Campbell-Hausdorff
formula, we have

1
F(gh) = F(expXexpY) =F (X - / g(e*Xet )y dt> :
0

By definition of F/,

F(gh) = exp [qﬁ (X + /01 g(e*Xet* )y dt)] .

Since ¢ is linear and continuous, we may pass it through the sum and integral:

1
F(gh) = exp [(b(X) +/ ¢ (g(e*¥e MY dt} :
0
Since ¢ is a Lie algebra homomorphism, the integrand satisfies
¢ (g(eadXet adY)Y) _ g(ead¢(X)etad¢(Y))gb(Y).

Indeed: if we expand g(AB) as a (noncommutative) power series in two operators A, B, we see
that the left-hand-side of the expression is a sum of terms each of which is a finite iterated bracket
of Xs and Y's (indeed, the precise form of this sum is given in Dynkin’s formula of Theorem
14.22). The statement that ¢ is a Lie algebra homomorphism is the statement that the image of
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each such term under ¢ is the result of replacing (X,Y") with (¢(X), #(Y)). Then recombining,
we get the right-hand-side. Finally, we apply the Baker-Campbell-Hausdorff formula once morein
the other direction, and this yield

F(gh) = exp ¢(X) exp d(Y) = Flexp X)F(expY) = F(g) F(h).
Thus, F'is a local homomorphism, as desired. O

Now, to prove Theorem [14.35] it suffices to show that such a local Lie homomorphism actually
extends to a Lie group homomorphism; if so, it will be unique by Lemma|[14.36] The remainder of
this section will be devoted to the proof; we state it as a proposition.

PROPOSITION 14.40. Let G, H be Lie groups, with G simply connected. If (F,V') is a local

homomorphism G — H, then there exists a (global) Lie group homomorphism ®: G — H such
that ®|y = F.

PROOF. We break the proof into several parts.

Step 1: define ® along a path. As G is simply connected (which implies connected, which in a
manifold implies path connected), for any g € G there is a piecewise smooth curve «: [0,1] — G
so that «(0) = e and (1) = g¢. Fix any partition P = {0 =g < t; < --- < t, = 1} of [0, 1] so
that, for any j and any s,t € [t;_1,;], the increment ae(s) ' (t) € V; call such a partition adapted
to («, V). (The existence of adapted partitions is guaranteed by Lemma choose ad > 0
so that a(s)'a(t) € V whenever |s — t| < §, and then select any partition with maximum width
< §.) Hence a(t1) = e ta(t;) = a(to) *a(t;) € V, and we can in general express g = a(1) as a
telescoping product

g =la(t)] - [a(t) " at)] - [a(ter) " a(ta)],
a product of increments each of which is in V. We will now define amap ® = &, p: G — H as
follows:
®(g) = F(a(t))Flalt) " alt2) - Fa(te-1) " olts)).

This at least makes sense, but ¢ a priori depends both on the continuous path « chosen to connect
e to g, and on the given partition P that keeps the increments in V. The remainder of the proof
will show that @ is in fact independent of the path and partition, and moreover is a Lie group
homomorphism that agrees with /' on V.

Step 2: independence of the partition. Suppose P is a partition adapted to («, V). Then it is
immediate from the definition that any refinement of P is also adapted to (a, V). We claim that if
P’ is arefinement of P then @, p(g) = P, p(g). To prove this, it suffices by induction to prove it
when P’ is a refinement by a single point, say s € (t;_1,¢;). Then

Dorr(9) = Fla(tr) - Fla(ti1) " als)F(a(s) a(t,) - F(altar) " alt).  (14.12)

Now, since both increments a(t;_1) 'a(s) and a(s) "t (¢;) are in V (since P is adapted to (o, V'),
where F' is a local homomorphism. Thus
F(a(ti1) " a(s))Fla(s) " a(ty) = Fa(tji-1) "a(s) - als)a(t;) = Fla(t-1) " alt),
and the expression on the right-hand-side of is equal to @, p(g). Thus @, p is unchanged
under refinements of P.
Well, given any two partitions P, P’ adapted to («, V'), their common refinement P” (the union
of all partition points in both) therefore gives the same value for both: ®, p(g) = P, pr(g9) =

@, p(g). Thus, @, p(g) is independent of the choice of partition P adapted to (o, V). We now
refer to it simply as ®, = @, p.
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Step 3: independence of the path. Here is where we use the simple-connectedness of GG. Let
a; and s be two continuous paths [0, 1] — G each connecting e to g. By simple-connectedness,
these paths are homotopic with endpoints fixed: there is a continuous map A: [0,1] x [0,1] — G
so that A(s,t) = a,(t) for s € {0, 1}, and moreover A(s,0) = e and A(s,1) = g forall s € [0, 1].
This gives us a continuous family of curves ay: [0, 1] — G each connecting e to g. We will use
this homotopy to show that ®,, = ®,, by showing, in fact, that &, does not depend on s.

To begin, we extend Lemmato the two variable setting, and find > 0 so that

A(s',t) 1 A(s,t) € V whenever |s — §'| < dand |t — /| < 0.

(The proof is essentially the same). Now we deform oy = A(0, ) into oy = A(1, ) “a little bit at
atime”. Fix N € Nwith 2 < §,and fork € {0,...,N —1}and ¢ € {0,..., N} we define a new
curve Ay 4: [0, 1] — G as follows:

A}C’g(s, t) = A(Ck’g(s, t))
where ¢ ¢: [0,1] x [0,1] — [0,1] x [0, 1] is the piecewise linear map

k+1 -1
(1), 0<t<F
Cro(t) =< -+, %Stﬁ

(£,1), £<t<1

£
N

where the --- is determined by the piecewise-linear condition. So Apy = A(0,-) = «p and
Anp = A(1,-) = oy, and in general Ay o(t) = A(k/N,1).
We will now deform o into «; in the following sequence:

A070 — A071 — s — AO,N — Al,O — "'Al,N — s = AN—l,O —> s = AN—LN — AN70.

The claim is that, for every step in this deformation process, the value of ®4  is unchanged.
Indeed, from the first step, we know that the value of ® along any path is determined only by the
values of the curve at the partition points of any adapted partition. So consider a step of the form
Aky — Ap41; these two curves agree except on the interval [E_Tl, “Tl] Thus, for this step we
choose the partition {O, N K_Tl, ”717 .-+, 1}. Since the maximum partition width is % < 0, the
partition is adapted, and so we may use it to calculate ® 4, , and @ 4, ,, . As these two agree on this
partition, it follows that ®4, , = @4, ,.,. Similarly, for a transition of the form Ay y — Aki1,0,
we note that these two differ only on the intervals (0, 1] and [ L 1), so they agree on all the
partition points in {0, = ~ N, cee N 2 1}. Again, this is an adapted partition since its maximum
interval length is % < 0, and so @4, , = Py, . Thus, stringing them all together, we have
DPog = Pagy = Pay, = Po, as desired. Hence, ® does not depend on the choice of a.

Step 4: ® is a Lie group homomorphism that agrees with F' on V. Showing that ® is a homo-
morphism is left as an homework exercise. To see that it is smooth, fix ¢ € G, and let (U, ) be
a chart at g. Fix some point gy € U not equal to g, and let Uy C U be a coordinate ball centered
at g (so go(Ug) = B,(¢(g))) such that gy € Uj. Let 0 < € < r be such that ©(go) ¢ Be(¢(9)).
Let U, = gp Y(B. ((g))) Now, choose any continuous curve ao connecting e to go, and then let
by =9 to E where 7, s(t) = (1 —t)e(g0) + tp(g) is the straight line path from ¢(go) to ¢(g).
Then the concatenation £, is a continuous path from e to g, and so we have ®(g) = Py o, (9)-
Now, choose a o small enough that all partitions of width < ¢ are adapted to all the curves {,c,
for all g € U, (this is possible by compactness of U,). Then we may choose a fixed partition P of
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width < § such that gy = ay,(3) for definiteness, and then we have

H F (g, (tj—1) " g, (t H (e ().
jrt;<3 t:t;>3
The first product is a fixed element of G. The second product is a fixed, finite product of increments
of a curve /, that varies smoothly with g, and thus are smooth functions of g; since [’ is smooth,
it now follows that ¢ is a smooth function of g € U.. So ® is smooth on a neighborhood of each
point in (7, and thus is smooth.

So we are left to show that ®|,, = F'. Here is where our assumption that V' is connected (in
Definition comes into play. Fix any g € V, and let a: [0,1] — V be a continuous path
connecting e to g. Fix a partition P = {t;, < t; < --- < t,,} adapted to («, V'); then we claim that,
forallt; € P, ®(a(t;)) = F(«(t;)). To see this, note that for each j , the (reparametrized to [0, 1])
path a|[0 +; is a continuous path joining e to a(t;), and {t; < --- < t;} is a partition adapted to
this curve and V. Hence, by definition,

O(a(ty) = Fla(t))F(alt) " alts) - Fa(ti) " olt))).
In the case j = 1, this shows ®(«(t1)) =
shown the desired equality for all j < k. Then

®(a (tk+1)) Fla(t))F(a(t) " alts) - Fa(ty) ™ a(ty)) F(e(te) ™ a(ti)
O (a(t)) Fa(te) ™ alten))
F(a(ty))F(a(ty) " alti))
= F(Oé( W) - alty) " altin)) = Fla(tin))
where we have used the fact that a(},) and the increment o (t;) ' a(t;,1) are in V, and F is a local

homomorphism on V. Thus, by induction, ®(«(t;)) = F(a(t;)) for all j, and taking j = n yields
the desired conclusion ®(g) = ®(a(t,)) = F(a(t,)) = F(g). Thus ® = Fon V, as desired. [

Let us know summarily collect the elements of the proof of Theorem [14.35]

F(a(ty)). Proceeding by induction, suppose we have

PROOF OF THEOREM [14.33]. First, by Proposition [I4.39] there exists a local homomorphism
(F,V) such that exp is one-to-one on exp '(V), and F(exp X) = exp¢(X) for X € U =
exp 1(V). Since G is simply connected, by Proposition F extends to a Lie group homo-
morphism ®: G — H. Since V is a neighborhood of the identity in G and ®|,, = F, it follows
that d®, = dF, = ¢; by Lemma ® is therefore the unique Lie group homomorphism
with @, = ¢. It then follows from Theorem [13.9(g) that ®(exp X) = exp ¢(X) for all X € g,
concluding the proof. U






CHAPTER 15

Quotients and Covering Groups

1. Homogeneous Spaces and Quotient Lie Groups

Let GG be any group, and let H be a subgroup (not necessarily normal). The quotient G/ H can
be made sense of as a set, if not a group: it consists of all left cosets:

G/H ={gH: g € G}.

If two left cosets g H and g, H intersect, meaning there are hi, ho € H with gihy = goho, then
gihihy ' = go, and since H is a subgroup, h1h, ' € H, meaning that g, € g; H. A similar argument
shows that ¢, € goH, and so g1 H = g2 H. Thus, any two left cosets are either equal or disjoint.

Let 7: G — G/H be the quotient map 7(g) = gH. We will use the notation 7(g) = [g].
Now, if G is a topological space in addition to being a group, then we can give G/ H the quotient
topology: U C G/H is declared to be open iff 771(U) = {g € G: [g] € U} is open. Our first
result is that, if G is a Lie group and H is a closed subgroup, then G/H is a second-countable
Hausdorff space.

LEMMA 15.1. Let G be a Lie group, and let H be a closed subgroup. Then the quotient
topology on G /H is Hausdorff and second-countable.

The following elementary proof is due to Jonathan Conder. It actually applies in wide general-
ity, to quotients of topological groups by closed subgroups.

PROOF. Let m: G — G/H denote the quotient map. First, note that 7 is an open map: if
U C Gis any set, then 7' (7(U)) = UH = ey Ln(U). If U is open, so is L,(U) as Ly
is a homeomorphism, so 7(U) is open in the quotient topology. This immediately gives us the
second-countability of G/H: if {U;: j € N} is a countable base for the topology of G, then
{m(U;): j € N} is a countable base for the topology of G/ H.

Now, let p: G x G — G be the continuous function p(z,y) = 'y, so two elements z, y are
in the same coset in G/ H iff p(z,y) € H. Since H is closed, G \ H is open, and so p~* (G \ H) is
open in G X G. Now, if m(z) # 7(y), meaning p(z,y) ¢ H, we have (z,y) € p~'(G\ H). Choose
a rectangular neighborhood U x V of (z,y) that is contained in p~!(G \ H). Thus, for all u € U
andv € V,u v = p(u,v) € G\ H, and so w(u) # 7(v). Thus 7(U) and 7(V') are disjoint sets in
GG/ H, and they are open since 7 is an open map. Since 7(x) € w(U) and 7(y) € 7(V), this proves
that any distinct points in G/ H have disjoint open neighborhoods, so G/ H is Hausdorff. U

Our goal is to show that, in fact, G/H is a smooth manifold (or more precisely that there is a
unique smooth structure on GG/ H such that the quotient map 7 is smooth). To accomplish this, we
prove the following so-called slice lemma.

LEMMA 15.2 (Slice Lemma). Let G be a Lie group with Lie algebra g, and let H be an
embedded (i.e. closed) Lie subgroup of G with Lie algebra y C g. Let f = g © b (as a vector
space), and define amap \: f x H — G by

A(X, h) = exp(X)h.
231
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There is a neighborhood U of 0 in § such that A maps U x H diffeomorphically onto an open subset
of G. In particular, if X, X' are distinct elements of U, then exp X and exp X' belong to distinct
cosets of G/ H.

PROOF. As usual, we may identify the tangent space 1o )f X H with f & b, and we also have
T.G =g=f®h Fix X+Y € f®bh, and let a: (—¢,¢) — §f X H be a smooth curve with
a(0) = (0,¢e) and &(0) = X + Y; then we may write a(t) = (ay(t), az(t)) where ¢4 (0) = X and
é2(0) =Y. Then

Moa(X +Y) = 51 Aan(t)0s) = | Alon(t)e) + | A0,ax(t)
t=0 t=0 t=0
d d
=2 . exp ay(t) + pr . as(t) =X +Y.
That is: the smooth map A has dA( ) = Id, and so by the inverse function theorem there is a

neighborhood V' of (0, e) in f x H on which A is a diffeomorphism onto its image in G. We can
choose neighborhoods U of 0 in f and Us of e in H with U; x U, C V, and so in particular dA x )
is invertible for all X € U;.

Now, note that, for all h, € H and X € f, R,A(X,e) = A(X,e)h = A(X, h). It then follows
that dRjy, o dA(x ¢y = dA(x 1), and so since Ry, is a diffeomorphism, invertibility of dA(x .y implies
invertibility of dA(X,h). Thus dA xp) is invertible for all (X,h) € U; x H. By the inverse
function theorem, each point in U; x H has a neighborhood that is mapped by A diffeomorphically
onto its image. It follows that A(U; x H) is open in G.

Now, let Uy, U be as above, so A maps U; x U, diffeomorphically onto its image in G. Let
V' be a neighborhood of e in G such that V' N H = U,; such a neighborhood exists because H
is embedded in G. Let U C U be small enough that, for all X, X’ € U, exp(—X')exp X € V/;
this is possible by continuity of exp. Thus, if X, X’ € U are such that exp(—X") exp X € H, then
in fact exp(—X')exp X € V' N H = U,. It now follows that A is injective on U x H. Indeed,
suppose (X, h), (X', h') € U x H and A(X,h) = A(X',1). Thatis: exp X - h = exp X’ - I/, and
SO

R'h~! = exp(—X")exp X € U,
by our choice of U. Thus A(X,e) = exp X = exp X'+ (Wh™') = A(X’, /h™"). Since both (X, ¢)
and (X', h'h™1) are in U; x Uy C V where A is injective, it follows that X = X’ and e = h'h ™1,
which shows that (X, h) = (X', h') as desired.

Thus, A is a local diffeomorphism on U; x H and is injective on U x H; thus it is a dif-
feomorphism onto its (open) image A(U x H). In particular, this means that if X, X’ € U
are such that the cosets exp X - H and exp X’ - H are not distinct, there are h,h’ € H with
A(X,h) =expX -h =expX'-h' = A(X', /'), and hence by injectivity X = X' (and h = I).
Thus distinct elements of U are in distinct cosets of G/ H. O

REMARK 15.3. Without the assumption that H is a closed subgroup, the slice lemma can be
false: it can happen, for example, that exp X € H even for arbitrarily small X & f. The subtlety
is the proof of injectivity of A: if H is not embedded, then it is not generally possible to choose a
neighborhood U so the exp(—X") exp X € U, whenever X, X’ € U satisfy exp(—X')exp X €
H. Tt is, of course, possible to make exp(—X"') exp X fall in some arbitrarily small neighborhood
V' of e in G, but if H is not a closed (i.e. embedded) subgroup, any such small neighborhood V"’
need not intersect H in a nice way. (Think, for example, of the case that H is dense in G.)

The Slice Lemma allows us to define a smooth manifold structure on G/ H.
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THEOREM 15.4. Let G be a Lie group, and let H C G be a closed subgroup; let g and ) C g
denote their Lie algebras. Then there is a unique smooth structure on G/ H such that the quotient
map w: G — G/H is a smooth submersion. The smooth manifold G /H satisfies the following
properties:

(1) dim(G/H) = dim(G) — dim(H),
(2) dn.: g — TiqG/H has kernel b, and
(3) the left action of G on G/H (g - [x] = [gx]) is smooth and transitive.

Before proceeding to the proof, we need the following general property of submersions in order
to prove uniqueness.

LEMMA 15.5. Suppose M, N are smooth manifolds, and w: M™ — N" is a surjective sub-
mersion. If P as another smooth manifold, then a map F': N — P is smooth if and only if F o
is smooth:

M

e

N——P
F

PROOF. If F'is smooth then F' o 7 is a composition of smooth maps, hence is smooth. Con-
versely, suppose F o 7 is smooth, and let ¢ € N. As 7 is surjective, there is some p € 7 1(¢). By
the Rank Theorem, we can choose a chart (U, ¢ = {27/}7",) at p and a chart (V, ¢ = {y*}}_,) at
q such that 7 = ¢ o 7 0 =1 has the form 7 (z!, ... 2" 2", ... 2™) = (y},...,4™). Now, let
¢ > 0 be small enough that the coordinate cube C™ = {x: |2/| < ¢,1 < j < m} is contained in
U; then 7T(C™) is the coordinate cube 7(C™) = C" = {y: |y*| < ¢,1 < j < n}. Then we may
define o: C" — C™ by o(z',...,2") = (2',...,2",0,...,0),and let 0 = =" 0 T 0 Ph|y-1(cm).
Note that o(q) = p, and ¢ is a local section for : m o o = Id on the neighborhood V' = ¢~ 1(C")
of ¢ where o is defined.

Now, restricting F' to V', we have

F|V/:F’V/O]:dvl:F|V/O<7TOO'):(FO7T)OO'

and this is a composition of smooth maps. Thus F' is smooth on a neighborhood V' of ¢. As this
holds for each ¢ € N, F'is smooth. OJ

REMARK 15.6. Embedded in the above proof is (the harder half of) the local section theorem
for submersions: every submersion has a local section at every point in its image. The easy di-
rection is that this characterizes submersions: if m o 0 = Idy+ on some neighborhood of a point
q = 7(p), then dm,, o doy = Idg, n, which shows that d, is surjective.

PROOF OF THEOREM [15.4]. First, uniqueness: suppose GG/ H has two smooth structures (call
them N; and Ny) such that 7: G — N; is a smooth submersion for j = 1,2. Then consider the
identity map Id: Ny — Nj; by Lemma|[I5.5] this map is smooth since [d o7 = 7: G — Ny is
assumed to be smooth. Similarly, Id: Ny — N; is smooth. Thus Id is a diffeomorphism, and so
the two smooth structures are actually the same.

Now, we proceed to show that a smooth structure exists (and satisfies properties (1)-(3)); this
is where the Slice Lemma [I5.2] comes in. First we shift the map A in that Lemma by defining, for
eachge G, Ay =L,0A: U x H— G:

Ay(X,h) = gexp(X)h
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where f = g© hand U C §is a neighborhood of 0 in §. This is a composition of diffeomorphisms,
so A, is a diffeomorphism from U x H onto its image, and A, (X, k) and A (X', h’) are in distinct
cosets of H whenever X # X' (forany g € G and h,h' € H). Let W, = A, (U x H) and let
Vg =m(Wy):

V,={lgexpX| € G/H: X € U}.

Since W, is open and G/ H has the quotient topology, V;, is open in G/ H. Note also that 71 (V) =
W,. The argument above shows that the map X — [g exp X] is injective from U to V.

We use the maps X + [gexp X] is (inverse) local coordinates. Note that U C § = R¥ where
k = dimf = dimg — dimh. The map X — [gexp X] is an injective map from U onto V,, and
it is continuous (it is the composition of the quotient map 7 with the a continuous map). Let
pg: Vg — U denote its inverse. We consider the composition ¢, o m: W, — U. Note that, for any
point Ay (X, h) € W,

(pg 0 m)(Ag(X, h)) = @g([gexp Xh]) = p4lgexp X] = X.

Thus, p o 7w = 7 0 At where m: U x H — U is the projection 7,(X,h) = X. Since A is a
diffeomorphism U x H — Wy, its inverse A;lz W, — U x H 1is continuous, and so too is the
projection map. Thus ¢, o 7 is continuous. It follows that ¢, is continuous: if B C U is open,
then 7= (¢~ *(B)) = (p o ) ~*(B) is open in W,, and thus by definition of the quotient topology
¢ 1(B)isopenin V, = w(W,).

Thus, for each ¢ € G, there is a neighborhood V; of [g] in G/H and a homeomorphism
¢, V, = U C § = RF. (Note: it is not necessarily true that (V,, p,) and (V,/, ) are the same
if [g] = [¢']; rather, we simply select some representative element from each equivalence class [g]
and use it to define the chart.) Since GG/H is also Hausdorff and second countable (by Lemma
15.1), we have thus shown that G/ H is a topological manifold, of dimension k£ = dimg — dimbh =
dim(G) — dim(H), verifying (1).

Now let us compute the transition map @ 0 ;"1 @y (Vo N V) = g (V, N V). by definition
¢, (X) = [gexp X]. Hence the transition map can be described as X — X’ where [gexp X] =
[’ exp X']. This may be accomplished as follows: first map X +— gexp X. Since X € ¢, (Vy),
this means [gexp X| = w(gexp X) € V,, = 7(W,), and since 71 (V,/) = Wy, it follows that
gexp X € Wy. Now A;,l: Wy — U x H is a diffeomorphism, and so A;,l(g exp X) = (X', h')
for some unique X’ € U and b’ € H, and by definition A, (X', h') = ¢ exp X'h’. That is:
gexpX = ¢ exp X'I, and so [gexp X| = [¢’ exp X'| as required. Thus, the transition map
X — X' can be computed as

A -
X = gexpX (X', 1) — X'

1.e. @y 0 90;1 =Tmo Ag_,l o L, o exp is a composition of smooth maps, hence is smooth. We have
thus shown that the collection {(V}, ¢,)} is a smooth atlas, and so it makes G/H into a smooth
manifold.

Now let us show that 7 is a submersion. For any given g € G, on the neighborhood W, of g,
we have o, om = m 0 Agl as computed above, and this is smooth. Thus, relative to the smooth
structure given by the charts (V;, ¢,), 7 is a smooth map. Moreover, at a point ¢’ near g, we can
apply the chain rule to ¢, o m = m o A" to yield

(dgﬁg)ﬂ-(g/) o dﬁg/ = d(gOg 9 7T)g/ = (d?Tl ®) Agl)g/ = (dﬂl)/\;l(g/) o d(Ag_l)g/. (151)
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Since ¢, and A;l are diffeomorphisms, it follows that dr, has the same rank as (dm) Ay (g
which is constant: at any point (X, h) € § x H, m1(X,h) = X and so dm|(x ) is a projection
of rank dimf = dim(G/H). This shows that 7 is indeed a submersion, and since it is surjective,
by the uniqueness argument at the beginning, the smooth structure we defined here is the unique
smooth structure on G/ H.

It remains to verify (2) and (3). Take g = ¢’ = e in (15.1]), and note that A *(e) = (0, ¢), and
that d(A; ') = (dAc|(o,¢) ™ = Idjey as proved in the Slice Lemma([15.2] Thus becomes

(dQOE)[e] o dﬂ-e = (dﬂ-1>(0,e)~

As b = ker(dmy)(o,) and (depe) is an isomorphism, we conclude that ker(dr.) = b, establishing
(2). Finally, let 6: G x G/H — G/H denote the action 6(g, [z]) = g - [z] = [gx] = 7(gx). Fix a
point gy € G and look at 6 in the chart (V,, ¢, ); i.e. consider the map 6: G xU — G//H given by

~

0(g, X) = 0(g, 0, (X)). Then 6 is smooth near g iff 6 is smooth. Since ¢ '(X) = [go exp X],
we have

0(g,X) = g - [goexp X] = [ggo exp X] = m(ggo exp X)
which is the composition 7 o m o (R, exp), a smooth map. Thus, the left action of G on G/ H is
smooth. It is also transitive for the same reason the left action of GG on itself is: if gy, g1 € G, then
9195 " - [90] = [g1]. This verifies (3), and concludes the proof. O

The smooth manifold G/H is called a homogeneous space. Homogeneous spaces are often
defined alternatively in terms of group actions: a smooth manifold M is called a homomgeneous
G-space if GG acts smoothly and transitively on M. If we then choose a given basepoint p € M
and let H = G, (the stabilizer / isotropy subgroup of p), then it turns out that G/H is naturally
diffeomorphic to M, as the following result shows.

PROPOSITION 15.7 (Homogeneous Space Characterization Theorem). Let G be a Lie group,
and let M be a homogeneous G-space. Fix a point p € M. Then the isotropy subgroup H = G, is
a closed subgroup of G, and the map F: G/H — M defined by F([g]) = ¢ - p is a (well-defined)
equivariant diffeomorphism.

PROOF. As usual, denote the action by g - p = 6(g, p) = 0%)(g). Then the stabilizer subgroup
H = G, is just H = (§®))~1(p), and by continuity this is a closed subgroup of G. Thus G//H is a
smooth manifold, as per Theorem and the quotient map g — [g] is a submersion.

Now, define F([g]) = ¢ - p. First we must see this is well-defined. So suppose g;,92 € G
satisfy [g1] = [g2]. Thus g2 € [g1], so there is some h € H with g; = g1 h. It follows that

G-p=gih-p=gi-(h-p)=g1-p

since H fixes p. Thus F([g1]) = F'([g2]), and F is well-defined. Moreover, it is equivariant, since
forany g,¢ € G,

Flg" - 1g) =F(lg'g) =(d'9) - p=9"(9-p) =7 F(d)).
Now, note that F' o 7: G — M is the map F o 7(g) = g - p, which is smooth; hence, by Lemma
F is smooth. What’s more, it is injective: if g, ¢’ € G and F([g]) = F([¢']) theng-p=¢ - p
whic hshows that g™'¢’ - p = p. Thus g~ '¢’ € G, = H, and so [g] = gH = ¢'H = [¢].

So far, everything holds true for a generic smooth action (so in that level of generality F'is an
equivariant smooth injection). Now, as we assume the action is transitive, for any point ¢ € M
there is some g € G with F([g]) = g -p = ¢; thus F is surjective. Thus, F' is an equivariant
smooth bijections. By the Equivariant Rank Theorem [I1.21] and the transitivity of the action, F
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has constant rank. Thus, F'is a constant rank smooth bijection, and so by the Global Rank Theorem
it is a diffeomorphism. O

REMARK 15.8. Note that a different basepoint may have a different isotropy subgroup, so this
identification depends on the chosen basepoint (although the subgroups GG, and G, are related by
an inner automorphism G, = gG,g ™" for any g with g - p = ¢). In fact, one approach to defining
the smooth manifold structure on G/ H is to go this route and prove homogeneous spaces, defined
by group actions, are smooth manifolds.

EXAMPLE 15.9. Consider the Lie group G = O(n), viewed in the usual way as orthogonal
transformations of R”™. This gives it a smooth action on R", but this action is not transitive: if
x,y € R" are in the same orbit of G, then |z| = |y|. It is also easy to see that this is iff: any
two vectors of the same length can be interchanged by an orthogonal transformation. Thus, the
restriction of the action to S"~! is transitive (and is smooth since S ! is an embedded submanifold
of R™).

Consider the subgroup H of orthogonal transformations that fix the north pole e,, € S*~1. As
matrices, these have the form

([ )-0eon)

as can be easily verified. This shows H is isomorphic as a Lie group to O(n —1). Hence, by Propo-
sition the map F': G/H — S™! given by F([A]) = Ae, is an equivariant diffeomorphism,
and we have O(n)/O(n — 1) = S 1,

It is instructive to see how this works explicitly in this example. First, it is clear from its form
that H is a closed subgroup isomorphic to @(n — 1). By Theorem[I5.4, G/H = O(n)/O(n — 1)
has a unique smooth structure with respect to which the quotient map is a submersion, making it
into a manifold of dimension

dimO(n) — dimO(n — 1) = n(n2— D_(n- 1)2(n —2) =n-—1.

We define a map F': O(n)/O(n — 1) — S™ ! as follows: note that, for any A € O(n), the coset
A - O(n — 1) consists of all matrices of the form

[A]—A-O(n—l)—{A[Cg (1)1—{,4{%9} Aen} :QGO(n—l)}.

Thus every matrix in [A] has the same final column: Ae,,. We thus define the map as F'([A]) = Ae,,
which is in S"~ since all columns of the orthogonal matrix O(n) are orthonormal vectors. Letting
7m: O(n) — O(n)/O(n — 1) denote that quotient map, we see that the map F o w: O(n) —
O(n)/O(n—1)is (F om)(A) = Ae,, and this is smooth; thus, since 7 is a surjective submersion,
F' is smooth by Lemma m It is surjective since any vector v € S"! can be completed to
an orthonormal basis of R”, and the matrix A with this basis as columns (v last) is orthogonal
satisfying Ae,, = v. F is also injective: if F([A]) = F([B]), then Ae,, = Be,, and so B~'A is an
orthogonal matrix that fixes e,,, meaning that it is in 4. Thus A € BH, and so [A] = [B].

Thus, we have defined a smooth bijection F': O(n)/O(n — 1) — S"~!. Finally, note that for
any A € O(n), d(F' om)a = dFja) o dry, and since F o 7 is the restriction to O(n) of the linear
map A — Ae,, it is constant rank. As 7 is a submersion, it is constant rank, and so it follows that
[ has constant rank. A smooth bijection of constant rank is a diffeomorphism by the Global Rank
Theorem 9.10} and so we finally conclude that

O(n)/O(n — 1) =S 1.
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EXAMPLE 15.10. A similar argument to the one given in Example [15.9]shows that
SO(n)/SO(n — 1) = §"*

(with the same realization of the subgroup). The only slight subtlety is keeping track of the orien-
tation of the orthonormal basis in the proof that the map F' is surjective.

Now, in Theorem [[5.4] if H happens to be a normal subgroup, then we get the following.

COROLLARY 15.11. Let G be a Lie group, and let H C G be a closed normal subgroup;
let g and by C g denote their Lie algebras. Then the homogeneous space G /H is a Lie group of
dimension dim(G) — dim(H), and the quotient map 7: G — G/H is a Lie group homomorphism
whose induced Lie algebra homomorphism m,: ¢ — Lie(G/H) has kernel kerm, = b.

PROOF. Since H is a normal subgroup, the coset space GG/H is a group under the product
l9] - [¢']| = [gg']. Thus, the multiplication map mg/ g is satisfies m¢, 5 © (7 X m) = m 0 mg which
is smooth, and so by Lemma @] applied to the surjective submersion m X 7, mg, g is smooth.
Thus G/H is a Lie group. The quotient map is automatically a group homomorphism, and it is
smooth, hence it is a Lie group homomorphism. The final statement (regarding the kernel of 7,) is

precisely Theorem [15.4(2). O

EXAMPLE 15.12. In Examples and[15.10] we see that the given identification of O(n — 1)
or SO(n—1) as a subgroup of O(n) or SO(n) cannot be a normal subgroupif n—1 ¢ {1,3,7}. This
is because S"! is not parallelizable unless n € {1,3, 7} (cf. the discussion following Proposition
M.10), and Lie groups are always parallelizable (cf. Proposition [I2.4)). In fact, it is a deeper fact
that S” is not a Lie group, even though it is parallelizable. All that being said, it is easy to see that
O(n — 1) is never a normal subgroup of O(n) with the given identifications.

Perhaps the most useful special case of Corollary is the case when the closed subgroup
H is a discrete normal subgroup.

COROLLARY 15.13. Let G be a Lie group, and let H C G be a discrete normal subgroup
(i.e. a O-dimensional Lie group). Then the quotient map w: G — G/H is a surjective local
diffeomorphism, and 7, : Lie(G) — Lie(G/H) is a Lie algebra isomorphism.

PROOF. Since Lie(H) = {0}, ker(dr.) = {0}, and so m, is a Lie algebra isomorphism. Note
that dim(G/H) = dim(G) = rank(dr.). As 7 is a Lie group homomorphism, it has constant
rank, and so rank(dr,) = rank(dr,.) = dim(G) = dim(G/H) at all points g € G, which shows
that 7 is a local diffeomorphism. OJ

EXAMPLE 15.14. Consider the Lie group homomorphism ¢: R — S! given by e(x) = €™ it
is surjective, and the kernel is the normal subgroup Z C R. Thus, by the first isomorphism theorem
for groups, S! is isomorphic (as a group) to R/Z via the isomorphism ®: R/Z — S': [z] — (z).
That is: ® o ™ = &, which is smooth by Lemma [15.5] and hence ® is smooth, so it is a Lie group
isomorphism. Of course, both of these are abeliean groups, with Lie algebra isomorphic to R.

The next example is so important that it gets its own section.

2. Interlude: SU(2) and SO(3)

As a perfect illustration of the structure of quotient Lie groups (by discrete subgroups), we
consider now a quotient of SU(2). First, let us note that this is a connected group; in fact, U(n)
and SU(n) are connected for all n.
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LEMMA 15.15. Foralln € N, the Lie groups U(n) and SU(n) are connected.

PROOF. Let U be a unitary matrix in U(n) (resp. SU(n)). By the spectral theorem, it has a
decomposition U = VDV ! for some V' € U(n), and diagonal D containing the eigenvalues of
U, which are all in S': D = diag[e?®, ..., "] for some 0, ...,6, € R. Accordingly, we define
a continuous curve U (t)p<;<1 as follows:

eiwl 0 0
O eit@z O

ui)y=v| . L SVl o<t< 1.
0 0 .- giton

This is a continus curve, and U (t) is unitary (being a product of unitary matrices). Since U(0) = [
and U(1) = U, we see that U is in the same path component as / in U(n), which shows U(n) is
connected, as claimed. If we additionally have U € SU(n), we compute the determinant of U (t)
thus:

det U(t) — eitgle’itQQ . ezth — 61(1—t)(91+92++0n) — (61616292 . elen)t — (det U)t — 1
so U(t) is a curve in SU(2) connecting I to U, yielding the same result. O

It will be convenient to have a “Euclidean” inner product on the space M,,(C) of matrices in
which SU(n) lives. The Hilbert-Schmidt inner product is given by

(A, B) = Te(B"A).

This is clearly sesquilinear, and we have (A, A) = Tr(A*A) = 3, |A;|* = 0iff A = 0, so itis
an inner product. (This is the normalized Hilbert-Schmidt inner product, so that (7, ) = 1; many
authors choose not to normalize in the definition.) It therefore descends to an inner product on any
subspace of M, (C). The Hilbert space topology given by this inner product is (of course) the usual
topology on M, (C), and thence also on any subspace.

One use for this is to give a trivial proof that the (special) unitary and orthogonal groups are
compact.

LEMMA 15.16. Foralln > 1, the groups U(n), SU(n), O(n), and SO(n) are compact.

PROOEF. The group U(n) is closed in M, (C): it is a level set of the continuous function U
U*U. Now we compute that, for U € U(n),

(U,U) = %Tr(U*U) - %Tr(]) _1

so U(n) is contained in the Hilbert-Schmidt unit sphere in M,,(C), which is compact. Thus U(n)
is compact, and SU(n) is a closed subset of U(n) (given as a level set of the continuous function
det), so it is also compact. Analogous arguments apply to O(n) and SO(n). O

Now let us focus on the group SU(2). The Lie algebra of SU(2), identified as the tangent space
at the identity su(2), consists of those 2 x 2 complex matrices A that are skew Hermitian A* = —A
and have trace 0. This is a Lie algebra of (real) dimension 3: a convenient basis is given by

p={x=[ 5 3= i) =0 5]
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It is straightforward to compute the brackets
(X,Y] =22 [X, Z]==-2Y, [Y,Z]=-2X. (15.2)

Now, the Hilbert-Schmidt inner product restricted to su(2) simplifies due to the condition A* =
—A, giving

(A B) = —%Tr(BA) _ —%Tr(AB), A B € su(2),

and in fact is a real inner product. It is easy to check by direct computation that 3 is an orthonormal
basis for su(2) with respect to this inner product (since X? = Y? = Z? = —J and XY = Z,
XZ ==Y, andYZ = X).

Now, consider the Adjoint homomorphism Ad: SU(2) — GL(su(2)). In this case, since
SU(2) is a matrix Lie group, this is simply the conjugation map

Ad(U)A = UAU™' = UAU*, U €SU(2), A € su(2).

We consider the image of the homomorphism Ad. We can compute that, for any A, B € su(2) and
U e SU(2),

(Ad(U)A,Ad(U)B) = —%Tr(Ad(U)A -Ad(U)B) = —%Tr(UAU‘lUBU‘l)
= —%Tr(AB) = (A, B)

where we have canceled the U~!U and also used the cyclic trace property to yield Tr(UABU ) =
Tr(U'UAB) = Tr(AB). This shows that Ad(U) is actually an orthogonal transormation of the
Hilbert space su(2), and so Ad(SU(2)) € O(su(2)). What’s more, since SU(2) is connected, the
image of Ad in O(su(2)) (which contains /) must be contained in the component of the group
containing 7, which is SO(su(2)). Thus, Ad is actually a homomorphism

Ad: SU(2) — SO(su(2)).

We will see that, in fact, this homomorphism is surjective; for the time being, we simply denote the
image as Ad(SU(2)) C SO(su(2)). (This is called the Adjoint group of SU(2).) It is the image of
a homomorphism, so it is a subgroup of SO(su(2)). Since Ad is continuous and SU(2) is compact,
the image Ad(SU(2)) is compact. In particular, it is a closed subgroup of SO(su(2)), and so by
the Closed Subgroup Theorem[14.5] Ad(SU(2)) is an embedded Lie subgroup of SO(su(2)).

Thus, we have a surjective Lie group homomorphism Ad: SU(2) — Ad(SU(2)). Let us now
compute its kernel. A matrix U € SU(2) is in ker(Ad) iff Ad(U) = Idgy(2), meaning that for all
A e su(2) A= Ad(U)A = UAU!. That is to say: if U is in the kernel of Ad, then AU = UA
for all A € su(2). This forces U to be £1.

LEMMA 15.17. If U is any matrix in My(C) that commutes with all matrices in su(2), then
U = M for some \ € C. Thus, if U € SU(2), U = +1.

PROOF. Take the commutation relation UA = AU over the three matrices A € /3. This gives
a collection of linear equations for the entries of U. The condition UX = XU yields the two
independent equations ug; = —u2 and uy; = ugo; letting A = wy; and o = g9, this shows U has

the form
_| Ak
U_[_M A].
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Now the commutation relation UY = YU gives the new equation ¢y = —iu, so 4 = 0, and
we conclude that U = A/ as claimed. Now, if U € SU(2), we have in particular 1 = detU =
det(A) = A2, and so \ = +1. O

Thus, ker Ad = {I, —I} C SU(2), which is easily seen to be a normal subgroup. Hence, we
have the chain

Zo = {I,—I} — SU(2) 2% Ad(SU(2))

and so by the first isomorphism theorem, Ad(SU(2)) is isomorphic to SU(2)/Z, via the isomor-
phism ®: SU(2)/Zy — Ad(SU(2)): [U] — AdU. This map is defined so that o 7 = Ad where
m: SU(2) — SU(2)/Zs is the quotient map. Since Zy = {I,—1} is a (0-dimensional) closed Lie
subgroup of SU(2), the quotient map 7 is a surjective submersion, and hence by Lemma D is
smooth, hence is a Lie group isomorphism.

Now, by Corollary 7 is actually a local diffeomorphism. In particular, this means that
dim(Ad(SU(2))) = dim(SU(2)/Z,) = dim(SU(2)) = 3. Thus Ad(SU(2)) is an embedded Lie
subgroup of SO(su(2)) of dimension 3, which is also the dimension of SO(su(2)) = SO(3). It fol-
lows that Ad(SU(2)) is actually an open subgroup of SO(s1(2)), and since the latter is connected,
we finally conclude by Lemma[11.11]that Ad(SU(2)) = SO(su(2)). Summarizing:

PROPOSITION 15.18. The Adjoint homomorphism Ad: SU(2) — SO(su(2)) = SO(3) is a
surjective submersion with kernel isomorphic to 7, and descends to a Lie group homomorphism

SU(2)/Zy = SO(3).
In particular, the Lie algebras su(2) and so(3) = o(3) are isomorphic.

REMARK 15.19. It is worth noting that the surjectivity of Ad: SU(2) — SO(su(2)) can be
shown directly, by explicitly constructing, for any rotation Q on R3, a special unitary U which
implements (Q by conjugation on su(2) = R3. The key is to realize Q as a counterclockwise
rotation of some angle ¢ in some plane (perpendicular to a given vector in R?), and then build
U with eigenvalues e*%/2? with eigenvectors determined by the plane of rotation. This is slightly
painful and left to the interested reader.

Note that 0(3) consists of antisymmetric 3 x 3 real matrices, which is spanned by the three
matrices Ej, = Ej, — Ey; for (4,k) € {(1,2),(1,3),(2,3)}, where Ej;, is the 3 x 3 matrix unit
with a 1 in the jk position and Os elsewhere. One can readily compute that

[Erz, Eys) = Evs,  [Erg, Ers) = —Egs,  [Eus, Eng] = —Ena.
Comparing this to (I5.2]), we see that the map su(2) — o(3) defined by
X 5 2E1y, Y s 2By, Z s 2E

defines a Lie algebra isomorphism. So the fact that these two Lie algebras are isomorphic is not so
surprising (there are not many 3-dimensional Lie algebras). That the isomorphism is implemented
by such a discrete quotient map is illustrative of the topic of the next section (covering maps),
which quantifies precisely the degree to which the Lie correspondence fails when the groups need
not be simply connected.
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3. Universal Covering Groups

As we noted in Corollary if GG is a Lie group and H is a discrete normal subgroup, then
G and G/ H have the same Lie algebra. It is then natural to ask whether this is the only way that the
Lie algebra can fail to be a complete isomorphism invariant. The answer is no. But if we restrict
our attention to connected Lie groups, this is in the right direction for a complete answer.

Let us say two Lie groups are Lie algebra equivalent if their Lie algebras are isomorphic;
this is clearly an equivalence relation on Lie groups. If H is a discrete normal subgroup of G,
then G and G/H are Lie algebra equivalent. But there are other ways this can happen in the
same fashion. For example, suppose H; and H> are two discrete normal subgroups of G, neither
contained in the other. Then G/ H; and G/ H, are both Lie algebra equivalent to GG, and thus they
are Lie algebra equivalent. It will turn out that this is generic: if two connected Lie groups are
Lie algebra equivalent, then they are both isomorphic to quotients of some Lie group by discrete
normal subgroups. At the moment, it is not even clear that this is an equivalence relation: it is
easily seen to be reflexive and symmetric, but transitivity is unclear. This leads us to a discussion
of smooth covering spaces.

DEFINITION 15.20. Let E and M be connected smooth manifolds. A continuous map 7: E —
M is called a smooth covering map if it is smooth, surjective, and if every point in M has a
neighborhood U such that 7= (U) is a disjoint union of connected components, each of which is
mapped onto U diffeomorphically by 7. (We say that U is smoothly evenly covered by m.) We call
E a smooth covering space for M.

EXAMPLE 15.21. Lete: R — S' C C be the usual Lie group homomorphism e(z) = €™,

It is surjective and smooth, and for any point 2™ with 6 € [0, 27), we can take for example the
open neighborhood Uy = {€*™¢: |¢ — 0] < Z}. Then

e Up) = [0+n-10+n+1)

ne”L

Each interval in the preimage is mapped onto Uy smoothly and bijectively, and the inverse is a
branch of the complex logarithm which is smooth. Thus € is a smooth covering map, and R is a
smooth covering space for S!.

Notice that the smooth covering map ¢ of Example [[5.21]is actually a Lie group homomor-
phism R — S, whose kernel is the discrete subgroup Z of R. All such Lie group homomorphisms
are smooth covering maps.

PROPOSITION 15.22. Let GG be a connected Lie group, and let H be a discrete normal subgroup
of G. Then the quotient map 7: G — G /H is a smooth covering map.

PROOF. The quotient map 7 is a surjective submersion, so we need only show that it evenly
covers the quotient. Let Uy be a connected open neighborhood of ¢ € G that contains no point of
H \ {e} (which is possible since H is discrete). Let U C U, be a connected neighborhood with
the property that for any u,v € U, v~'u € U, (the existence of which was proved in a homework
problem).

Now, let g € G, and consider the open neighborhood gU of g. Let h # h' be two elements of
H. Then gUh N gUR = @, for otherwise there would exists u, v € U with guh = gvh’, meaning
uh = vh/, and so v=*u = Wh~! € H. But we also have v~*u € U, by definition of U, and since
U N H = {e}, it follows that h = h/, contradicting the choice of h # h'.
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Since 7 is an open map, V = 7(gU) is an open neighborhood of [g]. The preimage 7' (V) is
equal to gU - H, which we just proved is the disjoint union of the open connected sets {gUh: h €
H?}. For any two points u # v € U and given h € H, guh and gvh are in distinct cosets (this
follows from an argument similar to the one above); thus m: gUh — V' is a smooth bijection, and
since 7 is a local diffeomorphism, it is a diffeomorphism. OJ

Here are a few important properties of smooth covering maps.

PROPOSITION 15.23. Let E and M be smooth manifolds, and let 7: EE — M be a smooth
covering map.
(1) 7 is a local diffeomorphism.
(2) 7 is a smooth submersion.
(3) m is an open map.
(4) If m is injective, then it is a diffeomorphism.

The proof of this proposition is left as a(n easy) homework exercise.

The theory of covering spaces is one of the earliest topics in algebraic topology. If M is a
sufficiently nice topological space (precisely: connected, locally path connected, and semilocally
simply connected) and if T is any subgroup of the homotopy group 71 (M), then there is a covering
space Er for M with 7 (Er) = I'. We will only need this fact for the trivial subgroup, in which
case the covering space is unique and natural.

THEOREM 15.24. Let M be a connected smooth manifold. There exists a simply connected
smooth manifold M, called the universal covering manifold of M, and a smooth covering map
7 M — M. Iti is, moreover, unique in the following strong sense: if M — M is a smooth

covering map and M’ is simply connected, then there is a unique diffeomorphism P : M — M
such that ™’ o & = .

We will not prove Theorem|[I5.24] Let us just briefly outline how it works. Most of the work is
at the topological level: for any connected, locally path connected, semilocally simply connected
topological space B, there is a universal covering space E in the sense that £ is simply connected
and there is a continuous map 7: £ — B which is a topological covering map: 7 is surjective
and each point in B has a neighborhood U such that 7=!(U) is a disjoint union of connected
components each of which is mapped homeomorphically onto U by 7. The proof of the existence
of (B, ) can be found, for example, in [5, §82]. Fixing a basepoint by € B, E is defined to be the
set of (endpoints-fixed) homotopy equivalence classes of continuous curves «: [0, 1] — B with
a(0) = by. The covering map is defined by 7([a]) = «(1). The space is then topologized by
defining an open neighborhood of [a] to be the collection of (equivalence classes of) concatenated
paths « * § with 6(0) = a(1). It can then be shown that F is simply connected (as it is cooked up
to be) and 7 is a topological covering map.

Now, once we know 7m: . — M is a topological covering map, note that / is immediately seen
to be locally Euclidean: if U is a chart in M then 7=!(U) is a stack of homeomorphic copies of U.
It is also not hard to see that £ is Hausdorff and second countable, so £ is a topological manifold.
To define an atlas on it, for any p € E, fix a chart in (U, ¢) in M centered at 7(p) that is evenly
covered by 7, and let U be the unique component of 7~1(U) that contains p. Define &: U — R"
be the lift $ = p o 7|;. These charts are smoothly compatible since ¢)o g~! = ) o™, This gives
E a smooth manifold structure, and it is clear (from the fact that local coordinates on £ are given
by local coordinates on M) that 7 is a smooth covering map. Thus, we take (M, 7) = (E, 7) with
this smooth structure. We leave the natural uniqueness statement as an exercise for the reader.
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EXAMPLE 15.25. Since R is simply connected and £: R — S' of Example [15.21]is a smooth
covering map, it follows that the universal covering manifold of S! is R.

EXAMPLE 15.26. In Section[2] we found a Lie group isomorphism SO(3) = SU(2)/{I, -1},
a quotient of the connected Lie group SU(2). Hence, by Proposition the quotient map
m: SU(2) — SU(2)/{I,—1} = SO(3) is a smooth covering map. Now, as a manifold, SU(2)
is diffeomorphic to S? (this is a homework exercise), and is hence simply connected. Thus, the
manifold S* 2 SU(2) is the universal covering space for SO(3).

It is relatively easy to construct new universal covering manifolds from old ones. For example:

LEMMA 15.27. Let E, ..., Ej and M, . .., My, be smooth manifolds, and suppose 7;: E; —
M; are smooth covering maps. Then my X --- X m,: By X -+ X B, — My X --- X B}, is a smooth

covering map. Hence, if M; is the universal covering manifold of M;, then My x --- X M, is the
universal covering manifold of My X - -+ X Mj,.

The proof is immediate: it is quick to verify that m; X - - - X 7 is a smooth covering map, and
since products of simply connected spaces are simply connected, the uniqueness part of Theorem
[15.24] shows that the product of universal covers is the universal cover of the product.

One important property of covering manifolds is the existence of lifts of smooth maps (from
simply connected manifolds).

PROPOSITION 15.28 (Lifting Criterion). Let w: EE — M be a smooth covering map between
connected manifolds. Let N be a simply connected manifold, and let F': N — M be a smooth

map. Fix py € N and qo € 7 Y(F(p)). Then there exists a unique smooth map F:N = FE
satisfying w o F' = F (called a lift of F') such that F'(py) = qo.

E
F7 l”
p 7/
N—sM
F
Here is a brief outline of the proof. For p € N, let o, be any continuous path with «(0) = p, and
a(1) = p. The curve F' o o, has a unique lift to a continuous path 3, in E (i.e. m o 8, = F o i)
satisfying (3,(0) = qo; this is the path-lifting property of covering maps. Define f(p) = 5,(1).
This is well-defined: since N is simply connected, if a, and ;, are two paths connecting py to p,
they are homotopic, and hence ' o a, and F' o o, are homotopic. It follows from the Monodromy
Theorem that the lifts 3, and (3, are homotopic and 3,(1) = f3, ( ). Now, to prove F is smooth near
each point p, fix a chart V' in M at F(p); then V" lifts to a chart Vin E at F(p), and 7 is the identity
map in the V V local coordinates. Thus, for points in V, F and F have the same local coordinate
representation, and so since F' is smooth, so is F'. Uniqueness follows from the uniqueness in the
path lifting property.
Now, suppose G is a connected Lie group. Then, by Theorem [15.24] it possesses a (naturally
unique) universal covering manifold (é , ) that is simply connected. In fact, G possesses a unique
group structure with respect to which 7: G — GisaLie group homomorphism.

THEOREM 15.29. Let G be a connected Lie group. There exists a simply connected Lie group
G (called the universal covering group of GG), and a smooth covering map : G — G, such that
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is a Lie group homomorphism. It is, moreover, unique in the following strong sense: if n’: G =G
is a smooth covering map and Lie group homomorphism from another simply connected Lie group
G, then there exists a unique Lie group isomorphism G — G’ such that @' o ® = .

PROOF. Let (G, ) be the universal covering manifold of G, cf. Theorem Then by
Lemma mx 7w GxG— G x G isasmooth covering map. Let m: G x G — G denote
the multiplication map as usual, and fix some element ¢ € 7 (e). Since G is simply connected,
sois G x G, and so by Proposition , the smooth map mo 7 X 7: GxG— Ghasa unique
smooth lift to a map m: Gx G — G satisfying m(e, e) = e. We define the product on G as m:

gh = m(g, h) We must show this makes G into a Lie group (with identity ¢). Before we do so,
note that the definition of m gives m o # X m = 7 o m, which says that

m(gh) = m(@(g, h)) = m(x(g), 7(h)) = 7(G)x(h).

This, together with the fact that 7w(€) = e, shows that 7 is a homomorphism.

To see that e is the identity element, consider the function F': G- G given by F'(g) = eg.
Since 7 is a homomorphism and 7(€) = e, 7o F'(g) = en(g) = w(g) —i.e. mo F' = m, so Fis a lift
of m: G — G satisfying F(¢) = m(¢,¢) = & ButId: G — G is another lift, sending ¢ to itself,
and since G is simply connected, the uniqueness part of Proposition shows that F' = Id.
Thatis: eg = g forall g € G, showing that e is an identity element.

Next, we show every element in G has an inverse. Leti: G — G denote the inversion map
i(g) = g~'. The smooth map i o m: G — @ has a unique smooth lift i: G — G with i(¢) = ¢
by Proposition Now define a function H: G — G by H(j) = § - i(g). Then, since 7 is a
homomorphism, we have

o H(G) =n(G)-moi(g) = n(g) -iom(g) =e.
So H is a lift of the constant function e taking value € at €; so is the constant function €, and so by

uniqueness H(j) = ¢ for all § € G. An analogous argument shows that () is a left inverse for §
as well.
Finally, we must show that the multiplication on G is associative. Define the two bracket maps

br,br: G x G x G — G by
bu (3.7 k) = G, br(F.h.F) = G(hE).
Applying 7 to both sides, and repeatedly using the homomorphism property, we have

70 bi(g, h, k) = w(gh)m(k) = w(@)m(h)m(k) = 7(g)w(hk) = 7 0 ba(g, h, k).

Thus, by, and by, are both lifts of the same map G'x G x G — G given by (7, b, k) — () (k)7 (k).
Since both take the same value at (e, e, €), they are equal, and so the product is associative.

Thus, G is a group under this product. As the product is also smooth, G is a Lie group. The

covering map 7 : G — G is a smooth homomorphism, hence it is a Lie group homomorphism.
The uniqueness follows immediately from the uniqueness in Theorem[15.24] O

REMARK 15.30. Note: we were able to choose any element of the fibre over e as the identity of

G this, of course, determined the choice of product. A different choice of identity element results
in an isomorphic Lie group, as the uniqueness implies
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EXAMPLE 15.31. As we saw in Example the universal covering manifold of SO(3)
is the Lie group SU(2), a Lie group, where the covering map is the adjoint homomorphism
Ad: SU(2) — SO(su(2)). Note that the fibre over [ is {41}, and so we could have taken —I as
the identity of the covering group. Note that the map U — —U is actually a self-diffeomorphism
of SU(2). It is not a group homomorphism per se, but it is if we define the product one of the
copies of SU(2) as it would be in the above construction:

UXV =-UV.

The identity element for this product is —/. The inverse of any element is the usual matrix inverse,
since UK U = —UU! = —1I. Itis easy to verify X is associative: (UK V)XW =UVIW =
UK (VK W). Since it is clearly smooth, this gives a new Lie group structure to SU(2), but it is
not new since the diffeomorphism U — —U is a Lie group isomorphism.

We are now in a position to see that there are Lie groups that are not matrix groups: the

universal covering group SL(2) is not a matrix group (where SL(2) denotes SL(2,R) to be clear).
To prove this, we need a few lemmas.

LEMMA 15.32. The Lie group S1.(2, C) is simply connected, but the Lie group S1.(2,R) is not
simply connected.

PROOF. We utilize the polar decomposition: any matrix A can be written in the form A =
UP where U is unitary (orthogonal in the real case) and P is positive semidefinite: in fact P =
V A*A. If Ais invertible then P is positive definite, and in this case U = A(A*A)~'/2 is uniquely
determined. If det A = 1, then det Pdet U = 1, and since det P > 0 and det U € S', it follows
that det P = det U = 1. Thus, every A € SL(2,C) has a unique decomposition of the form U P
with U € SU(2) and P > 0 with det P = 1 (denoted SL-5(2, C)), and clearly every such pair of
matrices produces an element of SL(2, C); so we have a bijection SL(2, C) <+ SU(2) xSL+5(2,C).
Now, the space SL-((2,C) is contractible: any P has two positive eigenvalues with product 1,
which means they can be written in the form A, 1/ for some positive A < 1. Utilizing the spectral
decomposition, write any P uniquely in the form

A0 _
P:Vp|:0 1/)\:|VP1

with 0 < A < 1 and Vp € U(2). Define a homotopy H: [0,1] x P — P by

1—t)A+t 0
H(tup):VP|:( 8 * ;}Vp_l.
ey

Then H(0, P) = P, H(1, P) = I, H is clearly continuous, and H (t, P) € SL+(2) forall¢ € [0, 1]
(because we declared the first eigenvalue to be < 1, (1 —t)A +¢ > 0 for all t € [0,1]). Thus
SL-o(2, C) is contractible to the point /. Combining this with the polar decomposition bijection,
this gives a contraction from SL(2, C) onto SU(2), which is simply connected. Thus, SL(2,C) is
simply connected.

A completely analogous argument shows that SL(2, R) contracts onto SO(2,R) = S!, which
shows that SL(2, R) is not simply connected. O

Despite the fact that SL(2,R) is not simply connected, the nice way it sits inside SL(2, C)
makes it eligible for the conclusion of the Lie correspondence.
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LEMMA 15.33. Let n € N, and let ¢: sl(2,R) — gl(n,C) be a Lie algebra homomorphism.
Then there exists a Lie group homomorphism ®: SL(2,R) — GL(n, C) such that ®(eX) = e?X)
forall X € sl(2,R).

PROOF. The Lie algebra sl(2, R) consists of all 2 x 2 real matrices with trace 0. Similarly, the
Lie algebra s[(2, C) consists of all 2 x 2 complex matrices with trace 0; this decomposes as
- ! -1/
sr(z,c):{[a““ b+ib }:a,a’,b,b’,c,c’ER}

c+id —a—id

/ /
:{[a b }—l—z{a, b,} :a,a’,b,b',c,c’GR}
c —a d —a
=sl(2,R) + is((2,R).

We can therefore extend ¢ to a linear map ¢¢ : s[(2, C) — gl(n, C) in the obvious way: ¢¢ (X +
iY) = ¢(X) +io(Y) for any X,Y € sl(2,R). This defines a linear map, and we also have

[Pc(X +3Y), e (X' +iY")] = [$(X) +ig(Y), 9(X) + ig(Y)]
= [0(X), o(X)] +i[¢(X), o(Y)] + i[¢(Y), o(X")] = [$(Y), 6(Y")]
= [X, X'+ i[X,) Y] +i]Y, X' = [V, Y] = [X +4Y, X' +iY
where the third equality is the fact that ¢ is a Lie algebra homomorphism. Thus ¢¢: s((2,C) —
gl(n, C) is a Lie algebra homomorphism.
Since SL(2, C) is simply connected by Lemma|(15.32} by Theorem|[14.35| there is a unique Lie
group homomorphism ®¢: SL(2, C) — GL(n, C) such that ®¢(e?) = e?c(?) for all Z € sl(2,C).
Taking ® = ®¢ |SL(27R) provides the desired homomorphism. U

REMARK 15.34. One might think that a similar trick should work for SO(2), but one needs
to be careful: the Lie algebra so(2) = 0(2) consists of 2 x 2 real antisymmetric matrices, which
is 1-dimensional over R. On the other hand, su(2) is 3-dimensional, so there is no way we could
decompose it as 0(2) + i0(2). In fact, the complexification of 0(2, R) is 0(2, C), and the Lie group
SO(2, C) is not simply connected.

COROLLARY 15.35. Let G C GL(n,C) be a connected matrix Lie group with Lie algebra g,
and suppose V: G — SL(2,R) is a Lie group homomorphism whose induced Lie algebra homo-
morphism V. : g — sl(2,C) is a Lie algebra isomorphism. Then V is a Lie group isomorphism.

PROOF. By assumption the inverse ¢ = ¥ ': s5[(2,R) — g C gl(n,C) is a Lie algebra
isomorphism (ergo homomorphism). By Lemma [15.33] there is a Lie group homomorphism
®: SL(2,R) — GL(n,C) such that ®(e*X) = e**) for all X € g; since ¢(X) € g, it follows
that & maps into G. Now, since ¢ and v are inverses of each other, and since G is connected, it
follows from Lemma [14.36] that ® and W are inverses of each other. O

—_—

COROLLARY 15.36. The universal covering group SL(2,R) is not a matrix Lie group.

PROOF. The covering map 7: SL(2, R) is a Lie group homomorphism by Theorem|15.29| It is
also a local diffeomorphism by Proposition 1); hence, T, is invertible, so it is a Lie algebra

isomorphism. By Corollary |15.35] if SL(2,R) C GL(n,C) for any n € N, then 7 is a Lie group

isomorphism; but this is impossible since SL(2,R) is simply connected, while SL(2,R) is not
simply connected (cf. Lemma|15.32). U
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4. The Lie-Cartan Theorem

We are nearly ready to classify the set of all Lie groups sharing a common Lie algebra. The
first question is: is this set non-empty for some given Lie algebra? The answer is yes, and this is
the content of the present section.

To motivate the proof, recall Lemma [I3.24] which asserts that if H is a Lie subgroup of G,
then Lie(H) can be identified as

Lie(H) = {X € Lie(G): exptX € H forallt € R}.

We now turn this around. Let GG be a Lie group with Lie algebra g, and let H C G be a subgroup
that is not a priori known to be a Lie subgroup. The only candidate for its Lie algebra is the set
{X € g: exptX € Hforallt € R}. This is no reason that this set should be a Lie subalgebra
(or even a linear subspace) if H is a generic subgroup; it turns out that the set is always a Lie
subalgebra (though we will not prove this). If the subgroup in question is also generated by the
image of the exponential map on this Lie subalgebra, it is called analytic.

DEFINITION 15.37. Let G be a Lie group with Lie algebra g. An analytic subgroup H of G
is a subgroup with the property that

h={X €g: exptX € H forallt € R}
is a Lie subalgebra of g, and such that exp by generates H: i.e.
H={expXjexpXy---expX,:n €N Xq,..., X, € h}.

Note that a analytic subgroup is a connected subset of GG: for any element h = exp X; - --exp X,, €
H, the curve h(t) = exptX; ---exptX, is continuous and connects ~(0) = [ to h(1) = h. We
will see that analytic subgroups are indeed connected Lie subgroups. It is worth keeping in mind
that they need not be closed. For example: let G = T2, the 2-torus. It’s Lie algebra is R? with
trivial bracket. If X = (z,y) € R? is any element with z # 0 and y/x € R\ Q, then spang{X}
is a Lie subalgebra which is the Lie algebra of the dense subgroup {(e** ¢¥): t € R} C H.

Thus, we will need to give H a topology that may not be the same as the topology of GG to make
it into a Lie group. As a first step, we will need the following “rational approximation” lemma,
which will be used to show that there is a second countable topology on .

LEMMA 15.38. Let G be a Lie group with Lie algebra g, let Y C g be a Lie subalgebra, and
let H be the subgroup generated by expbh. Fix a linear basis of ©), and call an element X € b
rational if its coefficients in the given basis are rational. Then for any neighborhood Uy of 0 in g,
and any h € H, there is a finite collection Ry, ..., R, of rational elements in t) and an element
X € UyNb, such that
h =exp Ryexp Ry ---exp R, exp X.

PROOF. We use the Baker-Campbell-Hausdorff-Poincaré formula repeatedly here. Let U be
the neighborhood of 0 in g guaranteed by Theorem [14.21} so that, for X, Y € U,

expXexpY =expC(X,Y) (15.3)

where C'(X,Y) is defined in (14.7). Note from that equation that C'(-, -) is a continuous function.
Let U; C U be a neighborhood of 0 small enough that C'(X,Y) € U whenever X,Y € U;. Wlog,
we will shrink the given neighborhood Uy to Uy N U; (for if we can find X € Uy N U; N b, itisin
Uy N b as desired).

Now, for any X € b, there is some k so that +X € Up; thus exp X = (exp £ X)* is a product

k
of exponentials of elements of Uy N . Since any element of H is a product exp X ---exp X,
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for some Xi,...,X, € b, it follows that we can write every element h € H in the form h =
exp X - --exp X, for some m € Nand X; € Uy Nh foreach j € {1,...,m}. Our goal is to
show that we can replace X1, ..., X,, with rational elements in this decomposition, tacking on at
most one more exp X for some X € Uy N . We proceed by induction on m. For the base case, if
m = 0 then h = e = exp 0 = exp 0 exp 0, satisfying the conditions.

Proceeding by induction, suppose we know that for any element & € H which can be written in
the form exp X - - - exp X, with X1, ..., X,,, € UyNh, there are rational elements R, ..., R, € b
such that h = exp Ry ---exp R,, exp X for some X € U, N h. Consider, then, some element
h =exp X ---exp X,, exp X,,p1 with Xy, ..., X,,,.1 € Uy N h. By the inductive hypothesis, we
can find rational elements R, ..., R, and some X € Uy N b so that

h=expX;---expX,,exp X1 =expR;---exp R, exp X exp X, 11
= exp Ry -+ -exp R,, exp C<X7 Xm—i—l)

by the Baker-Campbell-Hausdorff-Poincaré formula (14.7)). Since b is a Lie subalgebra of g and
X, X1 € b, C(X, X,41) € b, and by the assumption Uy C Uy, C'(X, X,,+1) € U. This is not
quite sufficient, since we would like to show it is in the smaller neighborhood Uy. To fix this, we
introduce a new rational element R, .1 € b which is in U and is very close to C'(X, X,,+1); since
rational elements are dense in b, such elements clearly exist. In particular, Then we may apply the
Baker-Campbell-Hausdorff-Poincaré formula once more, and we have

h =exp Ry ---exp Ry, exp Ry,11exp(—Rp11) exp C(X, Xpi1)
=exp Ry -+ exp Ryy1 exp C(= Ry, C(X, Xony1)).

Since R, 1 and C(X, X, ;1) are in the Lie subalgebra b, so is C(—R,4+1, C(X, X,,41)). Since
C' is continuous, and C'(—Z,Z) = 0, we can choose R,,.; close enough to C(X, X,,,;) that
C(=Rpm+1,C(X, X;my1)) € Up. This concludes the induction, and thus the proof of the lemma.

OJ

We can now prove that analytic subgroups are, in fact, Lie groups.

THEOREM 15.39. Let G be a Lie group with Lie algebra g, and let H C G be an analytic
subgroup. Leth = {X € g: exptX € H forallt € R} (which is therefore assumed to be a Lie
subalgebra of g). There exists a unique smooth structure on H that makes it into a Lie subgroup of
G, such that the inclusion map H — G is a smooth immersion. The Lie algebra of H is b.

PROOF. Fix a neighborhood U of 0 in g as in the Baker-Campbell-Hausdorff-Poincaré formula
14.7, and also small enough that exponential map is a diffeomorphism from U onto exp(U) C G.
For simplicity, we also assume U is a ball centered at 0. We define a topology on H by using as a
base the collection

B ={h-exp(VNh): h € H,V anopennbhd of 0s.t. V C U}.

Any set in B is contained in H, since exph C H. Open sets in H are those sets W C H such that
any point w € W is contained in some element B € B with B C . This means that two points
hi,ho € H are “close” if ho = hy exp X for some sufficiently small X € b.

e H is Hausdorff: if hy # ho in H, since hy, ho € G which is Hausdorff, we may find a

subneighborhood V' of U so that h; - exp(V') N hy - exp(V') = &. Then the two elements
hy -exp(V N h), hy - exp(V N h) € B separate hy and hy, so H is Hausdorff.



4. THE LIE-CARTAN THEOREM 249

e H is second countable: let By, C B be the countable subset of all base elements of
the form exp Ry ---exp R,, - exp(Vo N ) for some m € N, some rational elements
Ry,..., R, €b,andsome open ball V; C U centered at O with rational radius. Given any
base element B = h - exp(V Nh) € B, by Lemma [15.38|for any neighborhood U of 0 in
g we can express h = exp Ry ---exp R, exp X for Ry, ..., R, rational and X € UyNh.
Taking Uy C U, then forany Y € V. Nh C Uy N b, by the Baker-Campbell-Hausdorft-
Poincaré formula we have exp X expY = exp C(X,Y) where C'(X,Y) € U N h. From
(T47), we have C'(0,Y) = Y, and by continuity and compactness of V, for any open ball
Vb containing V, there is a neighborhood Uy so that C'(X,Y) € V; for all X € U, and
Y € V. It follows that B is contained in some element of By; so B is a countable base
for the topology of H.

Now, the topology is evidently locally Euclidean: the map X — h - exp X is a homeomorphism
from U N b onto its image in H, and the former is an open subset of the vector space . We also
use this map as our local coordinate chart near h. To prove this forms an atlas, we must show the
transition maps are smooth. Any element of an overlap of two such charts can therefore be written
in either form h; exp X = hyexpY for some X,Y € UNh, and so h, 'h; = exp Y exp(—X),
which is small since X, Y are small. Shrinking the neighborhood U to some U’, we may arrange for
exp Y exp(—X) € exp(U) whenever X,Y € U’, and so we will always have h, 'h; € exp(U).
This means that expY = h,'h; exp X. Repeating the process above, we can arrange that this
product is always in exp(U’), and since exp is a diffeomorphism on U, it follows that the map
X +— Y is smooth. This defines our smooth atlas, making A into a smooth manifold. In the
chosen local coordinates, the inclusion map is simply X — hexp X on a neighborhood of h, and
this is a smooth immersion as claimed. It now follows that A is a Lie group, since the group
operations are the restrictions of those on G. Its Lie algebra is the tangent space at the identity,
where the chart used was X — exp X on U N bh; hence, the tangent space is b, as claimed. The
uniqueness is left as an exercise. 0

Our main application of analytic subgroups is the following theorem, often called Lie’s Third
Theorem.

THEOREM 15.40. Let GG be a Lie group with Lie algebra g, and let y C g be a Lie subalgebra.
There exists a unique connected Lie subgroup H of G with Lie algebra b.

To see how the proof goes, let us first address uniqueness. If H is a connected Lie subgroup
with Lie algebra b, then exp X € H for any X € h. Since H is a subgroup, it follows that /
contains the subgroup generated by exp . In fact, we will see that H is this subgroup:

H ={exp(Xj) - -exp(X,):neN Xq,..., X, € b} (15.4)

If H' is any other Lie subgroup with Lie algebra b, it must therefore contain H, and since both
have the same Lie algebra, they are the same dimension, so H is open in H'. But if H and H’ are
both connected, it follows that H = H'.

Thus, we must show that the subgroup of (15.4)) is, in fact, a Lie group. It suffices to show it is
an analytic subgroup: we must show that

{X €g: exptX € Hforallt € R} = . (15.5)

The reverse containment O is clear from the definition: if X € h, sois tX for any ¢ € R, and
hence exptX € H = (exph). It is the forward containment that concerns us now: we must see
that if exptX € H for all ¢ € R, then in fact X € . To begin, decompose g = h & b for
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some complementary subspace b (that is not necessarily a Lie subalgebra). By Lemma [14.7] there
are neighborhoods U,V of 0 in b and b so that the map ®: U x V — G given by &(X,Y) =
exp X exp Y is a diffeomorphism onto its image. Now, by definition of H, exp X € H; this does
not preclude the possibility that exp Y € H, and this is entirely possible. As it happens, however,
this only occurs for countably many Y € V.

LEMMA 15.41. Let U,V be neighborhoods as above, and let E C V' be the set of elements
Y e bwithexpY € H:
E={Y eV:expY € H}.
Then E is countable.

PROOF. Let C' be the expression in the exponential on the right side of the Baker-Campbell-
Hausdorff-Poincaré formual, cf. (I5.3). As in the discussion following that equation, let U; C U
be a neighborhood of 0 in h small enough that C(X,Y’) € U for all X,Y € U;. Then for any
sequence Ry, ..., R, of rational elements of b, there is at most one X € U; such that

expRiexpRy---expR,exp X € expV.
Indeed: if there are X, X5 € U; and Y7, Y5 € V such that

expRiexp Ry ---exp R, exp X7 = exp Y, 156
exp Riexp Ry---exp R,exp Xo = exp Y5 (15.6)

then exp Y exp(—X;) = exp Y exp(—X3), and it follows that
exp(—Y1) = exp(—X1) exp Xy exp(—Y2) = exp C(— X1, X) exp(—Y2),

where C'(— X1, Xs) € U by assumption. But & is a diffeomorphism on U x V, and is therefore
injective; since exp(—Y;) = expOexp(—Y;) with (0,—Y;) € U x V, we must therefore have
C(—X1,X5) = 0and —Y, = —Y). In particular, Y} = Y5, and so (I5.6) implies that exp X; =
exp Xs. Since X, Xy € U where exp is a diffeomorphism, it follows that X; = X5, as claimed.
Now, by Lemma [15.38] every element in H can be expressed as exp R; - - - exp R, exp X for
some n € N, some rational elements Ry, ..., R,, and some X € U;. But there are only countably
many elements of the form exp R, - - - exp R,, for some n, and as shown above, for each such
expression, there is at most one X € U; for which the product exp R; - --exp R, exp X is in
exp V. Thus, the set of Y € V for which expY € H is countable. O

PROOF OF THEOREM [15.40l As noted above, it suffices to show that the subgroup H =
(exp b) is an analytic subgroup satisfying (I5.5). Le. let

h ={X €g: exptX € Hforallt € R},

We will show that h’ = . By definition h C b’. Conversely, let Z € b'; then exptZ € H
for allt € R. Let g = h & b with neighborhoods U,V of 0 in h and b be as above, so that
O(X,Y) = exp X expY is a diffeomorphism from U x V onto its image in GG. For all sufficiently
small t € R, exptZ € ®(U x V); define (X(t),Y(t)) = & '(exptZ). So X(t) is a smooth
function from a small time interval into U, and Y (¢) is a smooth function from a small time
interval into V.

Now, exptZ = exp X (t) exp Y (), and since X (t) € U C b, exp X(t) € H for all . Thus
expY(t) = exptZexp(—X(t)) € H for all small ¢ € R. It follows that Y'(¢) is a constant
function of ¢ on its interval of definition. For, if not, then the continuous function Y'(-) takes
on uncountably many values; but then there would be uncountably many Y (t) = Y € V so
that expY € H, contradicting Lemma Thus Y (t) = Y(0) for all small ¢, and since
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e = exp(0Z) = exp X(0)exp Y (0), it follows (from the fact that ® is injective) that X (0) =
Y (0) = 0. Thus Y (¢) = 0 for all small ¢, and so, for all small ¢, exptZ = exp X (t), which shows
that tZ = X(t) (again since  is injective). As X (t) € U C b, it follows that Z € . We have
thus shown that b’ C b, concluding the proof. O

Finally, this brings is to the Lie-Cartan theorem, the main result of this section: every finite
dimensional Lie algebra is the Lie algebra of some Lie group.

THEOREM 15.42 (Lie-Cartan). Let g be a finite dimensional Lie algebra. There is a unique
simply connected Lie group G with Lie(G) = g.

PROOF. The vast majority of the proof relies on Ado’s Theorem: if g is any finite dimensional
Lie algebra, there is an injective Lie algebra homomorphism ¢: g — gl(n, C) for some finite n
(where n is not usually the dimension of g). This is a hard theorem that is completely algebraic and
well beyond the scope of this course, so we take it on faith; the perturbed reader can then simply
interpret the statement of this theorem to read “If g is a Lie subalgebra of gl(n, C) for some n, then
there is a unique simply connected Lie group with Lie algebra isomorphic to g”.

Thus, we may view g C gl(n, C) as a Lie subalgebra. By Theorem there is a connected
Lie subgroup H C GL(n, C) with Lic(H) = g. Now, define G = H to be the universal covering
group of H. Then Lie(G) = Lie(H) = g, thus such a simply connected Lie group exists. If G’ is
another simply connected Lie group with Lie(G’) = g, then by the Lie correspondence G’ = G,
proving uniqueness. U

5. The Lie Correspondence Revisited

We can now completely answer the question: given a Lie algebra g, what connected Lie groups
are there having g as their Lie algebra? The Lie-Cartan theorem asserts that there is a unique
simply connected G with Lie algebra g. By Corollary if A is any discrete normal subgroup
of G, then G/ H also has Lie algebra g. In fact, this is an exhaustive list.

THEOREM 15.43. Let g be a finite dimensional Lie algebra. Let G denote the unique simply
connected Lie group with Lie(G) = g, cf. Theorem|15.42| The set of all connected Lie group whose
Lie algebra is isomorphic to g is the set {G/I': T is a discrete normal subgroup of G'}.

PROOF. The preceding discussion verifies that all Lie groups GG /I" have Lie algebra isomorphic
to g, so we need only concern ourselves with the converse. Let H be a connected Lie group with
Lie algebra Lie(H) = g. Then the universal covering group H also has Lie algebra = g. As both
G and H are simply connected Lie groups with the same Lie algebra, by the Lie correspondence
they are isomorphic; fix an isomorphism ®: G — H. Now, the quotient map 7: H — H is a Lie
group homomorphism. Thus 7o ®: G — H is a surjective Lie group homomorphism. Its kernel
I' = ker 7 o @ is a normal Lie subgroup of Gz, and by the first isomorphism theorem for groups,
7 o ® descends to a group isomorphism G /T" — H; this map is smooth since its composition with
7 1s smooth, cf. Lemma To complete the proof, we must show that I is discrete.

Since Lie group homomorphisms are constant rank (cf. Theorem[I1.9), and 7 o ® is surjective,
it follows from the Global Rank Theorem[9.10|that is is a submersion. By Corollary (on level-
sets of submersions), the level set I' = ker(m o ®) = (7 o ®)~!(e) is an embedded submanifold
of GG with codimension equal to the dimension of H; but G and H have the same dimension (both
having isomorphic Lie algebras), and thus I" is a closed Lie subgroup of dimension 0. Thus, I' is a
discrete normal subgroup, concluding the proof. 0
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Whence, if G and G are any two connected Lie groups with the same Lie algebra, then both
G1 and G are isomorphic to quotients of their common universal covering group G by discrete

normal subgroups I'y, 'y C G: G = G /Ty, Gy = G /5. This completely classifies the equiva-
lence relation “having isomorphic Lie algebras” in the connected setting.

Let us conclude by discussing the complete picture: what happens in the disconnected setting?
We need one further group theory definition.

DEFINITION 15.44. Let G and H be groups, and suppose there is a surjective group homo-
morphism ®: G — H. Let Gy = ker®. We say that G is an extension of G, by H.

THEOREM 15.45. Let g be a finite dimensional Lie algebra. If G is any Lie group with
Lie(G) = g, then there is a connected Lie group G with Lie algebra Lie(Gy) = g such that
G is an extension of G by a discrete Lie group.

PROOF. This is left as a homework exercise. [l



CHAPTER 16

Compact Lie Groups

1. Tori

The simplest example of a compact Lie group is S'. Since Cartesian products of compact
spaces are compact, any torus T* = (S!)* is a compact Lie group. As we will see, tori play a key
role in understanding all compact connected Lie groups. Of course, by “torus”, we refer only to
the Lie group isomorphism class.

DEFINITION 16.1. A Lie group is called a torus group if it is isomorphic as a Lie group to T*
for some finite k. We usually use the letter T' to refer to tori.

EXAMPLE 16.2. Let T" denote the set of diagonal matrices in SU(n); T is evidently a closed

subgroup, and so is a Lie group. If uq, ..., u, are the diagonal entries of U € T, then
\ul |2 0 te 0
0 |u2|2 o 0
I =UU" = . . ) . , and 1=detU =uy---u,.
0 0 - Ju,l?
Thus w1, . . ., u, are complex numbers of unit length, and u,, = (u; - - - u,)"'. In particular, if we

define amap ®: T"! — T by

u 0 .- 0 0
0 wug --- 0 0
0 0 - Uy 0
o o0 -.-- 0 (U1"'Un)_1

then @ is a bijection. It is also clearly smooth, and easily shown to be a group homomorphism.
Thus @ is a Lie group isomorphism, and 7" is a torus, isomorphic to T" !,

Note that, in addition to being compact, tori are connected, and abelian. In fact, these properties
characterize tori.

THEOREM 16.3. Every compact, connected, abelian Lie group is a torus.

To prove this theorem, we will need a few supporting lemmas. The first is that, in the connected
abelian category, the exponential map is surjective.

LEMMA 16.4. Let G be a connected abelian Lie group, with Lie algebra g. Consider g is an
(additive) Lie group. Then exp: g — G is a surjective Lie group homomorphism.

PROOF. Since G is abelian, g has trivial bracket [X, Y] = 0 (cf. Proposition [12.48). Hence,
by the Baker-Campbell-Hausdorff-Poincaré formula, there is a neighborhood of 0 in g so that

253
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expXexpY =exp(X +Y)forall XY € U. In fact, this is true for all X,Y € g: choose some
integer k so that %X , %Y € U. Then we have

exp(X +Y) = exp(%X + %Y)"C = (exp(%X)exp(%Y))k
= (exp(%X))k(eXp(%Y))k =expXexpY.

This shows that exp is a group homomorphism g — G as it is smooth, it is a Lie group homomor-
phism. Finally, choose a connected neighborhood Uy of 0 in g such that exp: Uy — exp(Up) is a
diffeomorphism. Since U is connected, so is exp(Uj), and since G is connected, it follows from
Proposition c) that exp(Uy) generates G. Thus, any g € G can be expressed in the form

g=-expXjexp Xo---exp Xy =exp(Xy + -+ Xi)
for some X, ..., X € Uy C g, which shows that exp is surjective. 0

REMARK 16.5. We saw another example where the exponential map is surjective in Section
: the exponential map of the Heisenberg group H(3, R) is actually a diffeomorphism. It is worth
pointing out that these cases are very unusual: typically the exponential map is neither one-to-one
or onto, even in the connected category. For example, consider the matrix

-1 1
A= [ 0 —1 } € SL(2,C).
There is no matrix X € s((2,C) with exp X = A. Indeed: if X has distinct eigenvalues, then
it is diagonalizable, in which case exp X is diagonalizable; while A is not diagonalizable. If,
on the other hand, X has a repeated eigenvalue, this eigenvalue must be 0 since X € sl(2,C) so
Tr(X) = 0. Let v be an eigenvector with eigenvalue 0, so Xv = 0; then (exp X)v = (exp 0)v = v.
Thus exp X has 1 as an eigenvalue, unlike the matrix A.

(There are 2 x 2 matrices Z with exp Z = A, but none of them are in sl(2, C); they are all
upper triangular with diagonal entries both equal to i + 2nmi for some n, and upper-diagonal
entry defined accordingly to give A as the exponential.)

Hence, by the first isomorphism theorem for groups, we can identify G with the quotient
g/ker(exp). Since exp is a Lie group homomorphism, and is surjective, it is a submersion, and its
kernel is a Lie subgroup of codmension dimG = dimg, as in the proof of Theorem Thus,
the kernel is a discrete subgroup of g. Discrete additive subgroups of vector spaces are lattices.

LEMMA 16.6. Let V' be a finite dimensional inner product space, and let I' C V be a discrete
additive subgroup. There are linearly independent vectors vy, . .., v, € V such that I is the integer
linear span of {vq, ..., v}

I'={mvs + - -mypvg: mq,...,my € Z}.

PROOF. If I' = {0} there is nothing to prove, so we assume I" is non-trivial. As I is discrete,
we can find a non-zero element v, € I' with minimal length. (There will be more than one, since
—70 € T as well.) Let P: V — V be the orthogonal projection onto 75, and let I" = P(T"). Since
P is linear, I" is an additive subgroup of the subspace 7; . We now claim that I" is discrete.

Suppose, for a contradiction, that I'" is not discrete. Thus, for every € > 0, we can find elements
§ # 0 € I"with || — §|| < e. Now, d — 9" € IV = P(I), so there is some element v € I" with
P(y) = 6 — ¢. Thus ||P(7)|| < €, meaning that the distance from 7 to span(y) is < e. This
distance is equal to ||y — §|| where 8 = (I — P)~ is the orthogonal projection of v onto the span
of 70. The element 3 is on the line through 7, so it lies between m~y, and (m + 1)7, for some
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m € Z. Thus there is some integer n (equal to either m or m + 1) so that ||y — 3| < 3|70/ But
then we have

1
lnv0 =1 < llwyo = Bl + 118 = vl < Sloll +e.

Now, by taking € < 1|70/ at the beginning, we have found an element v € I' whose distance
from some integer multiple ny, is less than ||yg||. That is: v — nyy € T with ||y — nvyl| < [|7]|-
But 7 was chosen to have minimal nonzero length in I', and so it follows that v = n~y,. But then
d — 0" = P(y) = P(nv) = 0, contradicting the choice § # ¢’

Thus, IV is indeed discrete. We can now setup an induction on the dimension of V', with
base case V' = {0} where the statement is trivially true. Suppose we have verified the statement
of the lemma for all vector spaces of dimension < d, and now let dimV' = d. Fix a discrete
subgroup I' of I'; by the preceding paragraph, choosing a minimal length non-zero element 7, €
" and letting P be the orthogonal projection from V onto ~g, the subgroup I" = P(v) is a
discrete subgroup of the d — 1 dimensional vector space ;. By the inductive hypothesis, there
are linearly independent vectors uy, ..., uy_; € 75 such that I is precisely the set of integer
linear combinations of uy, ..., u,_;. Select any vectors vy,...,v5_1 € V with P(v;) = u; for
1 <j<k-—1. Thenw,...,vx_1 and 7, are linearly independent in V. If v € I, then P(v) =
miug + -+ mg_qup_1 = P(myvy+- - +mg_1vx_1) for some my, ..., my_1 € Z, and it follows
that there is some o € span(y) such that

Y =mavr + -+ My + 0.

We must now prove that o is an integer multiple of 7y; if not, an argument entirely analogous to the
one in the preceding paragraph would produce a non-zero element in I parallel to ~, with length
< ||70]|, contradicting the minimal-length choice of 7. This concludes the proof. O

PROOF OF THEOREM [16.3] Let T be a connected abelian Lie group, with Lie algebra t. By
Lemma[16.4] the exponential map is a surjective Lie group homomorphism exp: t — T7; since exp
is a local diffeomorphism, exp is a submersion, and so its kernel is a discrete additive subgroup of
t. By Lemmal[16.6] it follows that I' = ker(exp) is a discrete lattice: there are linearly independent
vectors vy, . .., v € tsuch that I' is the integer span of {vy, ..., v}

The first isomorphism theorem for groups shows that the quotient map 7: t — t/I" descents
to a group isomorphism 7" — t/T", and this map is surjective and smooth (since its composition
with 7 is smooth). Hence, it is a Lie group isomorphism, and so 7" = t/T". By decomposing

t = span{v,} @ - - ® span{vy} @ spanf{vy, ..., vx} T, we see that this quotient is isomorphic to
(SY)* x R™*, where n = dim(7'). This space is only compact if n = k, in which case 7" = T" as
claimed. U

REMARK 16.7. The above proof in fact shows the nominally stronger result that the only
connected abelian Lie groups are those of the form T* x R™ for some k,m € N. For example,
the Lie group C* = C \ {0} is isomorphic as a Lie group to S' x R, under the isomorphism
(€, t) — eel. The compact abelian connected Lie groups are precisely those with no Euclidean
space factor, m = 0.

Now, let us look briefly as Lie subgroups of tori. As we have noted in many examples, R is a
Lie subgroup of T2, immersed (but not embedded) densely. In general it, is useful to know when a
one-dimensional subgroup of a torus is dense. The following proposition gives an important group
theoretic characterization.
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PROPOSITION 16.8. Let T' be a torus group, and let t € T. The subgroup (t) generated by t
is dense in T if and only if the only Lie group homomorphism ®: T — S* with ®(t) = 1 is the
constant homomorphism ® = 1.

PROOF. First, if there exists a nonconstant Lie group homomorphism with ®(¢) = 1, then
ker(®) is a closed subgroup of 7" that contains ¢; it thus contains the group (t) generated by ¢. But
since ® is nonconstant, ker ® # T, and hence () is contained in a closed strict subgroup of 7', this
is not dense in 7'

Conversely, let S be the closure of the group (t). Since it is closed, it is an embedded Lie
subgroup of 7T'; as T is abelian, S is normal, and so 7'/S is a Lie group, and the quotient map
m: T — T/S is a surjective Lie group homomorphism. By assumption, S # 7', and so 7'/.S is not
the trivial group. It is compact and connected, since it is the image of the compact connected Lie
group 7" under the continuous map 7, and is it abelian since it is the image of the abelian group
T under a homomorphism. Thus, by Theorem T/S is a torus group. Fix an isomorphism
U: T/S — T™; since T/S is nontrivial, m > 0. Let m; : T™ — S! be the projection onto the first
factor. Set ® = 7 o W o . This is a Lie group homomorphism which is non-trivial, and since
teS,m(t)=ecT/Ssod(t)=1. O

As a corollary, we can now give a characterization of when an element generates a dense
subgroup that is more concrete, and related to the examples we know (involving irrational angles).

THEOREM 16.9. Lett = (> ... e2™) be an element of the torus TF. Then t generates a
dense subgroup of T* if and only if the numbers
1,0q,...,0k

are linearly independent over the rational field Q).

PROOF. In light of Proposition we must show that {1,0;,...,6,} is linearly indepen-
dent over Q if and only if there is no nonconstant Lie group homomorphism ®: T* — S' with
(e2m1 . e2™%) ¢ ker®. We prove this in contrapositive form. First, assume that {1,6;, ..., 0}
is linearly dependent over QQ: so there are rational numbers r¢, 71, ..., r, with rg + r6; + --- +
ri0; = 0. Multiplying by a common denominator for 7, 71, ..., 7, we find an integer linear com-
bination mg +m 0, + - - - +m0;, = 0 for mg, my, ..., m; € Znot all 0. Now, define ®: T* — S!
by

D(uy, ... up) =uf™ - up®. (16.1)
Then @ is a nonconstant Lie group homomorphism, and

@(t) — (627ri01)m1 - (627r10k>mk — 227rz(m1€1++mk9k) — 60 — 1

Conversely, suppose such a nonconstant homomorphism exists. In fact, every Lie group homomor-
phism T* — S! is of the form (I6.1]) for some integeral m,, . .., my, (this is a homework exercise).
Since ® is assumed nonconstant, not all the m; are 0. Hence

1= (ID(t) = @(62”i917 L 762“91@) — eQWi(m191+"'+mk9k)'

It follows that mf; + - - - +mi0; € Z, and hence there is a (non-trivial) integer linear combination
of 1,6, ..., 0 that equals 0. Hence, these numbers are linearly dependent over Z, and hence over

Q. 0
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2. Maximal Tori

We will see that torus subgroups control the structure of all connected compact Lie groups.
First we need a notion of the maximal ones. We first look at the Lie algebra level.

DEFINITION 16.10. Let g be a Lie algebra. A maximal abelian subalgebra t C g is a sub-
space that is an abelian subalgebra ([X,Y] = 0 for all X,Y € t) such that t is not contained in
any strictly large abelian subalgebra.

EXAMPLE 16.11. In su(n), consider the subspace t of diagonal elements: diagonal matrices
with imaginary entries, and having trace 0. All diagonal matrices commute, so this is an abelian
subalgebra. Note that it contains all the elements iE;; — tFy, for 1 < j < k < n. Now, let
X € su(n) be any element not in t. Then X is not diagonal, so there is some entry (7, k), with
J < k, so that Xj; # 0. But we can compute that

[(iEj; — iEw) Xk = i X, [X(Ej; —iEw)je = —iXp.

Since X, # 0, this shows that X does not commute with i£;; — i, € t, and hence there is no
abelian extension of t. Thus, t is a maximal abelian subalgebra of su(n).

Of course, the maximal abelian subalgebra t in Example is the Lie algebra of the torus
subgroup of diagonal matrices in SU(n).

DEFINITION 16.12. Let G be a Lie group. A maximal torus in G is a torus subgroup that is
not contained in any strictly larger torus sugroup of G.

EXAMPLE 16.13. Consider again the torus subgroup 7' C SU(n) of Example [16.2] It is, in
fact, a maximal torus. Indeed, if S is another torus subgroup of SU(n) with " C S, then since
torus groups are abelian, every s € S commutes with every ¢ € T'. Thus, any pair (s, t) with s € S
and ¢ € T (which are both unitary matrices) are simultaneously unitarily diagonalizable.

Now, let ¢ € 7" be an element with all distinct eigenvalues. Then the eigenspace for each is 1-
dimensional (over C); as t is unitary, any collection of eigenvectors is orthogonal. Hence, since ¢ is
already diagonal, and therefore the standard basis {ey, ..., e,} is a diagonalizing basis, it follows
that any diagonalizing basis of unit vectors is of the form {e?te;, ... e"¢,}. Hence, there is a
basis of this form that also diagonalizes s. Thus, each s € S is diagonalized by a diagonal matrix,
and it follows that s is diagonal. Therefore, s € T, and so S = T'. So T' is a maximal torus.

EXAMPLE 16.14. If T is a maximal torus in K, then so is T2~ ! for any z € K. Indeed,
the conjugation map y +— xyxz ! is a group isomomrphism, so 27z~ ! is a torus. Suppose it is
contained in another torus S; then T C z~'Sxz. By the same reasoning, x~1Sx is a torus, so since
T is maximal, T’ = 2~ 'Sz, and so S = xTz~!, which proves that .S’ is maximal.

We will soon see that the correspondence between Examples[16.11]and [16.13|works in general
in a compact Lie group: maximal abelian subalgebras are precisely the Lie algebras of maximal
tori. A first result en route to this result is the following.

PROPOSITION 16.15. Let GG be a Lie group with Lie algebra g, and let by be a maximal abelian
subalgebera of g. Then the conneced Lie subgroup H C G with Lie(H) = b is closed.

PROOF. Since exp(h) contains a connected neighborhood of the identity in H, and since H is
connected, it follows that it generates h (indeed, this is how we defined H in the proof of Theorem
15.40| that such H exists and is unique). Since h is abelian, it follows that H is abelian. It then
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follows easily that the closure H of H in G is also abelian. In addition, as the closure of a connected
set, H is connected.

Let b’ = Lie(ﬁ); then h C . Since H is abelian, b’ is also abelian (by Proposition ,
and by maximality of b, it therefore follows that h = b’. Thus, H is a connected Lie subalgebra of
G with Lie algebra b, and hence, by uniqueness, it is equal to H. Hence, H is closed. U

THEOREM 16.16. Let K be a compact Lie group with Lie algebra t. If T' C K is a maximal
torus with Lie algebra t, then t is a maximal abelian subalgebra of €. Conversely, if b is any
maximal abelian subalgebra, then the connected Lie subgroup H of K with Lie(H) = b is a
maximal torus.

PROOF. First, suppose 7" is a maximal torus, which is abelian. Thus, its Lie algebra t is abelian.
Let t' be the maximal abelian subalgebra containing t (i.e. the intersection of all subspaces of ¢ all of
whose elements commute with t). Let 7” be the connected Lie subalgebra of K with Lie(7") = t'.
Since 7" is connected, it is generated by exp(t'), and hence is abelian. By Proposition T’ is
closed, and since K is compact, 1" is therefore compact. Thus, 7" is a compact, connected, abelian
Lie group, and thus by Theorem T’ is a torus group. So 7" C T’ is contained in the torus
group 7", and since T is a maximal torus, it follows that 7" = 7”. This shows thatt = t/, so tis a
maximal abelian subalgebra.

Conversely, suppose h is a maximal abelian subalgebra. By Proposition the connectes
subgroup H C K with Lie(H) = b is a closed subgroup, hence compact. It is also abelian since
b is, and it is connected by definition, so again by Theorem H is a torus subgroup. If S is a
torus subgroup with H C S, then h C s where s = Lie(SS) is abelian; since b is maximal abelian,
it follows that h = s, and since S is connected, it then follows that H = S. Thus H is a maximal
torus. 0

Maximal tori will turn out to completely control the structure of compact connected Lie groups.
The following theorem is the key.

THEOREM 16.17. Let K be a connected, compact Lie group. Fix some maximal torus T' C K.
Then every element y € K can be written in the form y = xtx ™! for some x € K andt € T.

EXAMPLE 16.18. Let K = SU(n), and let 7" be the maximal torus of diagonal elements,
cf. Example [16.13] Theorem in this setting is almost precisely the statement of the spec-
tral theorem: for any U € SU(n), we can find V' € U(n) such that V-'UV is diagonal. Since
det(V7IUV) = detU = 1, it follows that VUV is in the maximal torus 7. Now, the con-
jugating matrix V' is composed of eigenvectors of U, which can be independently scaled by any
unit modulus constant without changing the fact that V" is unitary; hence, we can rescale the first
column so that det V' = 1, proving the theorem in this case.

Theorem [[6.17]is often stated in the following equivalent form.

THEOREM 16.19 (Cartan’s Torus Theorem). Let K be a connected, compact Lie group.

(1) Any two maximal tori in K are conjugate: if S1 and Sy are maximal tori in K, there is an
element x € K such that Sy = xS;x7".
(2) Every element of K is contained in some maximal torus.

PROOF OF EQUIVALENCE TO THEOREM [16.17] e Theorem[16.17] = Theorem[16.19
First, for any y € K, there is some € K with y € T2 !; since T2~ ! is a maximal
torus, this verifies (2). For (1), let S be any maximal torus, and fix some element s € S
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such that the subgroup (s) generated by s is dense in S. By Theorem there is some
r € Kandt € T with s = xtx~!, and so t = 27 'sx. Then for any k € Z tF = 27 1s*x,
which shows that 2= 's*z € T so s* € #Tz~! for all K. The torus z7z ! is closed, and
the set {s*: k € Z} is dense in S, so it follows thst S C zTz~!. But since S is maxi-
mal, and T2~ is a torus, it follows that S = xTz~!. Thus, S is conjugate to T". Since
conjugacy is an equivalence relation, it follows that any two maximal tori are conjugate,
verifying (1).

o Theorem[16.19 = Theorem[I6.17|Fix any maximal torus 7". Given y € K, by (2) there
is some maximal torus S with y € S. By (1), there is some z € K with S = 2Tz~ %

Thus y € 2Tz, as required.
0]

Before proceeding to prove Theorem let us note two important corollaries.

COROLLARY 16.20. If K is a connected, compact Lie group with Lie algebra €, then the
exponential map exp: £ — K is surjective.

PROOF. Let z € K, and choose a maximal torus 7" containing . By Lemma[[6.4] the restric-
tion of exp to Lie(7") is surjective, and so x € exp(Lie(T")) C exp(Lie(K)). O

COROLLARY 16.21. If K is a connected, compact Lie group, and z € K, then z is in the
center of K if and only if z belongs to every maximal torus in K.

(Note: the center of K, Z(K), is the subgroup of K consisting of those elements that commute
with everything in K.)

PROOF. If z € Z(K), let T be a maximal torus containing z. If 7" is any other maximal torus,
there is some x € K with 7" = xTx~', which shows that zzz~! € T". But z commutes with z, so
xzrx ' = z,and so z € T". Thus z is in all maximal tori.

Conversely, suppose z belongs to every maximal torus. Then for any z € K, there is some
maximal torus 7" 5 x, and by assumption z € 7" as well. Since 7' is an abelian subgroup, it follows

that x commutes with z. So z € Z(K). O

The proof of Theorem is quite involved. We will need two main ingredients: the the-
ory of mapping degrees of smooth maps between compact manifolds (returning to integration of
differential forms), and the Weyl group of a compact Lie group. We begin with the latter.

3. The Weyl Group, and Ad-Invariant Inner Products

We now introduce an important discrete group that plays a central structural role in a compact
connected Lie group.

DEFINITION 16.22. Let K be a compact connected Lie group, and let T be a maximal torus
in K. The normalizer of T, N(T), is the group of elements v € K such that tTx~' = T. Note
that T C N(T) is a subgroup, and in fact (essentially by definition) it is a normal subgroup. The
quotient group

W(T)=N(T)/T

is the Weyl group of T.
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EXAMPLE 16.23. Consider the maximal torus 7" of diagonal elements in U(n), (that this is
a maximal torus is proved analogously as in Example [16.13). If ¢, € 7', and o is a permutation
matrix, then for any ¢ € T, (oty)t(oty) ™ = ototty ‘o' = oto~! is diagonal: its diagonal entries
are those of ¢ permuted according to o. Thus, letting ¥,, C U(n) denote the group of permutation
matrices, we see that 3,7 C N(T'). In fact, this is an equality. If u € U(n) satisfies utu™' € T
for all ¢ € T, this must hold in particular for some ¢ with all n diagonal entries distinct. Such a
t is unitarily diagonalizable, with diagonalization unique up to the order of the eigenvalues and a
unit length constant for each eigenvector. Hence, utu™' = ¢’ where t’ is a permutation o of the
diagonal entries of ¢, and this fixes u to be ¢ up to a scaling constant in S' in each diagonal entry:
re.u € X,T.

Thus, N(T') = X, T, which means that W (7T") = N(T')/T = %, is the finite group of permtu-
ations.

We will prove (in two sections) that the Weyl group is always be a finite subgroup of an or-
thogonal group. To see why, we describe its actions on several spaces in the following. Note first
that N(7T) is a closed subgroup of T" (as can be quickly verified, using compactness of 7'). Thus, it
is an embedded Lie subgroup. By definition, we have a left action of N(T') on T by -t = ztz ™ .
This action descends to an action of the quotient W(7') = N(T')/T on T if x,2" € N(T) are
in the same coset 21" = 2/T, then for t € T, there is some t' € T with zt = 2't/, from which it
follows that

vot=atz =2 =2V =2t T =2t

where we have used the fact that 7" is abelian, so ¢'t 1 = ¢~'¢/. Thus W (T') acts on T'. We will see
later that this action is effective: if w -t =t for all t € T', then w is the identity.

Now, if z € N(T), then by definition, the conjugation C,(t) = xtx~! is in T for each t € T}
thus, C,, preserves the Lie group 7. It follows that the derivative Ad(z) preserves the Lie algebra t
of T'. This gives us an action of N(7') on t: z - H = Ad(x)H for H € t. This also descends to an
action of TV on t: this follows from differentiating z(exp sH)z ' = y(exp sH)y ' at s = 0. The
action of W (T') on t is also effective: if w - H = H for all H € ¢, it follows that Ad(x)H = H
for all H € tfor all z € w, meaning Ad(x) = Id,. Since C, is a Lie group homomorphism of the
connected Lie group 7', it then follows that it too acts trivially.

We summarize this discussion as follows.

PROPOSITION 16.24. Let K be a compact, connected Lie group, and let " C K be a maximal
torus with Lie algebra t. Let W (T') = N(T)/T be the Weyl group of T in K. The map

[Ad]: W(T) — gl(t), [z]— Ad(x)
is a well-defined, injective group homomorphism.

(The only part left unproved is the injectivity, which, as described above, follows from the effec-
tiveness of the conjugation action of W (7') on 7', which we will prove later.)

Hence, we can view W (T') as a subgroup of gl(t). Let us now put an inner product on t: there
are many choices, but the compactness of K means there exists an Ad-invariant inner product.

LEMMA 16.25. If K is a compact Lie group with Lie algebra €, there exists an inner product
(-, -) on € that is invariant under the Adjoint action of K :

(Ad(g)X,Ad(9)Y) = (X,Y) geK, X,Y et
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PROOF. Begin by fixing any inner product (-, -)o on €. Then define the desired inner product
by averaging over the Adjoint action:

(X,Y) = /K (Ad(h)X, Ad(h)Y)o dh

where dh denotes the unique Haar probability measure on K, cf. Proposition [12.6] It is quick to
verify that this is a bilinear form, and it is positive definite since

(X, X) = /K (Ad(R)X, Ad(h) X )o dh

is in integral of the strictly positive function 2 — (Ad(h)X, Ad(h)X),. Hence, this defines an
inner product, and we can quickly check that

(Ad(g9)X, Ad(g)Y) = / (Ad(h)Ad(g)X, Ad(h)Ad(g)Y)o dh = / (Ad(hg) X, Ad(hg)Y )o dh
K K

and this is equal to [.(Ad(h') X, Ad(h')Y)odh = (X,Y) by the left-invariance of the Haar mea-

sure. U

REMARK 16.26. In fact, there is often a unique Ad-invariant inner product up to scale: for ex-
ample, on su(n), the Hilbert-Schmidt inner product (X,Y) = —Tr(XY) is the only Ad-invariant
inner product up to scale. (This is not true on u(n), and the difference is a delicate matter of repre-
sentation theory we may get to later.) It is also not necessary for a Lie group to be compact for it to
possess an Ad-invariant inner product: for example, it is clear that £ & R" does whenever £ does.
It turns out this is a characterization: the Lie algebra of a Lie group GG possesses an Ad-invariant
inner product if and only if G = K x R" for some compact K and finite n. Such Lie groups are
called compact-type.

Thus, if we imbue £ with an Ad-invariant inner product, then we see that the homomorphism
[Ad]: W(T) — gl(t) of Proposition [16.24 maps into the orthogonal group o(t). We will see later
that it is finite: it is the collection of reflections through the hyperplanes orthogonal to a certain
finite set of vectors in £ (called the roots).

While we are on the topic of Ad-invariant inner products, let us note a few useful facts about
homogeneous spaces in that context.

PROPOSITION 16.27. Let GG be a connected Lie group with Lie algebra g, and let H C G be
a closed subgroup with Lie algebra ) C g. Suppose that Lie algebra g posses an inner product
that is invariant under the adjoint action of H: (Ad(h)X,Ad(h)Y) = (X,Y) forall h € H,
X, Y € g. Let f = g © by be the orthogonal complement of by in g with respect to this inner product.
Then, for each g € G, the map

1o f = Tig(G/H), X — % . [gexptX]
is a linear isomorphism. Moreover, if g, g’ € G are in the same coset [g] = [¢'], then for any h € H
with ¢’ = gh, we have
7y (X) = 74(Ad(h) X).
Note: in the proof that G/ H is a smooth manifold (Theorem , we constructed the tangent
space at the identity in this fashion, using a complementary subspace to ) in g to give our slice

coordinates. The first statement of the proposition holds in that level of generality (no inner product
needed to choose f); the Ad-invariance is needed to characterize the change 7, — 7.
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PROOF. From Theorem we know that the quotient map 7: G — G/ H is a submersion; in
particular, at the identity e € G, dr.: g — Tj)(G/H) is surjective. By point (2) of the theorem, its
kernel is precisely h. So, for any given vector v € Tj(G/H), fix some X € g with dr.(X) = v.
We may uniquely decompose X = X, + X; where X, € h and X; € g; thus, v = dr.(Xo) +
dm.(X,) = dm.(X1), and so we see that dr.|; is a linear surjection f — Tie|(G/H). It is also
injective: if Xy, Xy € f satisfy dm.(X;) = dm.(X32), then X; — X, € ker(dm.) = b, and since
X1 —Xoef= ht, we have X; — X, = 0.

Thus, dr.|s: § — Tiq(G/H) is a linear isomorphism. Since ¢t — expt¢X is a smooth curve
with derivative X at? = 0, by definition we can compute

dme(X) m(exptX) = 7.(X)

ot

which proves the first statement in the case g = e. For other g € (G, we use the left action of GG on
G/ H which is smooth by Theorem 3), and thus dLg|(: Ti)(G/H) — Tjy(G/H) is a linear
isomorphism, and we may compose to find an isomorphism

dLg|e o dme: § — T (G/H).
But by the chain tule dL, | o dn. = d(L4 o 7)., and so as above

d d
_ ¢ : tX) = — tX] = 7.(X).
o tzog m(exptX) il . [gexptX] = 74(X)

Finally, if h € H and ¢’ = gh, then for all t € R and X € f we have
[¢ exptX] = [ghexptX] = [gh(exptX)h '] = [gCh(exptX)] = [gexp(tAd(h)X)].
Differentiating at ¢t = 0 yields 7,, = 7, 0o Ad(h). O

d(Lyom)e(X)

REMARK 16.28. Note: the identity 7,, = 7,0 Ad(h) appears to be valid in general here without
any assumption on the inner product, but the domain of 7 is, in general, Ad(h)(f). Of course, in
order for 7, to really be well-defined (since we must choose some g € [g]), we need the domain to
be consistent.

To conclude, as a corollary, we show that homogeneous spaces GG/ H with compact connected
H possess unique (up to scale) Haar measures.

PROPOSITION 16.29. Let GG be a connected Lie group, and let K C G be a connected compact
subgroup. Then there exists a left-invariant volume form on G/ K, which is unique up to scale. In
particular, G/ K is orientable.

PROOF. Following precisely the proof of Lemma we may choose an Ad(K)-invariant
inner product on g = Lie(G). Let f = g © € be the orthogonal complement of ¢ = Lie(K) in g.
Then, for h € K, Ad(h)|; € O(f) by the Ad(K)-invariance of the inner product, and since H is
connected and Ad(e) = I € SO(f) (the connected component of the identity in O(f)), we must
have Ad(h)|; € SO(f) forall h € K.

Now, fix an orientation on f, and let wy be the standard volume form associated to it: i.e.
the unique top form which satisfies wy(es, ...,e,) = 1 whenever {e,...,e,} is an orientation-
preserving orthonormal basis for f. Since Ad(h) € SO(f) for any h € K, it follows that

wo(Ad(h)vy, ..., Ad(h)v,) =w(X1,...,X,), heK, v,...,v, €F.
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We use this to define a volume form on GG/ H using the identification of all tangent spaces with §
in Proposition |16.27} for any g € G, we define a n-form A\, : Tj,(G/H)" — R by

Ag(Xilig - -5 Xalig) = wolry, (X)), -+ 7y H(Xalig)))-

If we choose a different ¢’ € [g], then then with h € K given such that ¢ = gh, Proposition (16.27
shows that 7,, = 7, o Ad(h), which means that for vy, ..., v, € Ty (G/H),

Ag(v1, . 0,) = wO(Tg_,l(vl), . ,Tg_,l(vn))
= wo(Ad(h ™), (vr), ..., Ad(h )7, (va)
— wo(Tg’l(Ul), o ,T;l(vn))
= Ag(v1,...,0p).

Hence, we may define a (rough) antisymmetrix contravariant tensor field w on G/H by

wigl(X1lgg)s - - Xnlg) = A(Xalggs -+ -5 Xlig)

for any choice of g € [g]. It is left as a simple exercise (from the definition of 7,) to show that
w € "(G/H) (i.e. it is smooth), and left-invariant.

As for uniqueness up to scale, if w and w’ are two volume forms on GG/ H, then (as top forms)
w|() and w'|¢] are proportional, w,; = Aw) for some A > 0. Since the left action of G on G/ H is
transitive, for any € G/H, we may find some g € G with g - [¢] = z, and thus if w and W’ are
left-invariant, we have w'[, = L}w'|[) = ALjw|¢q = Aw|, as well. Hence, w’ = Aw. O

4. Interlude: Mapping Degrees

Let M, N be smooth manifolds. We will be concerned with smooth maps £': M — N, and
their level sets at regular values. In order for there to exist any regular values at all, we must assume
that M and N have the same dimension. The first observation is that, if the domain manifold M is
compact, then such level sets are finite.

LEMMA 16.30. Let M, N be smooth manifolds of the same dimension, with M compact, and
let F: M — N be smooth. If ¢ € N is a regular value for F, then F'~1(q) is finite.

PROOF. Suppose, for a contradiction, that F'~!(q) is infinite. Since M is compact, it follows
that the infinite set F~'(q) C M has an accumulation point p € M, and so by continuity of F,
F(p) = q. Since ¢ is a regular value, by definition dF, is invertible. By the inverse function
theorem, it follows that there is a neighborhood of p in M where F' is a diffeomorphism onto its
image; in particular, F' is injective on a neighborhood of p. This is a contradiction: since F'~!(q)
accumulates at p, any neighborhood of p contains infinitely many points that map to q. 0

Now, suppose that M and NV are oriented manifolds. If £': M — N, then for any regular value
q € N and preimage p € F'~*(q), the (invertible) derivative dF), is either orientation-preserving, or
orientation-reversing. (Of course, if it is orientation-preserving at p, it is also orientation preserving
at any point in a neighborhood of p, and likewise for the orientation-reversing case.)

DEFINITION 16.31. Let M, N be smooth oriented manifolds of the same dimension, with M
compact, and let F': M — N be smooth. For each regular value q € M for f, the degree of F' at
q, deg, (F'), is the integer

degq(F): Z sgn(dF})

pEF~1(q)
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where, for any linear map L between oriented vector spaces, sgn(L) = +1 if L is orientation-
preserving and sgn(L) = —1 if L is orientation-reversing.

The main theorem of this section is that this degree is constant: it does not depend on which
regular value we compute it at.

THEOREM 16.32. Let M, N be smooth, oriented, connected, compact manifolds of the same

dimension > 1, and let F': M — N be a smooth map. There is an integer deg(F’) such that, for
all regular values q € N of F, deg, (F) = deg(F).

The constant integer deg(F") is called the mapping degree of . We will prove Theorem 16.32|by
showing that it can be calculated in an analytic way, involving how integrals of differential forms
change under pullback by F'. To motivate how, consider the following example.

EXAMPLE 16.33. Fix an integer k € Z, and let F': S' — S! be the map F'(u) = u*. We give
S! the usual ccw orientation in both cases; then F' is orientation-preserving at all points if & > 0
and orientation-reversing at all points if & < 0. Note, the exponential map exp: R — S, given
by exp 6 = €%, is a diffeomorphism from (—, 7) onto S' \ {—1}; on this neighborhood, we have
F(0) = F(e) = € and the total derivative is DEy(X) = kie*® X which is a surjective for
all § so long as k # 0. We can use the shifted exponential map 6§ — ¢®*™ to make the same
conclusion about S' \ {1}. So, as long as k # 0, every value of F is a regular value. Note also
that, for any point u € S!, F _1(u) has size k: it is the collection of kth roots of u (which is, up to
a fixed rotation, the same as the set of kth roots of unity).

Now, let w € Q'(S!); then we may write w = f df for some f € C>(S!). (Recall that, even
though 6 is not a smooth function on all of S', the global vector field % is smooth; d# is its dual
1-form. It can be expressed as the restriction to S' C R? of the global 1-form z dy — y dz.) We

now compare
w VSs. Frw.
st st

If F were a diffeomorphism, then by Proposition [10.15(d), these two would be equal (up to a
minus sign of F'is orientation-reversing). Indeed, this is what happens when £ = £1. But, for
other £, F'is not injective. Instead, we can compute as follows. Using the exponential map as our
parametrization exp: [0, 27| — S!, we have

2m 2m
/ wE/w:/ afw = f(e®)do.
St @ 0 0

At the same time, by Proposition [6.23|(d), we have

Fro= | Fru= w= " F(e™)d(k).
foresfres e

For the latter, we make the substitution ¢ = kf. Then this becomes

2km )
/O £(e%) dg =

Thus, we have [, F*w =k [, w.

k

S setyao =k / " Fe) do.

j=1720G-Dm

Example [16.33] demonstrates how we must modify Proposition [I0.15(d) when the pullback
function F' is not a diffeomorphism. In this example, the value of the integral gets multiplied by
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an integer, and this integer happens to be exactly the degree of F'. This is, in fact, always true, and
gives us a way to access the mapping degree of F' using differential forms.

LEMMA 16.34. Let M, N be compact, connected, oriented n-manifolds, and let F': M — N
be a smooth map. Let g € N be a regular value for F'. Then for all sufficiently small neighborhoods
V of q, and all n-forms w supported in 'V,

/MF*w:degq(F)/Nw.

PROOF. By Lemma the preimage F~!(q) is a finite set F'"*(q) = {p1,...,pm}- By
assumption dF),. is an isomorphism for each j, and so by the inverse function theorem there is
some neighborhood U; of p; such that F'|y; is a diffeomorphism onto its image. By shrinking the
neighborhoods as necessary, we may assume that dF), is orientation-preserving for all p € U; or
orientation-reversing for all p € U; for all j; and we may assume that the U; are all disjoint.

Let V' be any neighborhood of ¢ contained in (); F'(U;). Thus, if w is supported in V, then
F*w is supported in | |; U;, and we have

Fro = / Fruw.
/M ; Ui

But [ is a diffeomorphism on Uj;, and so by Proposition [I0.15(d), each term in the sum is equal
to £ /. FUyW = + fv w, with the sign determined by whether F' is orientation-preserving or
J

orientation-reversing. This concludes the proof. U

Now, fix a regular point ¢ for /' and a neighborhood V' as in Lemma[16.34] and let w be any top
form supported in V' for which | ~ W # 0. Then the lemma shows us that we can compute deg, (F’)
as

Ju Fw
deg,(F) = o (16.2)
Thus, to show deg,(F') does not depend on ¢, our approach will be to show that the ratio in
does not really depend on the form w. In particular, given two regular values ¢, ¢’ with
neighborhoods V, V"’ and top forms w, w’, we will show that we can deform w to w’ while holding
the numerator and denominator in (16.2)) constant.

PROPOSITION 16.35. Let N be a compact oriented n-manifold. Let V: [0,1] x N — N be
a continuous map, and denote V,(q) = V(t, q). Suppose V is piecewise smooth, in the sense that
there is a partition {0 =ty < t; < --- <ty = 1} of [0,1] so that V|, _, 1.y« is smooth for all
1 < 7 < m. Suppose also that ¥V = Idy, and V, is an orientation-preserving diffeomorphism for
eacht € [0, 1].

Let w € Q"(N), and for each t, let w, = VU w. Then, for 0 <t <1,

/wt:/w. (16.3)
N N

Moreover, let M be another compact oriented n-manifold, and let F': M — N be smooth. Then,

for0 <t <1,
/ F*w, :/ F*w. (16.4)
M M
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PROOF. It suffices to prove the proposition assuming ¥ is smooth; for then we can apply the
result on each subinterval [t;_,%;], and then use continuity to conclude the full result. Note,
moreover, that (16.3) is an immediate consequence of Proposition [10.15(d), because U; is an
orientation-preserving diffeomorphism. So we need only establish (16.4). For this purpose, we
will use Stokes’s theorem for manifolds with boundary (which we have not covered, so you will
have to take some of this on faith).

Note that F*w; = F*(Vjw) = (¥; o F)*w. So, define G: [0,1] x M — N by G(t,p) =
U(t, F(p)). Then for each ¢ € [0, 1], noting that w = wy, we have

/ F*wt—/ F*w:/ G*w:/ d(G*w):/ G* (dw).
M M a([0,t]x M) [0, x M [0, x M

But w is a top form on N, and so dw = 0. Thus, the above integral is 0, showing that | y Frwr =
Jys F*w, as desired. O

We will then be able to prove our main theorem provided we can find such a piecewise-smooth
family of diffeomorphisms exchanging any two regular values of . In fact, we can exchange any
two points.

LEMMA 16.36. Let N be a connected, oriented manifold, and let q,q' € N. There exists a
piecewise smooth continuous map V: [0, 1) x N — N as in Proposition[16.33|such that U(1,q') =
q.

PROOF. This is a standard connectedness argument. We fix ¢, and consider the set £ of all
¢ for which such a W. Then one sees that E is open by working in local coordinates (where the
family of diffeomorphisms can be constructed as a piecewise linear extension). Similarly, one sees
that the set E is closed, by working in local coordinates near any limit point of £. The details are
left to the interested reader. U

REMARK 16.37. In our intended use of all the results in this section, the manifold N will be a
compact, connected Lie group. As such, Lemma is very easy to prove. Let a: [0,1] — N
be a continuous, piecewise smooth curve connecting e to ¢(¢q’ )_1. Then we can define W; = L),
which is a smooth family of orientation-preserving diffeomorphisms (taking any left-invariant ori-
entation), Uy = Idy, and ¥, (¢") = ¢, as desired.

This brings us to the proof of Theorem[16.32]

PROOF OF THEOREM [16.32] It suffices to show that deg, (F') = deg,, (") for any two regular
values ¢,q € N of F. According to Lemma [16.34, we may compute deg, (') by selecting a
sufficiently small neighborhood V' of ¢ and a top form w supported in V' with |’ yw # 0; then

[, Frw
deg, (F) = *M : (16.5)
! Jyw

Now, choose amap ¥: [0,1] x N — N as in Lemma|16.36] Since ¥, (¢’') = ¢, ¥jw is supported in
a neighborhood of ¢’. Shrinking the neighborhood V" if necessary, we may assume that the support

set of Ww satisfies the conditions of Lemma|16.34|at ¢/, and so

[y F*¥iw
deg /(F) = M—*

a [y Viw

But, by Proposition [16.35] this ratio is equal to the one on the right-hand-side of (16.5). This
concludes the proof. U
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We now give a corollary to Theorem|16.32{ which we will use in the proof of the torus theorem.

COROLLARY 16.38. Let M, N be compact, connected, oriented manifolds, and let F': M —
N be a smooth map with at least one regular value. If deg(F') # 0, then F(M) = N: F is
surjective.

The idea is simply this: if ¢ ¢ F(M), then ¢ is vacuously a regular value of F, and since
F~'(q) = @, deg,(F) = 0; since the mapping degree is constant, this means deg(F’) = 0. This
may feel like cheating, so we give a more detailed explanation below.

PROOF. Suppose that there is some point ¢ € N \ F(M). Since M is compact, F(M) is
compact, and so N \ F(M) is open. Thus, there is some neighborhood V' of ¢ contained in
N\ F(M). Fix some top form w on N that is supported in V/, such that [, w # 0. Since F*w = 0,

F*

Juf'w
/. N¥

Now, fix a regular value ¢ € F'(M), and let ¥: [0, 1] x N — N be a family of diffeomorphisms

with U;(¢') = ¢ as in Lemma [16.36, Then by Theorem [16.32] Lemma [16.34] and Proposition
we have

F*uy F*
deg(F) = deg, (F) = Ju w _ JyFe 0.

Jy¥iw  fyw

O

It is also worth recording that the identification of the mapping degree in Lemma|16.34|can be
extended to all top forms, not just those supported in a sufficiently small neighborhood of a regular
point.

PROPOSITION 16.39. Let M, N be compact, connected, oriented manifolds of the same di-
mensionn > 1, and let F': M — N be smooth. Then for every top form w € Q"(N),

/M Fw = deg(F) /N w

The proof is left as a homework exercise.

5. Cartan’s Torus Theorem

We now proceed to prove Theorem Let K be a connected, compact Lie group, and
fix a maximal torus 7' C K. Typically, 7" is not a normal subgroup, but it is an embedded Lie
subgroup (as compact submanifolds are always embedded, cf. Proposition [9.16(3)), and so, by
Theorem the quotient K /T is a homogeneous K -space: a smooth manifold of dimension
dim(K') — dim(7") in possession of a transitive, smooth, left action of K.

DEFINITION 16.40. Define a map
O:Tx K/T— K, ®/lx]) =axte".

This map is well-defined: for any other element y € K with [y] = yT' = zY = [z], there is
some s € 17" with y = xs, and so

yty ' = (zs)t(xs) ! = x(sts )z = xta!
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since s,t € T and T is abelian. Note, moreover, that the map 7: 7' x K — T x K/T given by
7(t,z) = (t,[x]) is a surjective submersion, and ® o 7(¢,z) = wtxz~" is smooth; thus, by Lemma
® is smooth.

We will show that @ is surjective; Theorem then follows immediately (for then every
y € K is of the form y = ®(t, [z]) = xtax~" for some x € K and ¢ € T). We will show that ® is
surjective using Corollary We will show that K/T is compact and orientable, and that the
degree of ® is nonzero. In fact, we will see that elements ¢ € 7" C K for which (¢) is dense in
T are regular values for ®, and we will compute deg(®) = deg,(P) explicitly at such points. We
require the following lemma, which identifies the preimage of ® on such points ¢ using the Weyl
group of 7.

LEMMA 16.41. Lett € T be such that the subgroup (t) is dense in t. Then
o~ ({t}) = {(a~ "tx, [2]): [2] € W(T) = N(T)/T € K/T}.

In particular, if vsx—* = t for some x € K and s € T, then s must be of the form s = w™" - t for
some w € W(T).

PROOF. If x € N(T), then x=*tz € T, and so ®(x~'tx,[z]) = t, which shows the reverse
containment 2O. Conversely, let s € T and x € K with (s,[z]) € ®7!(¢). Then zsz™' =
®(s,[z]) = t, and so z7'thz = s € T forall k € Z. Since {t*: k € Z} is dense in T, it follows
that 2Tz C T. But T is a maximal torus, and therefore so is = '7T'x; thus, x'Tx = T, which
implies that T = zT'z~', so x € N(T), as required.

Finally, if zsz~! = t, then (s, [z]) € ®~!({t}), and so by the preceding paragraph [z] € W (T)).
We then have s = 7'tz = w™! - t where w = [z] and - denotes the usual conjugation action of
W(T)onT. O

REMARK 16.42. The lemma gives a bijection between ®~!({t}) and W (T'); this will be im-
portant shortly.

Now we must compute d®, at such points ¢. To succinctly express the differential, we identify
tangent spaces as in Proposition Fixing an Ad-invariant inner product on K, we decompose
Lie(K) = ¢ = t® f where t = Lie(T) and f = t*. At each point [z] € K/T, we select some
representative element x € K g € [g], and then identify 7,: f — Tj;(K/T); thus, we identify
the tangent space T(;, ;) (17" x (K/T')) = t @ . We may also use Proposition to identify the
tangent space 11, K = Ty, (//{e}) with € for each y € K, and also to identify 7;(T") = T;(T'/{e})
with t. To summarize:

T (T x (K/T)) =2 t@f, T K =8, Ty(T) = t.
Hence, d®; 2)): T(t,12)) (T x K/T) — Ty, K can be viewed as a linear map
APy tOf— t=tDF.
That is, it can be represented as a 2 X 2 matrix of linear maps. In this form, we can easily compute
1t.
LEMMA 16.43. Let (t,[z]) € T x K/T. Identify the tangent spaces with t, §, and t & § via
Proposition[16.27)as above. Then

I 0

Oy = Ad@) | o pq()) -1
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PROOF. For X € t, we compute that

d d
— o X = — X))zt
il . (texpTX, |[x]) il . xtexp(rX)x
= Ad(x) (di texp(TX)> = Ad(z) o dLi(X).
T =0

Now, note that for any y € K,
Cu(ty) = atyr™" = ata™ (Cu(y)).
Differentiating with respect to x, we have
Ad(x) o dLy = dL,—1 o Ad(z).
But the identification of T, ,)) K with € is precisely via the left action of xtz~1, this shows that
d® 12 (X,0) = Ad(z) X.

On the other side, we use the product rule of Lemma|14.18

d d
—| Ot [rexpTY]) = —| wexp(tY)texp(—7Y)r
dr 7=0 dr 7=0
d
= —| zexp(tY)tz ' wexp(—7Y)r !
dr 7=0

= Ad(z) o dR(Y) — dLyy—1 0 Ad(2)Y.
Differentiating the identity xytx =" = xtz' (vt~ ytz~') with respect to Y, we can rewrite
Ad(x) o dLi(Y) = dLygp o Ad(zt )Y = dLyp 0 Ad(z) o Ad(t)(Y).

Hence, we have
d

dr 7=0

O(t,[xexp7Y]) = dLyy,-1 0 Ad(z) (Ad(t™") = 1) Y.

As above, since Ty, [,)) K is identified with € via the left action of xtz~', this shows that
ch>(t7M)(O, Y) = Ad(:lj) (Ad(t_l) — [) Y.
Since d® . 1,7)(X,Y) = d® ) (X, 0) + dP(, 147)(0,Y), this completes the calculation. O

Our goal is to show (that for a particular point (¢, [z])) this differential is invertible (so ®(t, [z])
is a regular value), and then compute the degree of ® at that point. To do so, we need orientations
on T and K /T. Note that both are orientable: T is a Lie group, and so is orientable by Proposition
and K/T is orientable by Proposition To fix orientations on these manifolds, we
fix orientations on t and § (which then gives us an orientation on £ = t @ ). We then use the
identifications of all tangent spaces to 7" and K /T with these spaces in order to define orientations
on the manifolds. Note that this is well-defined: for example, to identify 77, (//T) with §, we
choose one of the maps 7, with x € [z]. If we were to choose another 7, with [z'] = [z] (meaning
2’ = xt for some t € T), then (by Proposition To = T, 0 Ad(t). As T is connected,
t +— det Ad(t) has constant sign, and so all such identifications produce the same orientation on
each tangent space. It gives rise to a global smooth orientation form because the maps = — 7, are
smooth.
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Our next lemma shows when the second factor Ad(¢™1)|; — I in Lemma|16.43|is invertible, and
in that case, how it affects the orientations of the tangent spaces, in the special case that ¢ generates
a dense subgroup of 7'.

LEMMA 16.44. Lett € T be an element that generates a dense subgroup. Then Ad(t™1)|; — I
is an invertible linear transformation of f. Moreover, for all w € W (T),

det(Ad(w - t71)|; — I) = det(Ad(t™1)]; — I).

PROOF. For invertibility, we show that Ad(¢~!)|; does not have 1 as an eigenvalue. Suppose
that there is some Y € f with Ad(¢t')Y = Y. By infuction, it follows tha Ad(t™)Y =Y for all
m € Z. Since {t™: m € Z} is dense in T', by continuity we have Ad(s)Y =Y foralls € T. It
then follows that, for any X € t,

(X, Y] =ad(X)Y = 4 Ad(expTX)Y = 4 Y =0.
T 7=0 dT =0
Since 7' is a maximal torus, t is a maximal abelian subalgebra, and so since Y commutes with ¢, it
follows that Y € t = f*+. Thus, Y = 0. Hence, there is no non-zero eigenvector of 1 for Ad(¢~)|;,
proving that Ad(¢~!)|; — I is invertible.
For the second point, if w € W(T') = N(T')/T is represented by the element x € N(T'), then

Ad(w -t = Ad(zt 'z~ = Ad(2)Ad(tHAd(z) ™

and so Ad(w - t71) — I = Ad(z)(Ad(t™') — I)Ad(z)~?!, showing that the two have the same
determinant. 0

We can now prove Theorem [16.17/

PROOF OF THEOREM [16.17] Let ¢ € T be an element that generates a dense subgroup. By
Lemma [16.41], the preimage ®~!(¢) consists of those (x~'tz,[z]) for which [x] € W(T). By
Lemmas [16.43|and [16.44] for any [z] € K/T, (t,[z]) is a regular point of ®. Hence ¢ is a regular
value of ®. It follows from Lemma that ®~'(¢) is a finite set. This set is in bijective
correspondence with I (T') by Lemma [16.41] and so we have proved that W (T') is finite.

Now, referring to the formula in Lemma [16.43| for d®; [,y the first factor Ad(x) is in SO(¥)
because the inner product is Ad-invariant and K is connected, thus it has determinant 1 for any
z € K. As for the subfactor Ad(¢7')|; — I: it appears to depend only on ¢, not on [z]. We
should note, however, that the identification of the tangent space to K /T at [x] is only defined
up to conjugation. However, if s,¢ € T are in the same K-conjugacy class, then by Lemma
16.41| there is some w € W(T') such that s = w - ¢, and then by Lemma Ad(s™h) — T
and Ad(t™') — I have the same determinant over f. Hence, d® [,) has the same determinant at
each point (¢, [x]) € ®~1(¢). It follows that deg,® = |W(T)| or = —|W(T)|, depending on the
(constant) sign of this determinant. In either case, since |WW(T")| > 1, this shows that the mapping
degree of @ is not zero. Hence, by Corollary ® is surjective.

Thus, for every element y € K, there is a pair (¢, [z]) € Tx K/T sothaty = ®(t, [z]) = xtx™!
for any x € [x]. This proves the torus theorem. O

In the midst of the proof, we saw that the Weyl group is finite. We record this as a separate
corollary, with some other properties that also follow easily at this point.

COROLLARY 16.45. Let K be a compact, connected Lie group. The Weyl groups W (T') of all
maximal tori in K are all isomorphic (by inner automorphisms of K). Henceforth, we denote this
common finite group as W = W (K).
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PROOF. As noted in the proof above, W (7') is in bijective correspondence with the level set of
a regular value of &: 7' x K/T — K, and since T' x K /T is compact, W (T') is finite. Now, let
T and S be two maximal tori in K. By Theorem [16.19] there is some x € K with S = xTz".
Then the conjugation map C,-1 restricts to an isomorphism from N (.S) onto N(7'), which we see
as follows.

C,-1 is it (of course) an injective group homomorphism. Let y € N(S). Any ¢t € T can be
written as t = 2~ sz for some s € S. Then

Cos(y) -t Cors(y)™ =2y -2 sz - (27 y) ™" = Cua (Cy(9)).

Since y € N(S), Cy(s) € S, and since T' = z~ 'Sz, it follows that C,-1(Cy(s)) € T. Thus
C,-1(y) € N(T). The same argument shows that C, maps N (7T') into N(S), and since (C,)™! =
C,-1, this shows that C,-1 is a group isomorphism from N (S) onto N (7).

Finally, as shown in the proof of Proposition[I6.24](in the preceding discussion), C,—1 descends
to a homomorphism from W (S) to W(T'), and again since its inverse is C,, it follows that this is
an isomorphism. U

6. The Weyl Integration Formula

In the previous section, we saw that if K is a compact connected Lie group and 7' C K is a
maximal torus, then the map

O:Tx K/T — K, ®(t,[z]) =ata™!

is smooth and surjective. In this section, we will use this map to give a decomposition of the Haar
measure on /', which is (in a sense) a generalization of spherical coordinates on SU(2) = S?, and
will play an important role in the representation theory of compact Lie groups.

As usual, we fix an Ad-invariant inner product on /&, and let f be the orthocomplement of the
Lie algebra t of T"in ¢ = Lie(K). Identifying the tangent spaces or 7', K /T, and K with t, f, and
€ = t @ | using Proposition we then expressed the differential of ® as a 2 X 2 matrix of
linear maps. Of greatest importance to us here is the entry of that matrix (up to a global Ad-factor)
mapping f into §. Let p: 7" — R denote the function

p(t) = det(Ad(t)|; — I). (16.6)

In Lemma(16.44] we showed that this function is non-zero whenever ¢ generates a dense subgroup
of T'.

Now, the compact Lie groups K and 7" possess unique Haar (left-invariant) probability mea-
sures (cf. Proposition|12.6)), and the homogeneous space K /T possesses a unique left- K -invariant
probability measure (cf. Proposition [16.29)). The main theorem of this section is the following in-
tegration formula, decomposing the Haar measure on K in terms of the measures on 7" and K/T.

THEOREM 16.46 (Weyl Integration Formula). Let W be the Weyl group of K. For all continu-
ous function f: K — R,

[ s =i [ oo K/Tf(yty‘l)d[y]) " (167)

where dx, dt, and d[y] denote the left-invariant probability measures on K, T, and K /T respec-
tively.
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The theorem will be most useful in the special case that f is a class function, meaning that
it is constant on conjugacy classes: f(yzy~') = f(x) for all z,y € K. IN this case, the Weyl
integration formula takes the special form

1
/Kf(x) dx = W/Tp(t)f(t) dt. (16.8)

(This follows immediately from (T6.7), since the inside integral there reduces to [, o f (t) dly]

which equals f(¢) since the measure on K /T is normalized.)
Before proving the Weyl integration formula, we give an example of how it looks in the group

SU(2).

EXAMPLE 16.47. Let K = SU(2), and let 7" C K be the maximal torus of diagonal elements,
cf. Examples[16.2]and [16.13] This torus is 1-dimensional, consisting of all matrices of the form

e 0
t= [ 0 i | 6 € [—m, .

The Lie algebra t of this subgroup is the one-dimensional algebra spanned by the matrix diag(1, —1).

Now, fix the usual Hilbert-Schmidt inner product on su(2). The orthogonal complement of t is
then the two-dimensional subspace

f=t _{X_{—x—i-iy 0 cx,y € R

Direct computation shows that
-1 o ‘
A = |

This shows that Ad(¢~1) acts as a rotation by angle —26, and we can then compute that

cos(20) —1  sin(20)
—sin(26)  cos(26) — 1

As for the Weyl group: following the reasoning in Example|16.23] the Weyl group of SU(2) is the

symmetric group Yo, acting via {I, —I}, so |IW| = 2. Using the normalized Haar measure df /27
on T = S, the Weyl integration formula for class functions in this case then reads

/ f(z)dx = 1/ f(diag(e, e™)) - 4sin? 0 d—9
SU(2) 2 ) . 2

™

0 e~ 20 (x + iy)
—z +iy) 0 '

p(t) = det(Ad(t™) — I) = det { } = 4sin?4.

We can make one further simplification: the matrices diag(e'?, e=*) and diag(e=%, €'?) are conju-

gate in SU(2):
e 0] [0 17[e? 0 o 1]
0 e || 10| 0 e®||-10] -

So any class function takes the same value on both. Thus, we may restrict the integral to [0, ], and
by symmetry

/ f(z)dx = 2 /7T f(diag(e™, e™)) - sin? 0 do. (16.9)
SU(2) T Jo

Now, SU(2) can be identified with S3, as you showed on a homework set. In another homework
exercise, you will show that, under this identification, two matrices in SU(2) are conjugate if and
only if they represent two points on the sphere that have the same polar angle §. Thus, class
functions SU(2) — R are those function S* — R that depend only on the polar angle 6. The
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interested reader can verify that is precisely the usual spherical polar integration formula for
the 3-sphere, in the special case that the function depends only on the polar angle. (The volume
element in general is sin? § sin ¢, df d¢; dgo, with ¢, ranging over [0,27] and @ and ¢, ranging
over [0, 7r]. Note: the volume of S? in these standard coordinates is 27%. Integrating out ¢; and
¢o gives a factor of 47, and renormalizing to give a probability measure on SU(2) then gives a
constant of 47 - ;=3 = 2 as we see here.)

Let us now prove Theorem[16.46] up to a constant.

PROOF OF THEOREM [16.46], UP TO A CONSTANT. Let us, for the moment, assume f is smooth.
Then f(x)dz is a top form on K. Since ®: T' x K/T — K is smooth, Proposition [16.39] shows
that

deg(@)/ flx)de = / O*(f(x)dx) = / (f o @)D" (dx).
K TxK/T TxK/T
We showed in the proof of Theorem that deg(®) = £|W/|; we can certainly reverse the
orientation on anyone of the three factors if need be to make it positive (and we assume that choice
in what follows). Thus

/ f(z)dx = L (f o ®)D*(dx). (16.10)
K (W TxK/T

Equation (16.10) holds for smooth f. Since K and 7" x K /T are compact topological spaces, the
Weierstrass approximation theorem shows that smooth functions are uniformly dense in continuous
functions on both sides, and since the integrals behave well with respect to uniform limits, it
follows that holds for all continuous functions.

Since ®(t, [y]) = yty ', it now suffices to show that ®*(dz) = p(t) d[y] A dt. To see why
this is true, up to a constant, we refer to the proof of Proposition|16.29, where we constructed the
left-invariant volume form on K /7. The form wy/r is defined by selecting a volume form on f,
and extending it to K'/T using the identifications of tangent spaces of K /7" with f via Proposition
So, fix a volume form wy on f, and also fix a volume form w; on §. By the same procedure,
we may regard w; as a left-invariant volume form on 7. At the same time, w; Awy is a volume form
on t @ f = ¢, and again we may regard this is a left-invariant volume form on K. By uniqueness
of left-invariant volume forms in all three cases, wy, wp, and w; A wy are equal to the volume forms
dt, d[y], and dz on T, K/T, and K up to scale.

Now, fix an orthonormal basis { X1, ..., X, } for t and an orthonormal basis {Y7,...,Y,,} for
f; their union is an orthonormal basis for £ = t @ f. We may choose the volume forms w; and wy to
be normalized in these basis, in which case w; A wy is noramlized in the joint basis. we can then
compute, in these coordinates, that

CD*(wl /\Cdg)(Xl, cee 7Xr7}/17 .- ,Ym)
— wy Awp(dB(X)), .., dD(X,), dB(Y)), .., dB(Y,,))
= det[d@]wl /\WO(Xl, e ,XT,Yl, e ,Ym).

From Lemma [16.43] we can compute this determinant. Since Ad(z) € SO(¥), its determinant is
1. The determinant of a block diagonal matrix is the product of the determinants of the diagonal
blocks. Thus det[d®; [,]] = det(Ad(¢71)[; — I) = p(t). So we have

D" (w1 Awg) = p(t)wr A wp.

Up to the the identifications above (which are only valid up to scale), this shows that ®*(dx)
p(t) dy] A dt, as claimed.

Ol
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REMARK 16.48. It is possible to show that the scaling constant found in the above proof is
1 directly, being more careful about the tangent space identifications and working in local slice
coordinates. We will not give this level of detail here; the proof that the scaling constant is 1 will
be given in a different, algebraic way in the next chapter.



CHAPTER 17

Basic Representation Theory

1. Introduction and Examples

Most of the examples of Lie groups we’ve considered have been matrix Lie groups: subgroups

of GL(n,C). We’ve seen only one example, the universal covering group SL(2,R) that is not a
matrix group, cf. Corollary [[5.36] To be more precise, what we showed is that there is no Lie

subgroup of GL(n, C) that is isomorphic to SL(2, R).

The question of whether a given Lie group is isomorphic to a subgroup of GL(n,C) is an
important one, which began the largest piece of Lie theory: representation theory. This applies
equally well to Lie groups and Lie algebras.

DEFINITION 17.1. Let G be a Lie group. A finite-dimensional complex representation of G
is a pair (V,I1) where V' is a finite-dimensional non-zero complex vector space and 11 Lie group
homomorphism

II: G — GL(V).
If V is a real vector space instead, we call 11 a finite-dimensional real representation.

Similarly, if g is a Lie algebra, a finite-dimensional complex representation of g is a pair
(V,m) where V is a finite-dimensional non-zero complex vector space and w is a Lie algebra
homomorphism

m:g— gl(V).
If V is a real vector space instead, we call 7 a finite-dimensional real representation.

If a representation is injective, we call it faithful.

The question of whether a given Lie group (or Lie algebra) is a matrix group (or algebra) is thus
the question of whether it possesses a faithful representation. But, as we will see, understanding all
representations of a given Lie group / Lie algebra gives much more information than this humble
question.

NOTATION 17.2. In many instances, we will de-emphasize the representation homomorphism
IT or 7, and refer to V' itself as the representation. In the case of a Lie group homomorphism, a
representation I1: G — GL(V') gives rise to a left action of G on V: ¢ - v = II(g)v. So we may
describe V' as a GG-space. It is important that this is no ordinary action: it is a linear action.

Let us now consider several examples of representations, beginning with the stupidest one.

EXAMPLE 17.3. The constant homomorphism I1: G — GL(1,C) given by I1(g) = I for all
g € G is (trivially) a complex representation of the Lie group G. Similarly, 7: g — gl(1,C) given
by m(X) = 0 for all X € g is (trivially) a complex representation of the Lie algebra g. We call
these representations the trivial representations.

EXAMPLE 17.4. If G C GL(n,C) is a matrix Lie group, or if g C gl(n,C) is a matrix Lie
algebra, then the inclusion maps I1(g) = g and 7(X) = X are faithful representations. They are
called the standard representations.

275
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EXAMPLE 17.5. Given a Lie group GG with Lie algebra g, the Adjoint representation Ad: G —
GL(g) is a Lie group representation (complex if g happens to be a complex Lie algebra). It is typ-
ically not faithful, although it can be, for example on SO(3). Similarly, ad: g — gl(g) (given by
ad(X)Y = [X,Y]) is a adjoint representation of g. Again, it is typically not faithful, although it
can be, for example on s0(3).

EXAMPLE 17.6. For m € N, let V,,, denote the space of homogeneous polynomials of degree
m 1n two complex variables. Elements of V;,, have the form

m m—2 2 m
f(z1,22) = ap2™ + a12m Pz + ap2 22 - Az, ag, a1,y ..., 0, € C

and so we see that 1}, is a complex vector space of dimension m + 1. Now, for any matrix
A € GL(2,C) and any f € V,,, we can compute that the function (21, z2) — f(Afl[zl, 2] ")
is again in V,,,. Indeed, by linearity, it suffices to show this is true for f(2;,z5) = 224 for any
k,¢ € N with k 4+ ¢ = m. For A € GL(2, C) with entries Ai_jl,

f(A_l[zl, 2’2]T) = f<A1_1121 + A1_2122a A2_112'1 + A2_21z2)
= (Al_llzl + A1_2122)k(A2_1131 + 142_21"52)Z

k

¢
k ; ;
Z (z) (A 21) (A 22)"” Z Ayl ) (A Z2) -

=0 Jj=

||

L
D (A (AR A (Ag) e o
7=0

This allows us to define a representation
Il,,: GL(2,C) — GL(V,,), [Hn(A)f](z) = f(A'2).

Indeed, II,,(A) is a linear map on f, as can be immediately checked. It is invertible, since
I, (A1) oI1,,(A) = Idy;,. And it is a homomorphism:

[ (AB)fl(2) = f((AB)™'2) = f(B™'A™"2) = (I (B) f)(A™)](2) = [ (A)Tn(B) f](2).
(Indeed, this is why we have GL(2, C) act by inverse on the left; if we had defined it by f(z) —
f(Az), it would have been an anti-homomorphism — i.e. a right action, instead of a left action.)

Note that the restriction of I1,,, to any matrix Lie group G C GL(2, C) is a representation of G
on V,,,. We will soon look at the case G = SU(2).

Since any representation II: G — GL(V'), of a Lie group G is a Lie group homomrphism, we
may differentiate it to give the induced Lie algebra homomorphism 7, : g — gl(V'). We summarize
this and the usual properties of the exponential map (cf. Theorem [13.9) in the present context as
follows.

PROPOSITION 17.7. Let G be a Lie group with Lie algebra g, and let (V,1I1) be a finite-
dimensional (real or complex) representation of G. Then m = Il,.: g — gl(V') is the unique
representation of g satisfying

M(exp X) =™ VX eg. (17.1)
The representation w can be computed as
d
m(X) = pr [(exptX). (17.2)
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It satisfies
m(Ad(9)X) = Ad(II(g))m(X) = (g)m(X)I(9)"", Vg€G X €y (17.3)
PROOF. Equation [17.2]is just the definition of 7 = II, = dIl,, and (17.1) is Theorem 2)
applied to the homomorphism II. For (17.3)), we note that, fort € R, g € GG, and X € g,
6t7r(Ad(g)X) — ﬂ(Ad(g)tX) — H(exp Ad( ) X)
by (I71). But Ad(g) = (C,).., and so again applying Theorem 13.9(g) to the homomorphism C,,
we have exp Ad(g)tX = Cy(exptX). Since II is a homomorphism, we therefore have
"A@)= TI(gexp(tX)g ™) = I(g)(exptX)I(g™") = II(g)e ™ TI(g) "
again using (17.1). Differentiating both sides at ¢ = 0 yields (17.3). U
Of course, not every Lie algebra homomorphism arises this way in general (cf. the Lie Corre-
spondence), but in the special case that GG is simply connected, there is a one-to-one correspondence
between representations of GG and representations of g.
In Examples[17.3] [17.4] and[17.5] the two representations given (of a Lie group and its Lie al-

gebra) are related as in Proposition Let us now consider the induced Lie algebra represention
from the Lie group representation in Example|17.6

EXAMPLE 17.8. Let (V},,11,,) be the representation in Example [17.6] restricted to the group
SU(2). Let us calculate the induced representation ,, : su(2) — gl(V;,,). It is given by
0
(X2 + Xqg2o) — 9 . (Xo121 + Xo229). (17.4)

d —tX
f(@ Z) - 8 2 82’2

[T (X) f1(2) = —
The (real) Lie algebra su(2) is spanned by the three vectors

dt|,_,
0 1 0 i i 0
Sl S b B T |

where [A, B] = 2C, [B,C] = 2A, and [C, A] = 2B. Then we have

0 0
m(A) = —2zp——
Tn(A) = —zg o+ g
0 0
m(B) = —izya— —imo—
T (B) iz 9 iz "9
0 0
’/Tm(C) = —2218—1 + 222822.
The interested reader can check that these satisfy the same commutation relations as A, B, C, and

S0 T,y is indeed a Lie algebra homomorphism. Applying these operators to the basis elements 2% 25

(k + ¢ =m) of V,,, we have

§) = —kokml Ly gk
¢

2

Wm(B)<Z P ) _ —Z/{?Zk 1 Z+1 Z£Zk+1 é 1

with the understanding that when an exponent drops below 0 or rises above m the result is the
0 vector. So the given basis of V,, consists of eigenvectors for m,,(C'), while the others act as
combinations of raising- and lowering-operators on the two factors.
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In Example [17.8] since II,, and 7, are complex representations of a real Lie group and Lie
algebra. At least in the case of the Lie algebra, it is straightforward to complexify, as we did in the
proof of Lemma[15.33] Let us formalize this.

DEFINITION 17.9. Let g be a real Lie algebra. Its complexification gc is the complex Lie
algebra gc = g + 19, where the bracket is given by distributing:

(X +iY, X +iY'] = [X, X' — [V, Y] +i([X, Y] + [ X, Y]).

It is easy to check that g¢ is a Lie algebra. If g was already the “real version” of a complex
Lie algebra (for example s[(2,R) as opposed to sl(2,C)), its complexification is the “complex
version”, but there are many examples where the complexification is quite different.

EXAMPLE 17.10. In Lemma [15.33] we showed that sl(2,R)c = s[(2,C); in fact, the same
argument shows that s[(n, R)c = sl(n, C). More interestingly, consider su(n)c. This is the space
of complex matrices in gl(n, C) of the form X + 7Y where X,Y € su(n). Both X and Y have
trace 0, and therefore so does X + ¢Y’; but subject to this constrant, the diagonal entries can be
any complex numbers now. Moreover, the off-diagonal entries are now completely unconstrained:
since Y is skew Hermitian, 7Y is Hermitian, and since any matrix is a sum of a Hermitian and a
skew-Hermitian part, it follows that

su(n)c ={Z € gl(n,C): Tr(Z) =0} = sl(n,C).
Thus, the two very different real Lie algebras s[(n,R) and su(n) have the same complexification
sl(n,C).
The following lemma was essentially proved in Lemma the proof is immediate.

LEMMA 17.11. Let g be a (real) Lie algebra, with complexification gc. If (V, ) is a complex
representation of g, it has a unique extension to a complex representation (V,nc) of gc (on the
same space). The complexification is given by

me(X +4Y) = m(X) + in(Y).

EXAMPLE 17.12. Consider again Example The representation 7, of su(2) given there
extends uniquely to a representation (7,,,)c of the complex Lie algebra su(2)c = s((2,C), cf.
Example 17.100 By linearity, it is immediate that (7,,,)c is also given by the right-hand-side of
(17.4).

The complex Lie algebra s[(2, C) is spanned (over C) by the three vectors

0 1 0 0 10
A L R E R R A

where [X,Y] = H,[Y,H|] = 2Y, and [ X, H] = —2X. Now we have

0
(Wm)C(X) = _Z28_zl

0
(Tm)c(Y) = “Ag.

0 0

(ﬂ'm)(c(H) = —218—21 + 228—22.
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Acting on the basis elements zl 22 (k+ ¢ =m)ofV,,, we have
(Tm)e(X)(2123) = —kzi 25"
(m)e(Y)(212) = =212

(mm)e(H)(2125) = (€ — k)21 2y
with the understanding that when an exponent drops below 0 or rises above m the result is the
0 vector. Again, we see that the standard basis vectors are eigenvectors for (m,,)c(H), while
(7m)c(X) and (7,,)c(Y) are (somewhat less complicated) shift operators, exchanging exponents
between the two variables. In particular, note that (7,,)c(X) increases the eigenvalue of (7,,,)c(H)
by 2, while (7,,,)c(Y’) decreases the eigenvalue of (m,,,)c(H) by 2.

Following is the notion of isomorphism for Lie Group representations.

DEFINITION 17.13. Let G be a matrix Lie group with two representations (V,11) and (W, ©).
An intertwining map for the two representations is a linear map ¢: V. — W with the property
that
6(l(glv) = O(g)o(v), ¥geGveV.
If ¢ is additionally a linear isomorphism, we call it an isomorphism of representations, and we
call the two representations isomorphic.
The precisely analogous notion and language is used for Lie algebra representations.

Viewing the two representations as (linear) actions of G, the linear map ¢: V' — W is an
intertwining map iff ¢(g-v) = g-¢(v); in the language of group actions on manifolds (cf. Definition
[I1.18), ¢ is equivariant. (We also used the term infertwines in that context.)

It 1s worth noting that the presence of (multiple) isomorphisms between representations de-
pends on whether they are real or complex.

EXAMPLE 17.14. Consider the following two real representations of C* = GL(1, C), both on

the vector space V' = C:
I(z)w = zw, O(z)w = Zw.

Both are easily seen to be representations C* — GL(V). II is the standard representation of
GL(1,C). These two representations are isomorphic: the map ¢: V' — V given by ¢(v) = v is
a(n R-)linear isomorphism, and ¢(I1(2)w) = ¢(2w) = Zw = O(2)p(w).

Note, however, that although II and © are also both complex representations, ¢ is not a C-
linear map. In fact, we will soon see (as a consequence of Schur’s lemma) that there are no other
complex representations of C* isomorphic to II (other than II itself).

EXAMPLE 17.15. The standard representation and the Adjoint represention of SO(3) are iso-
morphic; this is a homework exercise.

The notions of isomorphism for Lie group representations and Lie algebra representations are
equivalent (for connected groups), in the following sense.

LEMMA 17.16. Let G be a connected Lie group, with two representations (V,I1) and (W, ©).
Let (V,m), and (W,9) be the induced Lie algebra homomorphisms. Then (V, ) and (W,1) are
isomorphic iff (V,11) and (W, ©) are isomorphic.

PROOF. Suppose first that (V,1I) and (W, ©) are isomorphic, via intertwining isomorphicm
¢: V — W. Then we have, foreachv € V, X € g,and t € R,

o(I(exptX)v) = O(exptX)p(v).
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Differentiating both sides at t = 0 shows that ¢(7(X)v) = J(X)¢(v), showing that ¢ is also an
intertwining isomorphism for the Lie algebra representations.

Conversely, suppose ¢: V' — W is a Lie algebra isomorphism. Since G is connected, every
element g € G has the form g = exp X; exp X5 ---exp X, for some X;,..., X,, € g. We make
use of the Baker-Campbell-Hausdorff formula, so (by writing each term exp X = exp(+X)* for
large enough £ if needed) we assume that X1, ..., X, are all in a sufficiently small neighborhood
of 0 so that the BCH formula applies jointly to both X, ..., X,, and to 7(X;),...,7(X,). Now,
forveV,

6(I1(g)) = G(IT(exp Xy - exp X)) = ¢(II{exp X1) -+ TT{exp X)) = ¢ .. ey,

By the BCH formula there is a functions C' in n variables, built out of brackets, so that

m(X1) .. 7(Xn) — eC(Tr(X1),...,7r(Xn)).

€ - €

Because 7 is a Lie algebra homomorphism, we also have
C(r(Xy),....,7(Xp)) =7(C(Xy, ..., X))
Thus

$(I(g)v) = (™ X1 XnDy) = ¢(Il(exp C(X1, . .., Xn))0)
=O(expC(X1,..., X,))o(v).

Reversing the preceding calculation shows that exp C'( X, ..., X,,) = exp X; -+ -exp X,, = ¢, and
this concludes the proof that ¢ intertwines the Lie group representations. U

REMARK 17.17. It is possible to prove the preceding lemma without the BCH formula, by
expanding the matrix exponential as a power series and setting up and inductions argument; despite
the fact that it uses “heavy machinery”, the above proof is much cleaner.

2. Irreducible and Completely Reducible Representations

As with most mathematical structures, there are basis “indecomposable” objects that all others
(ideally) can be built from in representation theory. They are called irreducible representation.

DEFINITION 17.18. Let (V,11) be a finite-dimensional real or complex representation of a Lie
group G. A subspace W C V is called invariant for the representation if 11(g)w € W for all
w € Wand g € G. Clearly {0} and V are invariant subspaces; all others are called nontrivial
invariant subspaces. The representation is irreducible if it has no nontrivial invariant subspaces.
For short, irreducible representations are sometimes called irreps.

The precsiely analogous notion and language is used for Lie algebra representations.

REMARK 17.19. If (V, ) is a complex representation of g, an invariant subspace is requires to
be a complex subspace. It is entirely possible for a complex representation to be irreducible, but to
have invariant real subspaces when viewed as a real representation.

EXAMPLE 17.20. Any 1-dimensional representation is trivially irreducible; so the trivial rep-
resentation of any Lie group / Lie algebra is irreducible.
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EXAMPLE 17.21. The standard representation of SO(n) is irreducible. Indeed, let W C R™ be
an invariant subspace. For any w € W, the orbit SO(n) - w is the sphere of radius ||w||. Hence W
must contain all vectors of length ||w||, and so if w # 0, since W is a subspace, W = R™.

On the other hand, the standard representation of SO(n) x SO(m) on R™™™ is not irreducible:
the subspaces R™ x {0} and {0} x R™ are invariant.

Let us record as a lemma a fact that is elementary to prove and left to the reader.

LEMMA 17.22. If two representations are isomorphic, then one is irreducible iff the other is
irreducible.

An important example of irreducible representations are those in Example

PROPOSITION 17.23. The representations (Vy,, (7m)c) of sU(2, C) in Example|17.12| are irre-
ducible.

PRrROOF. Let W C V,,, be a non-zero invariant subspace, and let w € TW. Write it in the form

w = apz]" + a2 2y + ag2" 2 + o+ a2y
Since w # 0, at least one of the coefficients is nonzero, so let ky be the smallest index of a nonzero
coefficient, meaning that all nonzero terms have 2" "% with k& > ko. Now, repeatedly apply
(mm)c(X) to w. Since this operator has the effect of increasing the exponent of z, if we apply it

m — ko times, we kill all the terms except az,, 2" " 25, so we have

() e (X)™ 0w = ag, (m — ko)!25".
Now we apply the lowering operator (7,,)c(Y") repeatedly: for 0 < j < m, we have
(T)c(Y) 2l =m(m —1) - (m — j + 1)z 2079

Thus, for each j, there is a non-zero constant ¢; = ay,(m — ko)!m(m — 1) ---(m — j + 1) such
that

(WW)C(Y)j(Wm)C(X)m_kOw == CjZ{Z;n_j.

Since W is an invariant subspace, and w € W, it follows that cjz{ 2*) € W for each j. The span
of these vectors is all of V,,,, so it follows that W = V/,,. ]

We will see later that, up to isomorphism, the representations (V/,,, (7,,)c) are the only irreducible
complex representations of sl(2, C).

From Proposition [17.23] we can actually conclude that the corresponding real representations
(Vin, mm) of su(2) and (V,,,, I1,,,) of SU(2) are irreducible, due to the following lemmas.

LEMMA 17.24. Let g be a Lie algebra with complexification gc, and let (V, ) be a complex
representation of g with complexification (V, wc). Then (V, ) is an irreducible representation of g
iff (V,mc) is an irreducible representation of gc.

PROOF. Suppose (V, m¢) is irreducible. If W C V' is an invariant subspace for , then for any
X, Yegandw € W, me(X +iY)w = 7(X)w + in(Y)w € W + iW = W since W. Thus
W is invariant for 7c, and so by assumption W = V or W = 0. Hence, (V,7) is irreducible.
Conversely, suppose (V, ) is irreducible, and let W C V' be an invariant subspace for mc. Then
forany X € gandw € W, W 3 n¢(X + i0)w = (X )w, which shows that W is an invariant
subspace for 7, and so by assumption W =V or W = 0. Hence, (V, 7¢) is irreducible. 0
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LEMMA 17.25. Let G be a connected Lie group with Lie algebra g. Let (V,11) be a Lie group
representation with induced Lie algebra representation (V, ). Then (V,11) is irreducible iff (V, )
is irreducible.

PROOE. Suppose (V,11) is irreducible, and let W' C V' be an invariant subspace for 7. Since
G is connected, any ¢ € G can be written in the form g = exp X; exp X5 - - - exp X, for some
Xi,...,X, € g. Then we have

II(g) = (exp X - -exp X,,) = I(exp X;) - - - I (exp X,,) = ™ X1) ... m(Xn),

Now, since W is invariant under 7(X), it is also invariant under 7(X;)"* for all £ € N, and so by
continuity, W is invariant under e™X5) as well. Thus, W is invariant under [I(g) for all g € G,
which shows that W is an invariant subspace for II. Since II is irreducible, it follows that W = 0
or W = V. Thus, (V, ) is irreducible.

Conversely, suppose (V, ) is irreducible, and let W C V' be an invariant subpace for II. For
any X € gandt € R, W is invariant under II(exp ¢.X'), and so for any w € W

d
7(X)w= —| I(exptX)we W.

dt{,_,
Hence W is invariant for each 7(.X) for X € g, and so is invariant for 7. Since (V, 7) is irreducible,
it follows that W = 0 or W = V/, and so (V, II) is irreducible. O

Thus, Proposition shows that the representation (V,,,, m,,,) of s1(2) (cf. Example is
irreducible, and hence the representation (V,,, I1,,) of SU(2) (cf. Example is irreducible.

Now, not every representation is irreducible, of course. Naively, one would hope that every
representation can be decomposed into a finite collection of irreps in some way. The notion of
decomposition is direct sum.

DEFINITION 17.26. Let (V1,11y), ..., (Vin,11,,) be representations of a Lie group G. The
direct sum representation (V; @ - -- @ V,,, 11} & - - - 11,,,) is defined by

M & @ P(g)](v1, ..y vm) = (I (g)v1, - -, n(9)vm), ge€QqG.

Similar notation and definitions apply to direct sums of representations of Lie algebras.

It is straightforward to verify that the direct sum really is a represention. Note that it is never
irreducible (unless all factors but one are the 0 vector space), since 0@ --- 0B V; 0D --- DO
are all nontrivial invariant subspaces.

DEFINITION 17.27. A finite-dimensional representation of a Lie group or Lie algebra is called
completely reducible if it is isomorphic to a (finite) direct sum of irreducible representations. A Lie
group or Lie algebra is said to have the complete reducibility property if every finite-dimensional
representation is completely reducible.

If (V,11) is completely reducible, then fix an isomorphism ¢: V' — W; @ - - - & W, and irrep
©1,...,0,, such that ¢ intertwines Il and ©; @ - - - @ ©,,,. Since the subspaces {0} ® ---® {0} ®
W; @& {0} & --- @ {0} are invariant for ©; & --- § O,,, it follows that the their preimages V/
under ¢ are invariant subspaces for IT in V. Hence, if (V, II) is completely reducible, then there are
invariant subspaces Vi, ..., V,, C V for [l such that V, &- - -&V,, = V; moreover, note that H\Vj 18
irreducible (since the isomorphism ¢ intertwines it with the irreducible representation (W;, ©;)).
Conversely, if V' can be decomposed as a direct sum of invariant subspaces for II such that the
restriction of II to each subspace is irreducible, then one can decompose II = Il|y, & --- & I}y,
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(up to the isomorphism between internal and external direct sum) to see that (V,II) is completely
reducible. That is:

LEMMA 17.28. A representation (V,11) is completely reducible iff there are invariant sub-
spaces Vi, ...,V C V sothat V.=V, & --- @ Vp, such that (V;,11|y,) is irreducible for each
7

The naive hope expressed above would be that every representation is completely reducible

(meaning every Lie group or Lie algebra has the complete reducibility property). As it turns out,
this is very false.

EXAMPLE 17.29. Let II: R — GL(2, C) be the map

m@:{éf}.

It is easy to check that (C? II) is a representation of R. It is not irreducible: letting {e1, es}
denote the standard basis of C?, the subspace Ce; is invariant for I, since II(z)e; = e;. However,
Ce; is the only nontrivial invariant subspace. Indeed, suppose 1 is a nonzero invariant subspace,
containing some vector w = ae; + bes not in Cey (so b # 0). Then

mnw—w—aun—nv—[gé}{Z}—ml

and since W is invariant and a subspace, II(1)w — w € W. Hence e; € W, and so W D
span{e;, w} = C2

It then follows that (C?,1I) is not completely reducible: if it were, Lemma shows that
C? could be decomposed as a direct sum of invariant subspaces for IT; but the unique invariant
subspace for IT is Ce;, which does not span C2.

In some sense, most representations are not completely reducible. One notably exceptional
class are unitary representations.

DEFINITION 17.30. Let V' be a finite-dimensional Hilbert space. A representation (V,1I1) of
a Lie group G is called unitary of 11(g) is a unitary operator on 'V for each g € G. (If the
representation is real, we interpret “unitary” to mean “orthogonal” here.)

Similarly, if g is a Lie algebra, then a representation (V,m) is called unitary (or skew-
Hermitian) if 7(X)* = —7(X) forall X € g.

As usual, the notions of unitarity for Lie group vs. Lie algebra representations are equivalent,
modulo connectivity of the group.

LEMMA 17.31. Let (V,11) be a representation of a connected Lie group, with induced Lie
algebra representation (V, ). Then (V,11) is unitary iff (V. 7) is unitary.

PROOF. Let GG denote the Lie group, and g its Lie algebra. If (V,II) is unitary, then for all
g € G, (g) € U(V). In particular, for X € gand ¢t € R, Tl(exptX) = &™) ¢ U(V).
Differentiating at ¢ = 0 shows that 7(X) € u(V') which (of couse) consists of skew-Hermitian

matrices. So (V, ) is unitary. Conversely, suppose (V, ) is unitary. Since G is connected, any
g € G has the form g = exp X; - - - exp X, for some X,..., X,, € g. Then

II(g) = M(exp X, - --exp X,,) = I(exp X;) - - - I(exp X,,) = e™X1) ... om(Xn),

Since each 7(X;) € u(V), e"™X3) € U(V), and as U(V') is a group, the product I1(g) € U(V). So
(V,1I1) is unitary. O
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Unitary representations abound, in the sense that it is often possible to define an inner product
on the representation space that makes the given representation unitary. This is always the case,
for example, for representations of compact Lie groups and their Lie algebras.

LEMMA 17.32. Let (V,11) be a representation of a compact Lie group K. There exists an inner
product on 'V with respect to which (V,11) is a unitary representation.

PROOF. To begin, fix any inner product (-, -)o on V. Define a new inner product by averaging
the action of II over the Haar masure of K:

(v, w) E/K<H(:E)U,H($)w>gdx.

This is a generalization of the same trick we used in Lemma to construct an Ad-invariant
inner product; the same proof here shows that this averaged bilinear form is an inner product that
is preserved by I1(g) for all g € G; in other words, with respect to this inner product, (V,II) is a
unitary representation. 0

This is very useful, because unitary representations are always completely reducible.

PROPOSITION 17.33. Unitary representations (of Lie groups or Lie algebras) are completely
reducible.

PROOF. We write the proof here for group representations; the argument is the same for Lie
algebra representations is analogous. Let (II, V') be a unitary representation of a Lie group G on
a finite-dimensional Hilbert space V'; denote the inner product by (-,-). If the representation is
irreducible, it is completely reducible vacuously. If not, there is some nontrivial subspace W C V
that is invariant. Let W= be the orthogonal complement in V' with respect to the inner product.
Then W+ is also an invariant subspace. To see thus, note that for any g € G II(g~!) = II(g) ™! =
I1(g)*. Thus, for any w € W and v € W+,

(I(g)v,w) = (v,T1(g)"w) = (v,TI(g~")w) =0

because w € W is invariant for IT and so IT(g~!)w € W which is orthogonal to W=, Thus I1(g)v
is orthogonal to I for all g € G5, and so is in W,

Now, V = W @ W+ is a direct sum of invariant subspaces. We proceed by induction. Suppose
we have decomposed V' = V; @ --- @ V,,, into invariant subspaces. If all are irreducible for II,
then we have shown (V,II) is completely reducible. Otherwise, there is at least on V; that is not
irreducible, so it has a nontrivial invariant subspace W;. The preceding argument shows that VVjL
is also invariant, andso V =V, @ --- @V, o W; @ I/VjL @ Vjt1--- @ Vyp, 1s a finer decomposition
of V into invariant subspaces. This process must terminate finitely: at each step of the process,
the maximal dimension of any non-irreducible invariant subspace decreases, and since V' is finite

dimensional, we eventually decompose V' into a direct sum of invariant irreducible subspaces. By
Lemma |17.28] it follows that (II, V') is completely reducible. O

COROLLARY 17.34. Compact Lie groups have the complete reducibility property.

PROOF. Let (II, V') be a representation of a compact Lie group. By Lemma [17.32] there is
an inner product on V' with respect to which II is unitary. Then by Proposition [17.33} (II, V') is
completely reducible. U

COROLLARY 17.35. If G is a Lie group with Lie algebra g, and if there is a simply-connected
compact Lie group K with Lie algebra € so that g = ¥¢, then G and g have the complete reducibility

property.
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Note: we have not formally defined complex Lie algebras, but in this context we simply mean
that the Lie algebra of GG happens to be a complex Lie algebra.

PROOF. Let (V,II) be a complex representation of GG, and let (V/, ) be the induced Lie algebra
representation of g. Since g = ¢c = ¢ + i€, we may view ¢ as a Lie subalgebra, and so ¢ = 7|, is
a Lie algebra representation of £ on V. Since K is simply-connected, by the Lie correspondence
(Theorem [14.35), there is a unique representation ®: K — GL(V) with ®, = ¢. By Corollary
® is completely reducible, so V. = V; & --- & V,, is a direct sum of invariant subspaces
each of which is irreducible for ®. It follows from Lemma|[[7.25|that the subspaces V3, ..., V}, are
invariant for ¢ and ¢|y, is irreducible, and then it follows from Lemma that 7 = ¢¢ has the
same properties. Thus, (V, 7) is completely reducible, and one more application of Lemma
shows that (V, II) is completely reducible. O

EXAMPLE 17.36. The Lie group SU(2) is compact and simply-connected (as it is diffeomor-
phic to S?). Note that s[(2, C) = su(2)c. Hence, by Corollary [17.35] s[(2, C) and SL(2, C) have
the complete reducibility property.

From Example we see that to understand all representations of sl(2, C), it suffices to
understand the irreps (since all representations are then isomorphic to direct sums of these). We
will classify all such irreps. First, we need the most important tool in representation theory: Schur’s
Lemma, which is the topic of the next section.

3. The Representation Theory of s((2, C)

In this section, we will prove that the irreducible representations of s[(2, C) in Example
and Proposition are, up to isomorphism, all of the irreps. Since SL(2, C) has the complete
reducibility property (cf. Example[I7.36)), this gives us a complete picture of all representations of
this group and its Lie algebra.

Before proceeding with the proof, a few words on why we pay this special case special atten-
tion. First, since s(2, C) = su(2)¢, and su(2) = so(3), this will also give us a good understanding
of the representation theory of SO(3), which is a group of great physical significance. In short:
if we are trying to study the solutions of a (linear) PDE, if that PDE happens to be rotationally
invariant, then its solution space forms a representation of SO(3), and therefore also of s0(3).
Having a complete understanding of all representations of so(3) then gives us tools to understand
the solutions of the PDE. This applies in particular to the Schrodinger equation for the Hydrogen
atom, which is SO(3)-invariant. In fact, the computations we will do in this section are done in
every standard quantum mechanics textbookm under the heading “angular momentum”.

Second, and more important for us: in understanding the representation theory of other (semisim-
ple) Lie algebras, we will make frequent use of the representations of s[(2, C) which appears as a
common subalgebra. In particular, the approach we use presently (via commutation relations) to
determine the representations is illuminating of how we will approach the problem in general.

THEOREM 17.37. For each integer m > 0, there is (up to isomorphism) precisely one complex
irrep of 51(2, C) of dimension m+ 1, it is isomorphic to the representation (V,,, (7, )c) of Example
1712

Since two representations of different dimensions are trivially non-isomorphic, Theorem (17.37/
completely classifies all irreps of sl(2, C).
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Before proceeding with the proof, we remind ourselves of the notation used in Example|17.12
The Lie algebra is spanned by

0 1 0 0 10
<L) r=[V]omo 4

and these three matrices satisfy the commutation relations
[(X,Y]=H, Y, H| =2Y, (X, H] = —2X. (17.5)

Note, then, that if V' is any vector space, and A, B, C' € gl(V/) are three linear operators that happen
to satisfy
[A,B] =C, [B,C] = 2B, [A,C) = —2A

then the linear map 7: sl(2,C) — gl(V') defined by 7(X) = A, 7(Y) = B,and 7(H) = C will be
a Lie algebra representation (thanks to the bilinearity and skew-symmetry of brackets). Conversely,
the images of 7(X), 7(Y'), and 7(H ) in any representation must satisfy the same relations. (They
may satisfy additional representations, of course.) As a result, we have the following Lemma
which shows that the same “raising” and “lowering” properties shown to be satisfied by (7,,,)c(X)
and (,,)c(Y") hold in any representation of s[(2, C).

LEMMA 17.38. Let (V,7) be a representation of s\(2,C). Let u be an eigenvector of m(H),

with eigenvalue o € C. Then
T(H)m(X)u = (a+2)m(X)u, and 7(H)7(Y)u= (a—2)7(Y)u.

Thus, 7(X)u and 7(Y )u are either 0 vectors or are eigenvectors of w(H ) with eigenvalues o £ 2.

PROOF. We deal with the case 7(X); 7(Y") is analogous. Since [7(X),n(H)] = n([X, H]) =
m(—2X) = —27(X), we have

7(H)m(X)u =n(X)n(H)u — [7(X),n(H)Ju = 7(X)au — (—27(X))u = (a + 2)7(X).

U

With this in hand, we now prove Theorem [17.3"/

PROOF OF THEOREM [I7.37] Let (V,7) be a complex irrep of s[(2,C). Our strategy is to
diagonalize the operator 7(H ). Since the representation is complex, 7( H ) has an eigenvalue «; let
u € V be an eigenvector with this eigenvalue. Applying Lemma|[I7.38|repeatedly, we find that

m(H)mw(X)*u = (o + 2k)m(X)*u, k €N.
This says that, if 7(X)*u # 0, it is an eigenvector of 7(H) with eigenvalue o + 2k. Only finitely
many of these can therefore be nonzero, since 7(H ) can have only finitely-many distinct eigenval-
ues. Thus, there is some n > 0 such that ug = m(X)"u # 0 but 7(X )" 'y = 0. Let \g = a + 2n.
Thus ug # 0, and
7(H)ug = Aouo, 7(X)up = 0.
Now, for £ € N, define
up = m(Y)*up.

Then by Lemma|17.38] we have

m(H)ug = (Ao — 2k)uy. (17.6)

As above, since 7( H ) has only finitely-many distinct eigenvalues, it follows that only finitely-many
of the wu; are nonzero, and hence there is some m > 0 such that u,, # 0 but u,,,; = 0. Since
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ug, = 7(Y)*ug, if uy, = 0 then vy, = (Y )ug = 0 as well, and this we see that ug, uy, . . . , u,, are
all nonzero, while u;, = 0 for k > m + 1.
We wish to compute (X )uy, for each k. For k = 0, we have m(X)uy = 7(X)"*!u = 0. For
k=1,
T(X)uy = n1(X)mr(YV)ug = (7(Y)m(X) + [7(X), 7(Y)]) uo
=71(Y)m(X)ug + ([ X, Y])uo
=0+ W(H)UO = )\0U0. (177)

Similarly, we have

m(X)uz = 7(X)7(Y)ur = (w(Y)7(X) + [7(X), 7(Y)]) ua

7(Y)m(X)uy + w(H)uy.

Applying and (17.6)), we have
T(X)ug = 7(Y)(Aouo) + (Ao — 2)ur = Aous + (Ao — 2)ug = 2(Ag — 1)uy.
Proceeding by induction, we can quickly show that
T(X)ug = k(Ao — (kK — 1)) ug_1, ke N. (17.8)
Applying this with £ = m + 1, we have
0=7m(X)0=7m(X)um1 = (m~+1)( Ao — m)up,.

Since u,,, # 0, it follows that Ay = m is a non-negative integer.
Let us summarize what we have shown so far: for every complex irrep (V, 7) of s((2, C), there
is an integer m > 0 and nonzero vectors g, . . . , U, such that:
(@) m(H)ur = (m — 2k)uy for 0 < k < m,
(b) m(Y)up = ugyq for 0 < k < mand 7(Y)u,, = 0, and
©) m(X)ur =k(m — (k—1))ug_q for 0 < k < m and 7(X)uy = 0.
Since the nonzero vectors uy, . . . , u,, are eigenvectors of 7(H ) with all distinct eigenvalues, they
are linearly independent. What’s more, W = spanc{uy,...,u,} is manifestly invariant under
each of m(X), 7(Y), and w(H ), and since X, Y, H generate sl(2, C) and 7 is a Lie algebra homo-
morphism, it follows that W is invariant under 7(H) for all H € sl(2,C). Since 7 is irreducible,
and W # 0, we must therefore have W = V. So dim(V) = m + 1. Points (a)—(c) above thus
completely determine the representation 7.
It is now a simple exercise to show that, considering the representation (V,,, (7, )c) of Example

17.12fand letting u; = z’fzg“k , (@)—(c) are satisfied. Since we proved that this representation is
irreducible, this shows that there is a unique (up to isomorphism) irrep of sl(2, C) of dimension
m + 1, completing the proof. U

As noted above, since SL(2, C) has the complete reducibility property, every representation is
isomorphic to a direct sum of irreps. Since we now have a complete understanding of all irreps,
we therefore also understand all representations. The following properties of all s[(2, C) represen-
tations follow easily.

COROLLARY 17.39. Let (V, ) be a finite-dimensional complex representation of s{(2, C) (not
necessarily irreducible).

(1) Every eigenvalue of m(H ) is an integer. Furthermore, if v is an eigenvector for w(H ) with
eigenvalue )\, and if v € ker m(X), then A\ € N is a non-negative integer.
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(2) If k € Z is an eigenvalue for n(H), then so are —|k|, —|k| +2,...,|k| — 2, |k|.

(3) The matrices (X ) and 7(Y') are nilpotent — there are positive integers k, { with m( X )* =
(YY) = 0.

(4) Let S € End(V) be the matrix S = e™ X e=™V)e™X) Then St(H)S™! = —n(H).

PROOF. First note that all four properties are invariant under isomorphism, as is trivial to check.
So we may assume that the representation (V, 7) actually is a direct sum of irreps (V}, 7;)1<j<.

(1) If v € V is an eigenvector of 7(H ) with eigenvalue A, then v = (vy,...,v,) and
(Avg, ..., ) = o =n(H)v = (m(H)vy, ..., m(H)v,)

showing that \ is an eigenvalue of each 7;( H ). In the proof of Theorem we showed
that there is a basis {uo, ..., u,} for V; in which 7;(H) is diagonal, with 7;(H )u, =
(m — 2k)uy; thus the eigenvalues of w(H) are all integers, and so A € Z. If 7(X)v =0
then 7;(X)v; = 0 for all j, and we showed that 7;(X)u, = k(m — (k — 1))uy_ for
0 < k < m while 7;(X)ug = 0; this shows that ker 7;(X) = Cuy, and since wu is an
eigenvector of w( H) with eigenvalue m > 0, it follows that A > 0 in this case.

(2) If k is an eigenvalue of 7(H), then it is an eigenvalue for 7;(H) as in part (1). Since the
set of eigenvalues of 7;(H ) has the form —m, —m+2, ..., m — 2, m for some integer m,
the result follows immediately.

(3) It follows immediately from (b) and (c) in the proof of Theorem[17.37|that, with m + 1 =
dim(V), m;(X)™ ™ = 7;(X)™* = 0. A finite direct sum of nilpotent operators is
nilpotent, hence 7(.X') and 7(Y") are nilpotent.

(4) In this case, it is simpler not to use the direct sum approach, but rather argue directly.
Note that

Sr(H)S™! = eme —”(Y>6W(X>7T(H)e—ﬂ<X) m(Y) ,—m(X)

= Ad(e"™)Ad(e _”(Y) ( ) (H)
— (X)) pmad (V) ad (e (X)) (Y.
Now, [X, H] = —2X, and so (adX)H = —2X and (adX)*H = 0 for k > 1. Since

7 is a Lie algebra homomorphism, we similarly have ad(7(X))r(H) = —27(X) and
(ad(m(X)))*n(H) = 0 for k > 1. Thus

oo

M (H) = Z ;' (ad(m (X)) *n(H) = n(H) — 2r(X).
For the next term, since [V, H] = 2Y and [Y, X] = —H, thus (—ad(7(Y)))*r(H) =

—27(Y ) Lyer, while (—ad(x(Y)))¥r(X) = w(H)1pey — 27(Y)L—s. Thus
efad(ﬂ-(Y))ead(w(X))ﬂ(H>:e ad(m(Y)) ( ( —27?( ))
= (w(H) — 2n(Y)) — 2(n(X) + 7(H) — 3 - 2n(Y)
= —x(H) - 21(X).

)
)

Finally, this means that
ead(w(X))e—ad(ﬂ(Y))ead(ﬂ(X))ﬂ_(H) _ ead(ﬂ(X))(_ﬂ_(H) o 27T(X))
= (—m(H)+27(X)) —2n(X) = —7(H)

as claimed.
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U

We conclude this section with the comparable statement of Theorem for Lie group rep-
resentations of SU(2).

COROLLARY 17.40. For each integer m > 0, there is (up to isomorphism) precisely one
complex irrep of SU(2) of dimension m + 1; it is isomorphic to the representation (V,,,11,,) of
Example|[I7.6]

PROOF. Let (V,II) be an irrep of SU(2), and let 7 = I, be the induced Lie algebra represen-
tation of su(2). By Lemma (V, ) is irreducible. Then, by Lemma the complexi-
fication (V, mc) is an irrep of s[(2,C) = su(2)c. It follows from Theorem [17.37| that (V, m¢) =
(Vins (mm)c) where m = dim(V). Restricting to the real form su(2) C sl(2,C), it follows that
(V,m) = (Vin, ™). Note that 7, = (IL,,).. Since SU(2) is connected, it therefore follows from

Lemma (14.36[that (V,II) = (V,,, IL,,). O

EXAMPLE 17.41. The standard representation II(U) = U of SU(2) on C? is irreducible (the
proof is the same as for SO(n), cf. Example [I7.21). Since it is 2-dimensional, it follows from
Corollary that (C% I1) = (V4,11;). we can, in fact, see this explicitly: the isomorphism
¢: C* — Vi can be chosen as ¢(e;) = fo and ¢(es) = —f1 where f;(21,22) = z;. Then, for
U € SU(2) and v = vie1 + vges,

SIL(U)v] (21, 22) = (Unnvy + Urave)d(er) (21, 22) + (Usyvr + Usgva)P(e2)(21, 22)
= (Ullvl + U12U2)Z2 - (U21U1 + UQQ'UQ)Zl.

On the other hand,

[ (U)p(0))(21, 22) = v1fo(U 21, 22) 1) — w2 fi(U ™ 21, 2] 1)
=01 (Uy' 21 + Usy' 20) — vo(Upy' 21 + Upy' 22)
= v1(—Un21 + Un122) — va(Unpz1 — Ura2n),
where the last equality comes from the fact that det U = 1, so that

_ U. ~U
Ul — 22 12|
{ —Uxn  Un

Thus ¢(I1(U)v) = 1 (U)¢(v) forall U € SU(2) and v € C?. Since ¢ is a linear isomorphism (it is
the “ccw right-angle rotation™), we have (C?,1I) = (V4,11;) as claimed. Note that the exact same
computation shows that these two representations of SL(2, C) are isomorphic; this also follows
from the same reasoning as in Corollary since (7, )c is the induced Lie algebra represention
from I1,,, on SL(2, C).

4. The Representation Theory of s[(3, C)

To motivate the general techniques we will use to analyze representations of many Lie groups,
let’s take a brief look at how the pictures gets complicated moving from sl(2, C) to sl(3,C). To
begin, we need a basis for the Lie algebra. As there is only one (complex) constraint, s[(3,C) =
{X €gl(3,C): Tr(X) = 0}, the algebra is 8-dimensional (over C). The following basis naturally
generalizes the basis { X, Y, H} of s[(2,C) used in the preceding section.
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DEFINITION 17.42. The following is the standard basis of s((3, C).

01 0 00 0 00 1
X;=0 00 Xo=10 01 X;=100 0
|00 0 | 00 0 | 00 0
[0 0 0] [0 0 0] [0 0 0]
Yi=]100 Yo=10 0 0 Ys=10 0 0
|00 0 |01 0 |10 0
(1 0 0 (00 0
H=|0 —-10 H,=101 0
[0 00 |0 0 -1

Since s[(3, C) is a Lie algebra, we know the Lie bracket of any two of these is a linear com-
bination of them. There are (2) = 28 brackets in total, much more than the (‘;) = 3 1in the case
of 5[(2,C)! To begin enumerating them, note that the first two columns each give an isomorphic
copy of s[(2, C) inside sl(3, C):

(X1, Hi]| = —2X, (X, Hy] = —2X)
Y1, Hi] = —2Y; Y2, Hy] = —2Y5,
(X1, V1] = H, [Xo, Yo] = Hy
One might hope that these two copies of s[(2, C) commute with each other, but this is not the case:
(X1, Xo] = X3 (X1, Hy] = X1
[X1,Y5] =0 Y1, Ho] =
(X5, Y1l =0 [Xo, H| = X2
[Y1,Ys] = — Yo, Hy| =
[Hy, Hy] = 0.
The remaining commutation relations in s((3, C) are as follows:
[X1, X5] =0 [Y1,Y3] =0
[Xo, X3] = [Y2,Y3] =0
Y1, X3] = X2 (X1, Y3] = Y5
[Y2, Xs] = [Xo, Ya] =Y,
[Hy, X3] = Xs [Hy,Y3] = Y3
[Ho, X3] = X3 [Ho, Y3] — Y3

[X3,Ys] = Hy + Ho.

If (V,7) is any representation of s[(3, C), then all the matrices 7(X;), 7(Y;), 7(H;) will have
the same commutation relations as above (since 7 is a Lie group homomorphism). We hope to
mimic some features of the irreps of s[(2,C) we saw in Section [3| where a standard basis was
given by the eigenvectors of 7(H) and w(X) and 7(Y") acted as “raising” and “lowering” oper-
ators through this basis. Hence, a starting point will be to try to diagonalize 7(H;) and 7(H>).
Fortunately, since [7(H,), 7(Hz)] = w([H1, Ha]) = 0, if both are diagonalizable they will be si-
multaneously diagonalizable (i.e. they have a common basis of eigenvectors). This motivates the
following definition.
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DEFINITION 17.43. Let (V, ) be a complex representation of s\(3,C). An ordered pair i =
(my,my) € C? is called a weight for 7 if there is a common eigenvector v € V' \ {0} such that
w(Hy)v = myv
(HyJo = m (17.9)
m(Hy)v = mov.
Any such v is called a weight vector for the weight 1, and the space of all such common eigenvec-
tors is called the weight space of 1i. The multiplicity of the weight 11 is the dimension of its weight
space.

The weights and multiplicities are invariant under isomorphism, as can be easily checked.

LEMMA 17.44. If (V,7) and (V', ) are isomorphic representations of sl(3, C), then they have
the same weights with the same multiplicities.

If w(Hy), m(Hs) are simultaneously diagonalizable, then (following the language of Definition
there is a basis of V' consisting of weight vectors. In general, this will not be true for every
representation (although it is true for the adjoint representation (sl(3,C), ad), which will be im-
portant later). However, it is always true that 7(H; ), 7(H2) have at least one common eigenvector.

PROPOSITION 17.45. Every representation of s\(3, C) has at least one weight.

PROOF. Let (V,7) be a complex representation of s((3,C). Then m(H;) has an eigenvalue
my € C. Let W C V be the eigenspace of 7(H;) for eigenvalue m;. Since [7(H,), 7(Hz)] = 0, it
follows that for any w € W

mym(Hy)w = w(He)m(Hy)w = w(Hy)w(Ho)w

which shows that 7(H,)w is an eigenvector of 7(H;) with eigenvalue m; —i.e. 7(Hy)w € W.
Thus W is an invariant subspace for w(H5), and therefore 7(H,)|w is an operator which again
must have an eigenvalue my € C. If v € W is any eigenvector of 7(H,) with eigenvalue ms, then
since v € W, we see that (m;, ms) is a weight for = with weight vector v. O

Let us also note that all weights are in the integer lattice.

PROPOSITION 17.46. If i = (mq,ms) is a weight of a complex representation (V,m) of
sl(3,C), then my, my € Z.

PROOF. The restriction of (V, ) to the Lie subalgebra (X,Y;, H;) = sl(2,C) is a complex
representation, and hence by Corollary [17.39(1), the eigenvalue m; of m(H;) is an integer. The
same argument applied to the restriction to (X5, Ya, Hy) = s1(2, C) shows that my € Z. O

Now that we have a common eigenvector for 7(H;) and 7(Hz), if we mimic the construction
of all irreps of sl(2,C), we should begin applying 7(X;) and 7(Y}) to see what happens to this
eigenvector. The calculations needed to characterize this in the proof of Theorem [I7.37|relied on
the commutation relations [ X, H] = —2X and [Y, H] = 2Y. Note that these say that X and Y are
eigenvectors of ad H, with eigenvalues 2. This motivates the following definition.

DEFINITION 17.47. A non-zero weight for the adjoint representation (s\(3,C), ad) is called a
root; its weight vector is called a root vector. In other words: a o = (ay,as) € C?\ {(0,0)} is
called a root for (3, C) if there is a vector Z € (3,C) \ {0} such that

[HI,Z] = alZ
[HQ,Z] = GQZ.

Such a Z is called a root vector for the root a.
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Considering all the commutation relations listed above, we can pick off 6 roots immediately:
Note that /1; and H, are also both weight vectors for the adjoint representation, but each has weight

| weight o [ weight vector Z || o [ weight vector Z |
21 X, 2.1) Yi
(=1,2) X (1,-2) Yy
@) X, 11 Y

(0,0), so it is not a root by Definition[17.47] Since the vectors X1, X, X3, Y7, Ys, Y3, Hy, H, form
a linear basis for s((3, C), it is not hard to check that the 6 roots listed above are the only roots.

The following lemma is the generalization of Lemma to sl(3, C), showing how, in any
representation (V,7), m(X;) and m(Y;) act as raising and loweing operators for weight vectors
(common eigenvectors of w(H; ), 7(Hy)).

LEMMA 17.48. Let a = (aq,az) be a root of sl(3,C) with root vector Z,. Let (V,7) be a
complex representation of sI(3, C), with a weight . = (mq, mo) and weight vector v # 0. Then
m(H)7(Zy)v = (my + a1)7(Za)v,
T(Ha)m(Za)v = (ma + az)m(Za)v.
Thus, either 1(Za)v = 0 of 1(Za)v is a new weight vector with weight i+o = (mq+ay, ma+as).
PROOF. Since Z,, is a root vector with root «, by definition [H;, Z,| = a;Z, for j = 1, 2. Thus
m(Hj)m(Za)v = (7(Za)7(Hj) + a;7(Za))v = w(Za)myv + a;m(Za)v = (mj + a;)7(Za)v.
O

Now, if we are to proceed mimicking the classification of irreps of s[(2, C), we want to start
with some weight vector v for 7, and apply the root vectors until we get to a “top” weight. Things
are more complicated now, with two directions to move, however. So we need a more sophisticated
notion of “top”.

Let us single out the roots of X; and X5:

) = (2, —1), Qg — (—1,2) (1710)

We will call these the positive simple roots (although this is a fairly arbitrary choice, as we’ll see).
Note that (1,1) = ;3 + e, and so all of the roots are integer linear combinations of the positive
simple roots, with all coefficients of the same sign. (Any other pair of roots with the same property
would suffice for our purposes.) We use them to introduce a partial order on all weights.

DEFINITION 17.49. Let ji1, pip € Z2. We say ji; is higher than p,, written p11 3= pip or jia < i1,
if W1 — po is “nonnegative” in the sense that it is a nonnegative linear combination of the positive

simple roots {ay, as} of (17.10):

pi = fo = p1 — pp = aqy + bag, Ja,b>0.
Let (V,m) be a representation of sl(3,C). A weight g for (V,m) is called a highest weight if
W =< po for all weights o of (V, ).

Note that < is not a total order: for example, ar; — a5 cannot be written as an integer linear
combination of oy, ay with both coefficients of the same sign (as you can check), so it is neither
< (0,0) or >= (0,0). The relation < is, however, a partial order:

e Reflexive: for any p € 72, — 1 = (0,0) = Oy + Ocv, 0 1t < .
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o Antisymmetric: if yy, po € 72 satisfy p; < po and po < i1, then py — gy = ac; + bay
and py — po = d'ay + Vag with a,ad’, b0 > 0; thus aaq + bay = —d'ay — Vs so
(a+ a)ay + (b + b)as. Since g, oy are linearly independent, it follows that a + o' =
b+ =0, and as they are all > 0, it follows thata = a’ = b =10 = 0; thus p; — s = 0,
SO f1 = H2.

e Transitive: if iy, pia, 3 € Z* with py < o and gy < i3, then puz — g = (3 — po) +
(12 — p1) is a sum of nonnegative linear combinations of the simple positive roots, and
thus is a nonnegative linear combination of the positive simple roots. Hence p; < ps.

Note also that the coefficients a, b > 0 need not be integers, simply nonnegative real numbers. For
example: (1,0) = 2a; + 3az is = (0,0).

REMARK 17.50. The definition of the partial order depends on the choice of positive simple
roots, but any other choice will give an isomorphic partial order.

As a partial order on Z?, < has no global maximal or minimal elements, of course. It will
turn out the, for a given irrep of s[(3, C), the set of weights (which is a finite subset of Z?) has a
unique maximal element. This is part of the statement of the main theorem we now state, which
generalizes Theorem |[17.37] classifying the irreps of s[(3, C).

THEOREM 17.51 (The Theorem on Highest Weights for s(3, C)). Fix simple positive roots of
s((3,C) as in (I710), and define the partial order < as in Definition[I17.49 accordingly.
(1) Every irrep of sI(3, C) has a unique highest weight; this highest weight i is in N°.
(2) Every i € N? is the highest weight of some irrep of sI(3, C). Two irreps are isomorphic
iff they have the same highest weight.
(3) Every irrep of sI(3, C) is the direct sum of its weight spaces.

This is the precise analog of the structure theorem for irreps of s[(2,C) in Theorem
In that case, weights and weight vectors are simply eigenvalues and eigenvectors of 7(H). The
“highest weight” of (V,,,, (m)c) is just m. (V,,, (7)) is the only representation with this weight
up to isomorphism, giving uniqueness. And, in any irrep, the eigenvectors of (m,,)c(H) form a
basis for V,,; this is the analog of (3) (which is the statement that, in any irrep (V, 7) of s[(3, C),
m(H,y), 7(H;) are simultaneously diagonalizable). Note that the “only if” direction of (2) follows
immediately from Lemma

We will not prove Theorem While we have all the tools to give a complete proof,
it would take most of our remaining time, and this is just one more Lie algebra. The theorem
generalizes considerably, not to all Lie algebras, but to all semisimple Lie algebras (which we will
define in the next section). The interested reader is urged to study the book [2] for the proof of
Theorem and an excellent general introduction to the representation theory of Lie groups
and Lie algebras.

We conclude this section by recasting weights in a different light. Our present Definition|17.43
defines a weight y as a pair of eigenvalues of w(H;) and 7(H>) sharing a common eigenvector v.
Any such v is also a common eigenvector of any linear combination aH; + bH, € sl(3, C); since
[Hy, Hy] = 0, this linear span is a Lie subalgebra. It is, in fact, a maximal abelian subalgebra.

DEFINITION 17.52. The standard Cartan subalgebra of sl(3,C) is b = spanc{H;, Ho}. It is
a maximal abelian subalgebra.

Note: H; and H, are also in the real form su(3); Example [16.11|showed that b is a maximal
abelian subalgebra of su(3). It is easy to show that it is therefore also a maximal abelian subalgebra
of s1(3,C) = su(2)c, as claimed in Definition|17.52



294 17. BASIC REPRESENTATION THEORY

Thus, any weight vector v of a representation (V, 7) is an eigenvector for all elements of the
Cartan subalgebra h; moreover, if v’s weight is (m1, ms), then for any element H = aH; + bH, €
b, we have m(aH;+bHs)v = an(Hy)v+brn(Hy)v = amiv+bmov = (amq +bmy)v. In particular,
the eigenvalue of 7(H ) with eigenvector v depends linearly on H. So we may think of a weight
as a linear functional on b: if u = (mq, my), we may identify the weight as the linear functional
p* € b* defined by p*(H;) = m;.

Now, by choosing an inner product on f, we can identify h* with b in the usual way. In fact, we
have a nice inner product not only on § but on all of s[(3,C): the Hilbert-Schmidt inner product
(H,H") = Tr(H*H'). This inner product is Ad(SU(3))-invariant. Restricted to the diagonal
matrices in b, this is just the usual Euclidean inner product

(diag(a, b, c), diag(a’, V', c)) = ad’ + bb' +cc'.
Every linear functional p* € h* can be represented in the form
p(H) = (X H)

for a unique element A € h. Hence, we may think of a weight (in the new light above) as an
element of h; then Definition|1/.43|becomes the following.

DEFINITION 17.53. Let ) C sl(3,C) be the standard Cartan subalgebra. Let (V,7) be a
complex representation of s1(3,C). An element \ € b is called a weight for this representation if
there is a nonzero vector v € V' such that

m(H)v = (\, H)v

forall H € . Such a vector v is a weight vector of \; the linear span of all weight vectors is the
weight space, and its dimension is the multiplicity of ).

To match up with our previous terminology: if A is a weight in our new sense, then the corre-
sponding old weight (mq, ms) is given by

(mlamQ) = <<)‘7H1>7 <)‘7H2>)'

Note: the roots are just the nonzero weights of the adjoint representation, and so in the new lan-
guage, the roots are also elements of h. Let’s calculate them for the positive simple roots o, as:
in fact, oy & H,; and oy = H>, since

((Hy, H1), (H1, Hy)) = (2,—1), ((Ha, H1), (Ha, Ha)) = (—1,2).

Hence, the 6 roots of sl(3, C) are the elements + H,, + Hy, +(H; + H») in .

Now, consider a representation (V, II) of the Lie group SU(3). Then I, is a representation of
su(3), and so its complexification m = (II.)¢ is a representation of s[(3, C). Hence, it has weights
A € b, using the new Definition The weights thus live in h = tc, where t is the maximal
abelian subalgebra of su(3) corresponding to the maximal torus 7" of diagonal elements.

Recall the Weyl group from Section W(T) = N(T)/T, where N(T) is the normalizer
of the maximal torus 7" C SU(3). It is a finite discrete group. By Proposition there is a
well-defined action of W on t = Lie(T), given by w-H = Ad(U)H forany H € tandany U € w.
This, of course, extends to an action of W (T") on tc = b, given by the same formula. As discussed
following Lemma the linear operator H — w - H is in U(t) whenever t is imbued with an
Ad(SU(3))-invariant (complex) inner product.

The next proposition, with which we conclude this introductory discussion, shows that the
Weyl group acts as a symmetry group of the weights of any representation.
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PROPOSITION 17.54. Let (V,1I) be a complex representation of SU(3), with induced repre-
sentation (V) of sl(3,C). Let T' C SU(3) denote the maximal torus of diagonal elements, with
Lie algebra t, and let ) = tc denote the standard Cartan subalgebra of s1(3,C). If w € W(T) is
in the Weyl group, and if A\ € Y is a weight for (V, ), then w - X is also a weight for (V, ), with
the same multiplicity. In particular, taking (V,m) = (sl(3,C), ad), the roots are invariant under
the action of the Weyl group.

PROOF. First, note that for any U € SU(2) and H € b,
R (HYTIU) = THU)(TIU) w(H)TI(U)) = T(U)Crrosy (w(H)) = TU)m(Ad(U)H).

Now, let U € N(T'); then U~! € N(T) as well, so that U~'gU € T for all g € T. Differentiating
with respect to g, this shows that Ad(U~')H € tforall H € t, and so Ad(U"')H € b for any
Heb.

Now, let A € b be a weight for (V, ) with weight vector v. Then for U € N(T') and H €
h, since Ad(U™')H € bh we have m(Ad(U1)H)v = (A, Ad(U')H)v, and hence the above
calculation shows that

T(HI(U)v = H(U)n(Ad(U Y H)v = (A, Ad(U Y H)II(U)v.
Thus, if w = [U] € W(T), thenw™' - H = Ad(U~')H, and we have
T(HI(U)v = (N w™' - H)II(U)v = (w - A, H)II(U)v

where, in the last equality, we have used the fact that the inner product is Ad(SU(2))-invariant,
and so the action of w € W(T) is unitary (i.e. w™' = w*). Thus, we see that I[T(U)v is a weight
vector for (V, 7) with weight w - \.

Since II(U) is an isomorphism of V/, it follows that it maps the weight space of A onto the
weight space of w - A isomorphically. Thus, the two weights have the same multiplicities. U

Hence, the Weyl group can be viewed as a group of symmetries of the weights of any represen-
tation, and in particular of the roots. Time permitting, we will later see that, in this form, the Weyl
group consists exactly of the group generated by the reflections across the hyperplanes orthogonal
to the roots.

5. Semisimple Lie Groups and Representations: an Overview

We now examine how far we can push the strategy of the previous two sections in classifying
irreps of Lie algebras. The jump in complexity from s[(2, C) to s[(3,C) was significant (indeed,
we left out most of the proofs). It turns out this was the biggest jump. It is not hard to imagine
how to proceed to work out the representation theory of sl(n, C) in general. In fact, the same ideas
work for a very large class of Lie algebras. Let us define them now.

DEFINITION 17.55. A finite-dimensional Lie algebra g is called simple if it is nonabelian and
has no nontrivial ideals. It is semisimple if it is a finite direct sum of simple Lie algebras.

Many of the Lie algebras we’ve studied turn out to be semisimple (or even simple). Neverthe-
less, the question of verifying this is a laborious one that is very algebraic. In better sync with our
goals, we consider an ostensibly different class of Lie algebras.
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DEFINITION 17.56. A Lie algebra ¥ is called compact if there is a compact Lie group K with
Lie(K) = t. A Lie algebra g is called reductive if there is a compact Lie algebra € with g = €¢.

Conversely, given a (complex) Lie algebra g, a real Lie subalgebra £ C g is called a compact
real form of g if it is a compact Lie algebra and g = € + it.

In particular, a Lie algebra is reductive iff it possesses a compact real form.

REMARK 17.57. The algebraically-minded reader may be unsatisfied with the preceding def-
inition of compact Lie algebra, as it is extrinsic to the world of Lie algebras. In fact, there is an
intrinsic characterization. The Killing form of a Lie algebra g is the bilinear form B: g x g — C
defined by B(X,Y) = Tr(ad(X)ad(Y)) (where the trace is on the space End(g) where ad(X)
and ad(Y") live). It is a theorem that a Lie algebra is compact if and only if its Killing form is neg-
ative semidefinite. (Among these, the only ones that are degenerate are the abelian Lie algebras;
all other Killing forms of compact Lie algebras are strictly negative definite.)

EXAMPLE 17.58. Since su(n)c = sl(n,C) and su(n) is a compact Lie algebra, sl(n,C) is
reductive. The same is true of gl(n,C) = u(n)c. On their face, these two seem pretty similar,
but there is an easy structural difference: the center of gl(n, C) is nontrivial, consisting of the 1-
dimensional span of the identity matrix. On the other hand, sl(n, C) has trivial center, consisting
only of {0} whenn > 2.

To see this, recall Example [[6.11] where we showed that the torus Lie algebra t of diagonal
matrices in su(n, C) is a maximal abelian subalgebra. The proof came from showing that, for any
matrix X and any j, k,

[(Ej; — Ber) X1k = Xji = —[X(Ej; — Ep) X]ji-

It then follows that if X commutes with all the elements £;; — Ey;. € sl(n,C), then X, = — X, =
0 for j # k, and so X must be diagonal. But then for j < k we may test it against the matrix unit
Ej; € sl(n,C) instead, to find that

0=[X, Eji] = (Xj; — Xiw) Eji

which shows that X has all equal diagonal entries, and so is a scalar multiple of the identity.
Finally, since X € sl(n, C), it has trace 0, and so X = 0.

This difference turns out to be precisely the difference between reductive and semisimple.

THEOREM 17.59. A finite-dimensional complex Lie algebra g is semisimple if and only if it is
reductive and has trivial center.

The “if” direction of Theorem [17.59|is not too hard to prove. The idea is similar to the proof
of Proposition (that unitary representations have the complete reducibility property). Since
g is reductive, choose a compact real form £ C g, and a compact Lie algebra K with Lie algebra ¢.
Fix an Ad(K)-invariant inner product on &; then ad X is skew self-adjoint for each X € £. Since
ideals in g are simply invariant subspaces for the adjoint representation, this can be used in short
order to show that any ideal in g has a complementary ideal. Iterating this shows that any reductive
Lie algebra is a finite direct sum of maximal ideals. The only wrinkle is that some of these ideals
may well be abelian. The trivial center condition rules this out (since, as can be quickly calculated,
complementary ideals commute with each other, so if any one is abelian, it is contained in the
center).

On the other hand, the “only if” direction is very involved algebra, and far beyond the scope
of this course. So, while we will discuss the representation theory of semisimple Lie algebras,
the skeptical reader may content themselves only with the “special case” of reductive Lie algebras
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with trivial center. Nevertheless, we will use the theorem to identify the two notions, and therefore
use the term “semisimple” throughout.

Now, to mimic our approach to classifying representations, we need something like the stan-
dard Cartan subalgebra of s((3, C).

DEFINITION 17.60. Let g be a complex semisimple Lie algebra. A Cartan subalgebra ) of g
is a maximal abelian subalgebra with the property that ad(H) is diagonalizable for each H € .

Note that, since b is abelian, all elements commute, and therefore so do all ad(H); thus, since
they are all diagonalizable, they are simultaneously diagonalizable by the spectral theorem. This
will allow us to define roots and weights just as in Definition

Definition makes sense in any Lie algebra, semisimple or not. We will see in a moment
that semisimple Lie algebras always have Cartan subalgebras; by this definition, others may not.
In fact, this is not the usual definition of Cartan subalgebra. The more general notion, introduced
in Elie Cartan’s PhD thesis, is as follows.

DEFINITION 17.61. Let g be a Lie algebra. A Lie subalgebra by C g is called nilpotent if there
is some finite n so that ad(X;)ad(Xs)---ad(X,) = 0forall Xy,...,X, € g. A general Cartan
subalgebra b of g is a nilpotent subalgebra that is self-normalizing: if X € g is such that ad(X)
maps b into b, then X € h.

The two notions of Cartan subalgebra in Definitions [I7.60] and [I7.61] are not equivalent in
general. It turns out that, in a semisimple Lie algebra, they are equivalent. Again, showing this
would be a long algebraic discussion, immaterial to our goals. For our purposes, Definition [17.60
gives the structure we need to classify irreps.

PROPOSITION 17.62. Let g = £c be a complex semisimple Lie algebra, and let t C € be a
maximal abelian subalgebra. Then b = tc = t + it is a Cartan subalgebra of g.

PROOF. Since t is abelian, clearly so is h = t¢c. We wish to see that it is maximal abelian.
So, suppose X € g commutes with h. Since t C b, X therefore commutes with t. Decomposing
X = X, + 11X, € £+ it this shows that

0=[X,H|=[X,H|+i[Xs,H], VHEet

Since the decomposition of any element in g (in this case 0) into € and i# is unique, it follows that
(X1, H] = [Xs, H] = 0, and so X;, X, € tsince t is maximal abelian. Thus X € t+ it =, so b
i1s maximal abelian.

Now, let K be a compact Lie group with Lie algebra £, and fix any Ad(K)-invariant inner
product on ¢. Since (Ad(¢)X,Ad(g)Y) = (X,Y) forall g € K, differentiating with respect to g
shows that

(ad(2)X,Y) = —(X,ad(2)Y), VXY Z et
Thus, for each H € t C ¢, adH is skew self-adjoint, and hence diagonalizable. So if H € § = {¢,
then H = H, +iH, for Hy, Hy € t, and since t is abelian, [H;, Hs] = 0, and thus ad H;, ad H, also
commute. Since they are both diagonalizable, they are therefore simultaneously diagonalizable,
and hence ad H = adH; + tad H; is diagonalizable. O

So we now have plenty of examples of Cartan subalgebras. In fact, these are the only ones, due
to the following theorem.

THEOREM 17.63. Let g be a Lie algebra, and let b, and b, be Cartan subalgebras. Then there
is an automorphism of g that maps b, onto .
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(Again, we will make no attempt to prove this purely algebraic result.) A complex automorphism
maps a compact real form to a compact real form, and so it follows that all Cartan subalgebras of a
semisimple Lie algebra are complexifications of maximal abelian subalgebras. These all have the
same dimension (by Cartan’s torus Theorem [16.19]and Theorem [16.16)), and so we may talk about
the rank of a Lie algebra being the dimension of any Cartan subalgebra. (In the semisimple case,
this naturally generalizes our earlier notion of rank for compact Lie groups and their Lie algebras:
the dimension of any maximal torus.) For example: s[(n) has rank n — 1.

Now that we have a maximal abelian subalgebra of elements whose adjoint representations are
diagonalizable, we can proceed to try to construct the framework for the classification of irreps we
discussed for s[(3, C).

DEFINITION 17.64. Let g be a semisimple Lie algebra, with a compact real form €. Fix a
Cartan subalgebra by = tc where t is a maximal abelian subalgebra of €. Let K be a compact Lie
group with Lie algebra ¢, and fix an Ad(K)-invariant inner product in ¥, and thus on t. Extend it
to a (complex) Ad(K)-invariant inner product on by by

(X 41V, X' +3Y") = (X, X)) + (Y, Y') +i({(X, V") — (Y, X")).

Let (V,m) be a complex representation of g. An element i € b is called a weight for (V, )
(relative to by) if there is a nonzero vector v € V' so that

m(H)v = (u, H)v, V Heb.

Such a vector v is called a weight vector for u; the space of all weight vectors for i is the weight
space, and its dimension is the multiplicity of .

The roots of g (relative to by) are the nonzero weights of the adjoint representation of g, that is,
a € b\ {0} is a root if there is some nonzero X € g such that

[H,X] = (o, H)X, VHeh

The set of all roots is denoted R(g|h). Any such vector X is a root vector for . The space of all
root vectors for a given root « is the root space g,.

In fact, the roots necessarily lie on the “imaginary axis” in b.
PROPOSITION 17.65. Each root o € R(g|h) belongs to it C .

PROOF. As in the proof of Proposition for each H € tis a skew self-adjoint operator
on h, and so adH has purely imaginary eigenvalues. Let X € g, be a root vector; the equation
[H, X] = (a, H) X shows that X is an eigenvector of ad H with eigenvalue («, H). It follows that
this inner product is purely imaginary for 4 € t. Since the inner product is real-valued on t, this
can only happen if a € it. U

Now, since the vectors H € b have adjoint representations ad(H ) that are simultaneously di-
agonalizable, there is a basis of g of common eigenvectors for all ad H. Among these are elements
of H, which are eigenvectors with eigenvalue 0; the others (nonzero elements with nonzero eigen-
vectors) are root vectors for various roots. Moreover, eigenvectors with distinct eigenvalues are
linearly independent. In summary, we have the following.

PROPOSITION 17.66. Let g be a semisimple Lie algebra, and let by be a Cartan subalgebra of

g. Then
g= h ) @ Ya-
acR(glh)



5. SEMISIMPLE LIE GROUPS AND REPRESENTATIONS: AN OVERVIEW 299

(This is a vector space sum, not necessarily a Lie algebra direct sum: the elements of b typically
do not commute with the elements of g,.)

Now, from the finite set R(g|h), we select a subset R, (g|h) with the property that every root
is an integer linear combination of elements of R(g|h), with all coefficients of the same sign. (It
takes significant work to show that the discrete subset R(g|h) C it has the right symmetries to
make such a spanning condition possible.) We call the elements of R (g|h) the simple positive
roots; R, (g|h) is sometimes called a base for R(g|h).

We define on f the same partial order from Definition [[7.49} say that iy = po iff g —
[2 1S a nonnegative linear combination of simple positive roots. This makes the weights of any
representation into a finite partial order.

Now, for any root o € R(glh), its coroot H,, is the rescaled vector

2a

Ha:m.

DEFINITION 17.67. A weight u € Y is called integral if (i, H,) € Z for all « € R(g|h). It is
called dominant if (o, 1) > 0 for all « € R, (g|h).

For example: in s[(3, C) with its standard Cartan subalgebra, and positive simple roots o; =
Hi, oy = H,, the associated coroots are also Haj = H; (since (H;, H;) = 2), and so integral
weights are those whose inner products with H;, H, are integers. It is easy to check that this gives
precisely the integer lattice Z?. The conditions (H;, 1) > 0 then specify the nonnegative integer
lattice N2

We can now state (superficially) the exact analog of Theorem

THEOREM 17.68 (The Theorem on Highest Weights). Let g be a complex semisimple Lie al-
gebra. Fix a Cartan subalgebra by of g, and a base of simple positive roots.

(1) Every irrep of g has a unique highest weight, which is dominant integral weight.

(2) Every dominant integral weight is the highest weight of some irrep of g. Two irreps are
isomorphic iff they have the same highest weight.

(3) Every irrep of g is the direct sum of its weight spaces.

We have most of the technology needed to prove Theorem in place already, but the ex-
ercise would take a minimum of 5 more weeks. What’s more, the theorem doesn’t tell us much
unless we have some kind of machinery to actually compute the roots, weights, and dominant
integral elements, and use them (together with some sophisticated raising and lowering type oper-
ators as in the sl(2, C) case) to actually understand the irreps. This can be done nearly completely,
and would take us another solid 5 weeks. So, a real understanding of the representation theory of
semisimple Lie algebras would require another full quarter.

For each semisimple Lie algebra, its collection of roots forms what is abstractly known as a
root system. For example, the root system of sl(n + 1,C) is called A,,. There are four infinite
families of root systems, creatively called A,,, B,,, C,, and D,,. Three other “families” of root
systems exists, called “sporadic”: Eg, F7, Eg, along with F4 and G,. We will make no attempt to
describe all of them here. They are classified by Dynkin diagrams. The interested reader is urged
to consult the book [2]] for further details.

One more note: a somewhat more sophisticated version of the proof of Proposition (17.33
shows that all semisimple Lie algebras have the complete reducibility property. Hence, once we
understand the irreps, we understand all representations.
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6. Schur’s Lemma

We close out this chapter with an elementary tool we will need in the sequel. The main result
of this section (Schur’s Lemma) applies simultaneously to groups and Lie algebras. In order to
state it effectively, we use a standard abuse of notation here, and refer to “the representation V'
instead of the representation (V,II) or (V,m) — highlighting the fact that we are talking about a
linear action of the group / algebra on V.

THEOREM 17.69 (Schur’s Lemma). Let V' and W be irreducible (real or complex) represen-
tations of a Lie group or Lie algebra.

(1) If : V — W is an intertwining map, then either ¢ = 0 or ¢ is an isomorphism.

(2) If V is a complex irrep, and ¢: V — V is an intertwining map, then ¢ = M\l for some
AeC

3) If V,W are complex irreps and ¢,1: V — W are nonzero intertwining maps, then ¢ =
A for some \ € C.

PROOF. As usual, we will provide the proofs in the case of representations of a group G the
Lie algebra case is identical modula the necesssary changes in notation.

(1) Let v € ker ¢. Since ¢ is an intertwining map, for any g € GG
¢lg-v)=g-d(v)=g-0=0

because the action of G is linear. Hence g - v € ker ¢ as well, and so ker ¢ is an invariant
subspace. Since the representation is irreducible, it follows that either ker¢p = V or
ker ¢ = 0, meaning that either ¢ = 0 or ¢ is one-to-one. In the latter case, the image
»(V) € W is a non-zero subspace. It is, in fact, an invariant subspace: if w = ¢(v) €
¢(V) then, forallg € G, g-w = g - ¢p(v) = ¢(g - v) € ¢(V). Thus, since ¢p(V') # 0
and the representation is irreducible, it follows that ¢(V) = TV, and so ¢ is onto. Thus, if
¢ # 0, then ¢ is a linear isomorphism. Since it is an intertwining map, it is therefore an
isomorphism of the two representations.

(2) Since ¢: V' — V is a C-linear map, it has eigenvalues, so let A\ € C be an eigenvalue.
Denote the representation as (V, II). Since ¢ is an intertwiner of this representation (with
itself), this means that ¢(I1(g)v) = [I(g)¢(v) for all v € V and g € G, meaning that the
matrices ¢: V' — V and II(g): V — V commute. Hence, if U is the eigenspace of ¢ for
eigenvalue )\, I1(g) leaves U invariant: for u € U,

o(Il(g)u) = I(g)p(u) = (g)Au = MI(g)u

showing that I1(g)u is also an eigenvector of ¢ with eigenvalue A. Thus, U is an invariant
subspace for the irrep (V, IT), and hence either U = 0 or U = V. Since ) is an eigenvalue,
U#0,andsoU = V. Thus, forallv € V = U, ¢(v) = \v, and so ¢ = AI.

(3) Since 1) # 0, by (1) it is an isomorphism, and (as we can easily check) v~!: V — W
is an intertwining map. Thus ¢ o 1)=!: V' — V is an intertwining map from V to itself,
and so by (2) it is constant, ¢ o ¢p~1 = \I for some A € C. This shows that ¢ = \i) as
claimed.

O

Schur’s lemma is one of the most important elementary tools in representation theory; we will
use it frequently from now on. We conclude this short section with two immediate corollaries.
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COROLLARY 17.70. If (V,11) is a complex irrep of a Lie group G, and if g € Z(G) is in the
center of G, then I1(g) = A\ for some \ € C. Simialry, if (V, ) is a complex irrep of a Lie algebra
g, and if X € Z(g) is in the center of g, then w(g) = A for some X € C.

PROOF. Since g € Z(G), for any h € G we have I1(g)II(h) = II(gh) = lI(hg) = II(h)II(g),
which shows that I1(g) is an intertwiner of (V, IT) with itself. The result now follows from Schur’s
Lemma, part (2). The Lie algebra case is analogous. ([l

COROLLARY 17.71. Every complex irrep of an abelian group or Lie algebra is one-dimensional.

PROOF. Let (V,II) denote the complex irrep. If G is abelian then G = Z(G), and so Corollary
shows that, for every g € G, there is a A = A\(g) € C with II(g) = A(g)I. But this means
that every subspace of V' is invariant, since every vector is an eigenvector for all I1(g). Hence, since
the representation is irreducible, the only way it can fail to have nontrivial invariant subspaces is
if there are no nontrivial subspaces, meaning V' is one-dimensional (since we do not include the
0-dimensional space in the definition of representations). U






CHAPTER 18

Representations of Compact Lie Groups

Throughout this chapter, i will be a compact Lie group. From Proposition [12.6, we know
that each such K possesses a unique left-invariant Haar measure. It will be useful to note that this
measure is also right invariant.

PROPOSITION 18.1. For compact Lie group K, the left-invariant Haar measure is in fact the
unique bi-invariant probability measure.

PROOF. For the purposes of this proof, let ;1 denote the left Haar measure of K; so pu(K) = 1
and, for any fixedy € K and f € C(K),

/fw (dx) /f

Now, fix z € K and let 1, be the Borel measure on K given by i, (B) = p(Bz) for any Borel set
B C K, or equivalently

/K F() i (de) = /K flaz)ulda), e CK).

Note that Kz = K, and so p,(K) = 1, so it is still a probability measure. Also, for any y € K
and f € C(K), we have

/K Flya) a(de) = /K F(yarz) p(der) = /K (R f)(ye) p(de)

where R: f(a) = f(az). Since group multiplication is continuous, R f € C(K), and therefore by
left-invariance of y, this equals

/(R* p(dx) /f xz) p(de) /f x) pi,(dx).

Hence, we have shown that, for all f € C(K) and all z,y € K, [, L} fdu. = [, fdpu., which
means that y, is a left-invariant measure. Smce it is also a probability measure, by the uniqueness
clause of Proposition [12.6] we must have i, = p for all z € K. This shows that /4 is also right-
invariant. 0]

REMARK 18.2. The preceding proof used, in a fundamental way, the fact that the Haar measure
on a compact group can be normalized. If one tries to make the same argument work without
normalization, on a noncompact Lie group G, knowing only that the Haar measure is unique
up to scale, then one finds instead that p and p, are related by a function p, = A(z)u. The
function A: G — R, is called the modular function of the group. It is a group homomorphism.
Compact groups are unimodular: the function A is constantly equal to 1. The same is true for
abelian groups, discrete Lie groups, and in fact all semisimple Lie groups (i.e. Lie groups whose
Lie algebras are semisimple). There are, however, many examples of non-unimodular Lie groups.
Their representation theory turns out to be a lot harder to understand.

303
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1. Representative Functions and Characters

Fix a finite-dimensional representation (V/, IT) of K, with dimension d. Thus I1: K — GL(V)
is a group homomorphism, and so for each € K, II(z) is a linear operator on V. If we fix a basis
{e;}_, for V, then we can think of II(x) as a matrix. Hence, note that, for z,y € K,

d
M (zy)]n = (@) e = > T@)] e[ ()]en- (18.1)
=1
Denote by II;;,: K — C the matrix entry functions associated to the representation II. The above
calculation says that, for fixed j, k, and fixed y € K,

the function = — II;;(xy) is a linear combination of the functions {IL;;: 1 < ¢ <d}.

Thus, the < d?-dimensional space of matrix entry functions {ILjx: 1 < j, k < d} is invariant under
right-translation by the group (on the variable of the function).

To (apparently) generalize this kind of function, we introduce the left and right regular repre-
sentations (which are not finite dimensional in general).

DEFINITION 18.3. Let L*(K) denote the Hilbert space of L*-functions on K with respect to
the Haar measure. The left and right regular representations (L*(K), L) and (L*(K),R) are

defined by
[L(2) f(y) = f(a™ry),  [R(2)fl(y) = fly).

It is a quick exercise to check that these are indeed representations. In fact, note that for each
re K

IR L2 /!f ya |2dy—/!f VP dy = |l

holds for f € C'(K) and thus in general by standard density theorems; thus fR( ) € U(L*(G)). A
similar argument applies to the left regular representation — they are both unitary representations.

Now, for a given finite dimensional representation (V/, IT), with a given basis for V, the matrix-
entry functions IT;; are smooth, and hence since K is compact they are in L*(K). So in the
language of Definition [I8.3] the above discussion shows that the space of matrix entry functions
{I;x: 1 < j,k < dim(V)} is an invariant subspace of the representation (L*(K), R), all of whose
elements are continuous functions.

DEFINITION 18.4. A continuous function f € L*(K) is called a representative function if
there is a finite dimensional invariant subspace of (L?(K) N C(K), R) containing f.

It might make sense to call such functions right representative functions, as the same notion for
the left-regular representation makes good sense. We will see below that the two coincide.

In general, one would expect the orbit of a random function f € L?(K) under the action of
all R(z) for z € K to be infinite-dimensional. On the other hand, any linear combination of
representative functions is immediately seen to be a representative function. In fact, up to linear
combinations over potentially different representations, all representative functions have this form.

PROPOSITION 18.5. Any representative function of K is a linear combination of matrix entries
of irreducible representations of K.

PROOF. Let f be arepresentative function. By definition, there is a finite dimensional subspace
V C L*(K)NC(K) containing f that is invariant under the right regular representation R. In other
words, (V,R|y) is a finite dimensional representation of /. It is therefore completely reducible
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(cf. Corollary , soV=6p ; Vj 1s a finite direct sum of irreducible invariant subspaces for R;
thus (Vj, R|y, ) are irreps of K.

Now, the evaluation functional V; — C given by g — g(e) is a well-defined linear functional
on the finite dimensional space V; of continuous functions. It is therefore continuous. Hence, by
the Riesz-Fisher theorem, there is a vector §; € V; such that

() = (6.9) = [ G

But then we have, foreach g € V; and z € K,
g(z) = [R(z)g](e) = (&, R(x)g)- (18.2)

In particular, since V; is irreducible (and therefore not trivial), the vector &; is not 0. Let fj =
£;/(&,&)1%. We can therefore select an orthonormal basis {h;,: 1 < k < dim(V})} for V; with
hy = &;. Expanding g in this basis g = >, aihy, we therefore have

gl@) =Y ar(&, R(x)he) = Y ar(€, &) (ha, R(a)hyy).

k k

This shows that every g € Vj is a linear combination of the matrix entries [R|y, |14 of an irrep. Since
f €V =D, V;isasumof such gj, it too is a linear combination of matrix entries of irreps. [

COROLLARY 18.6. Any finite dimensional invariant subspace of (L?(K), R) is also invariant
for L; hence, left and right representative functions coincide.

PROOF. By Proposition if V' is a finite dimensional invariant subspace for R, then there
is a finite collection of irreducible representations whose matrix entries span V. A calculation akin
to (18.1) shows that the space of matrix entries of any representation is also invariant for £, and so
V is as well. O

Now, let us focus on a very important class of representative functions.

DEFINITION 18.7. For a given finite dimensional representation (V,11) of K, let x = xy: K —
C be the function x = 11 + oy + - - - + [gg where d = dim(V'); that is: {(z) = Tr (I1(x)). The
function £ is called the character of (V, 11). It is a linear combination of matrix entries, and so it
is a representative function. Note that it is also a class function:

X(yzy ™) = Tr[[(yzy )] = Tr [I(y)I(2)I(y) '] = Tr [[(z)] = x(2).
If (V,11) is an irreducible representation, its character is called an irreducible character.

These characters (especially irreducible ones) play a very important role in harmonic analysis
on compact Lie groups, as we will see a bit later. The following examples gives an indication why.

EXAMPLE 18.8. Consider the special case K = S', and look at all irreducible representations.
Since S! is abelian, by Schur’s lemma any complex irrep II is one-dimensional, so we may take
the representation space to be C, and II: S! — GL(C); the trace is the identity map on GL(C),
and so the irreducible characters are just the irreps themselves. Moreover, since S' is compact,
wlog I is a unitary representation, which in this case simply means II: S — S*. A homework
exercise showed that the only such group homomorphisms are of the form II(u) = u™ for some
m € Z. Thus, the irreducible characters of S! are precisely all the functions x(e?) = e™?. These
are precisely the standard Fourier basis for the circle.
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In a sense, much of this chapter is devoted to generalizing the basic ideas of Fourier series
to general compact Lie groups. The following lemma gets this started. First, let (V,II) be a
representation of K. We denote by V¥ the subspace of V that is (pointwise) invariant under the
action of V' (via II):

VE={veV:(z)v=vforallz € K}.

LEMMA 18.9. Let (V,II) be a finite dimensional representation of K, and let P: V — V be
the operator given by

P /K M(x)de: ie P(v) = /K I(x)o dz.

Fix an inner product on V' with respect to which 11 is a uniary representation. Then P is the
orthogonal projection onto V¥,

PROOF. Fixy € K and v € V; then

[(y)Pv = I(y) /K (z)vdz = /K (yx)v de = / (2)vdz = Pv

K

by the left-invariance of the Haar measure. Hence, Pv € VX On the other hand, if v € VX, then

Pv:/H(x)vdx:/vda::v
K K

and so P maps V onto V¥ and restricts to the identity on V¥ It is therefore a projection onto V.
What’s more, for v, w € V,

(P, w) :/K<H(ac)v,w> dx:/K(v,H(x_l)w> dz

because the representation II is unitary. The bi-invariant Haar measure is also invariant under the
inversion map x ~ z~! (this follows anaologously to the proof of Proposition [18.1]), and so

(Pv,w) = /}((v,l‘[(z)w) dz = (v, Pw).

Hence P = P*. This identifies P as the orthogonal projection onto VX, U

Next, we will state a few important properties of characters. This will require a few new notions
of how to put different representations together.

DEFINITION 18.10. Let (V,11) and (W, %) be representations of K. The tensor product rep-
resentation (V ® W, Il ® %) determined by

NoX: K—-GLVe W), [(IIeX)(z)(vew)=I(z)re 3(z)w

forv e Vand w € W. In other words: as linear operators, (Il ® X)(z) = [I(z) @ X(z). Itisa
simple matter to check that it is, indeed, a representation.

REMARK 18.11. The tensor product representation also makes sense for representations of
different groups G and H: we then have II ® X is a representation of G x H given by (Il ®
Y)(z,y) = l(x) ® X(y). In the applications at hand, we only need the “diagonal” case of this
where G = H = K.
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DEFINITION 18.12. Let (V,II) be a representation of K. The dual or contragredient repre-
sentation (V' * I1*) is defined by

I*: K — GL(V*), [II*(2)A](v) = A(L(z~ 1))

forv e Vand A\ € V*. It is a simple matter to check that it is, indeed, a representation (due to the
transpose and inverse together).

Using standard abuse of notation, we may refer to the tensor product of the representations simply
as V ®W, and contragredient simply as V* (just as we refer to the direct sum representation simply
as Vo Ww).

Following are some basic computationally-useful properties of characters.

PROPOSITION 18.13. Let (V,11) and (W,X) be representations of K, and let xv and xw
denote their characters.

(1) xv is a C class functions.

) If (V,1I) =2 (W, X), then xv = xw-
3) xvew = xXv + Xw-

4) Xvew = Xv * Xw-

(5) xv+(2) = xv(z7!), forz € G.

(6) xv(e) = dim (V).

PROOF. Item (1) follows immediately from Definition|18.7} and item (2) is a simple calculation
using the trace property. Items (3)-(5) are elementary calculations untwisting the definitions; we
give the proof of (4) here and leave the others to the reader. Fix bases {v;} for V and {wy} for W;
then {v; ® wy} is a basis for V' ® W. For any linear operators A on V' and B on W with matrices
[A];,;, and [B]y,, in the given bases, it is easy to check that the matrix of A ® B in the tensor
product basis is [A @ B, k1)(ja,ks) = Ajijo Brik,- Thus

Tr(A®B) = [A® Blgmga = Y AjjBk = _Aj;+ Y Bu = Tr(A) Tr (B).
Ik Jk J k
In particular, for x € K, taking A = II(z) and B = X(z),
xvew () = Tr[(ITe W)(z)] = Trll(z) © X(x)] = Tr[l(x)] Tr [E(2)] = xv(2)xw ().
Finally, for imem (6), xv(e) = Tr[II(e)] = Tr (Idy) = dim(V). O
This brings us to the orthogonality relations. Consider, again, Example [I8.8] where we saw
that the characters of irreps of S! are the functions x,,(e??) = ™ for m € Z. These are the
standard Fourier basis for the circle: with respect to the uniform probability measure on S! (which
is, of course, the Haar measure), they form an orthonormal basis. This turns out to be true for

irreducible characters on all compact groups. The easy half (that they form an orthonormal set) is
the content of the next theorem.

THEOREM 18.14. The irreducible characters of K are an orthonormal set in L*(K). More
precisely: if (V,I1) and (W, X)) are two irreps of K, then

{1 ifV =W,

0 otherwise.

/K xv(z)xw(z)dx =
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PROOF. Fix an inner product on V' with respect to which (V,II) is a unitary representation.
Now, note that for x € K

xv (@) = Tr[M(z)] = Tr[[I(z)*] = Tr[I(a™")] = xv(@™") = xv-(2)

where the second equality is an easy fact about traces, the second is due to the unitarity of II, and
the third is Proposition|18.13(5). Hence, using Proposition |18.13|(4),

xv (@)xw(x) = xv+(x)xw(x) = xveew(z), z€K.
Thus

[ @i = [ o= [ mimenwia = ([ arenmar).

This integral is the orthogonal projection onto the space (V* @ W)X fixed by I1I* ® ¥, cf. Lemma
[18.9] and thus its trace is the dimension of the space:

/K xv (@) xw(z) de = dim((V* @ W)F). (18.3)

Now, we use the canonical linear isomorphism ¢: V* @ W — End(V, W), where 9(A @ w)(v) =
A(v)w. Let us now define a representation (End(V, W), ®) of K by

O(r)A = X(z)All(x) .
Then ¢ intertwines II* ® X and ®:
(I © X)(2) (A @ w)](v) = I (@)A & T(a)w](v) = ([1(z)*A) (0)S(e)w = M1z~ )o)S()w
while
[®(2)I(X @ w)](v) = E(2) (A @ w)Il(z) "} (v) = L(z)A([1(z) " v)w = A(I(z~")v)E(2)w,

So the representation (V* @ W, II* ® ) is isomorphic to (End(V, W), ®). Under this isomor-
phism, (V* @ W)X is therefore mapped to the set of all endomorphisms A with the property that
Y(z)All(z) ' = ®(z)A = Aforall x € K, meaning that A is an intertwining map from (V, II) to
(W, %). Since both representations are irreducible, by Schur’s lemma any two intertwining maps
are scalar multiples of each other, so the image of the space (V* ® W)X has dimension 0 or 1. If
(V,II) = (W, X) then there is an isomorphism which is an intertwining map, so the dimension is 1;
if they are not isomorphic, then by Schur’s lemma all intertwining maps are 0, hence the dimension
is 0. The theorem now follows from (18.3). O

Let us conclude this section by noting one obvious consequence of the orthogonality relations:
if two irreps are non-isomorphic, they have orthogonal, and hence different, characters.

COROLLARY 18.15. The isomorphism class of an irreducible representation is completely
determined by its character.
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2. Group Convolution

DEFINITION 18.16. If f,g € L*(K), their convolution f * g is a new function on K defined

by
(f*g)(z /ffvy

Since the Haar measure is bi-invariant (and invariant under inversion), the function f: y —
f(zy™) is also in L2(K) with norm || f||z2(x) = ||f|lz2(x); thus the product f - g is in Ll(G’):
by the Cauchy-Schwarz inequality, it satisfies

J 15ty gl dy = [ 17)at)dy < 171 2o
which shows that (f * g)(z) is well defined and satisfies the pointwise bound

((F ) @) < fll2aollgllza), © € K. (18.4)

Hence, for all f,g € L*(K), f * g € L°(K). By squaring both sides of (I8.4) and integrating, we
see that also

1 * gllzaey < I llzzco llgll 22 (18.5)
which shows that f x g € L*(K) (although we already knew this since the measure is finite,
so L*®(K) C L?*(K)). In fact, convolution is a “smoothing” operation: the convolution of L?
functions is, in fact, continuous.

PROPOSITION 18.17. If f, g € L*(K), then f x g € L*(K) N C(K).

PROOF. First, assume that f,g € C(K) to start. Since K is compact, f,g are uniformly
continuous and bounded. Fix x € K and let x,, — x. Then

(5 )len) = ()l < [ 18w = fey ool dy
< lgllim) /K g™ — fley ™) dy.

Since f is uniformly continuous, f(z,y ') — f(zy~!) uniformly in y, and hence the above
integral converges to 0. Thus f * g is continuous.

Now for general f,g € L*(K). The space C'(K) of continuous functions is dense in L*(K)
(generically true in measure theory), so let (f,,) and (g,,) be continuous functions on K with
fn — fand g, — gin L?*(K). Then note that, for z € K and m € N,

(% gm) () = (% gm)(@)] = [((fn = f) % gm) ()] < ([ = full 2y lgml 22 (x)

by (18.5)). The quantity on the right tends to 0 and does not depend on z, so f,, * g,, converges to
f * g, uniformly. By the above argument, f, * g,, is continuous, and hence f * g, is a uniform
limit of continuous functions, which is therefore continuous. An analogous argument now exhibits
f * g as the uniform limit of these continuous functions, proving that it is continuous. U

We now consider some invariance properties of the convolution operation, in particular with
regard to the left and right regular representations of /K.

LEMMA 18.18. Convolution on the left commutes with right translation, and convolution on
the right commutes with left translation. That is: for f,g € L*(K) and x € K,

(L(@)f)xg=L(x)(f+g), and [x(R(x)g) = R(x)(f *9).
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PROOF. We prove only the statement for R, leaving the similar calculation for £ to the reader.
For z € K,

U*@ummaz/}uyw< 6@—/fw1 o(yz) dy.

Now make the substitution u = yx; the right-invariance of the Haar measure means that du = dy,
and since y = uz~! we have y~! = zu~! and the above integral equals

/me W) du = (f * g)(22) = [R(2)(f * 9)](2).
]

On R", convolution is commutative. That is not generally true for group convolution (on non-
abelian groups). However, it remains true if one of the convolved functions is a class function.

PROPOSITION 18.19. Let f € L*(K) be a class function. Then forall g € L*(K), fxg = g [.

1

PROOF. The trick is to make the change of variables z = y ' for fixed x. Then y = x2~! and

y~! = 227!, and by the invariance of the Haar measure dy = dz. Thus

:/Kf(xy_ dy_/fxzx (w2~ dz_/f ez

where we used the fact that f is a class function in the last equality. The last integral is, by
definition, (g * f)(z). O

We will now use convolution to construct an approximate identity: a sequene of smooth func-
tions that act in the (L?-)limit like the delta function. The idea, as in R", is to construct non-negative
bump functions ¢,, suppored in small neighborhoods of the identity (shrinking as n grows), and
normalized to each have area 1; then f x ¢, will converge to f in L?*(K). In fact, we can do this
with class functions ,,. To understand what is meant by “small neighborhoods”, we will need a
bi-invariant Riemannian metric, cf. Section [14]6]

LEMMA 18.20. There exists a bi-invariant Riemannian metric g on K. The resultant Riemann-
ian distant function dy is also bi-invariant.

It is important to note that the compactness of K is needed here, or more precisely the existence of
an Ad-invariant inner product on its Lie algebra.

PROOF. Fix an Ad(K)-invariant inner product on £ = Lie(K), and (as in Definition [14.30)
extend it to a Riemannian metric on K by defining, forany x € K and X, Y, € T, K

Le. translate X, Y, to vectors at e and take the inner product there. Since L,-: is a diffeomor-
phism, this map is smooth: i.e. is X, Y € 2 (K) then z — g,(X,,Y,) is a C>°(K) function. It is
evidently positive definite on each tangent space, so it is a Riemannian metric. We need to check
that it is bi-invariant. It is more or less obviously left-invariant. On the other side, for x,y € K,

(Ry)*<g)(X7 Y) (33') = ga:y<dRy‘m<Xx)7 dRylz(Yx))
= (dL(zy)-1]ay © dRy|o(Xs), dL(zy)-1]ay 0 dRy|o(Yz))-



2. GROUP CONVOLUTION 311

Now dL,y)-10dR, = d(Ly)-10R,) = d(Ly-10L,~10R,) = d(Cy-10L,—1) = Ad(y~")odL,.
Thus
(Ry)"(8)(X,Y)(2) = (Ad(y™") 0 dLy11o(X,), Ad(y™") 0 dLy1[4(Y2))
= <dLa:*1|x(Xx)adLm*1|x(Yx)>
= g(X,Y)(x)
where the second equality is the Ad-invariance of the inner product.

The fact that the resultant Riemannian distance is bi-invariant follows exactly as the left-
invariant version of this statement does in Proposition[14.31] O

Thus, we fix a bi-invariant Riemannian metric g on K. We may then talk about balls in K:
B.(e) = {z € K: dg(e,z) < €} is the Riemannian ball of radius ¢ > 0 centered at the identity
e € K. As the Riemannian distance function is left invariant, this ball is symmetric, meaning that
B.(e) = B.(e)™!; indeed, d(e,z7 ') = d(x,e) = d(e,z) for x € K by left-invariance. A similar
argument shows that ' (B.(e))y = B(e) foreach y € K.

THEOREM 18.21. There exists a sequence of nonnegative C* class function (@, )neny on K
with the following properties.

(1) supp (pn) S Bijnl(e),
(2) en(z™) = pp(x) forall x € K, and
3) fK on(z)dr = 1.
For any such sequence,
T (| f o on = fll2ge =0
forall f € L*(K). If [ is continuous, then additionally f * o, — f uniformly.

PROOF. Fix a C* bump function 1),, that is supported in B, ,(e). Define

Enlz) = /K U (yzy ") dy.

Then &, is a nonnegative C™ class function, and it is still supported in By/,(e): if x & Bi/,(e)
then yzy~" ¢ Byu(e) for all y € K (since By, (e) is invariant under conjugation) and so the
integrant of &, () is the 0 function. Now, define

Pu(e) = 5(6a(e) + Eala™))

Again, ¢, is supported in B, (e) since the ball is symmetric, and it manifestly satisfies properties
(1) and (2). Tt is a C*°(K) function that is positive on some neighborhood (as 1, is), and so its
integral is positive. Thus, if we define
- L
Pn fK (,bn (ZL’) dl’ 9
these functions have properties (1)-(3), as desired.
Now, fix any such sequence ¢,, and let ¢ € C(K). Since K is compact, f is uniformly

continuous. Fix e > 0; then for all sufficiently large n € N |g(z) — g(y)| < e fory € By),(x).
Then we have

(on * g)(x) — g(z) = /K en(zy Ng(y) dy — g(x) = /K [on(@yNg(y) — g(z)] dy
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where the last equality just comes from the fact that the Haar measure is normalized. Thus

(pn* 9)(z) — 9(2)] < /K enlzyVg(y) — 9(z)| dy.

The integrand is 0 whenever xy~' is outside the support of ¢,,, which is contained in By, (e);
hence, the integral is really over those y for which zy~* € By, (e); right invariance of the distance
functions shows that this is precisely the set y € Bj,,(x). Thus, for n sufficiently large that
l9(y) — g(z)| < e wheny € By,(x), we have

(pn * 9)(z) — g(x)] < ¢ /K onlay ) dy = c /K ouly ) dy = e

We have thus shown that, for all sufficiently large n, |(¢, * g)(z) — g(z)| < € for all x. That
1s: ¢, * g converges uniformly to g, proving the second claim. Since uniform convergence is
stronger than L?-convergence, it follows that ¢,, * g converges to g in L?(K) as well, in the case
that ¢ € C(K). The extension from this to all L?(K) is a standard approximation argument that is
left to the reader. U

Hence, we can approximate (uniformly or in L?) any (continuous) function f by convolutions
@ * f. In typical analysis arguments, the benefit of this approach is that ¢ * f is nicer than f: for
example, since ¢ is smooth, so is ¢ * f, regardless of how rough f is. In the present situation, we
are motivated by a different notion of “niceness”, stemming from our desire to approximate any
function by representative functions. The key here is to realize that the linear operator

Cot fraoxf
is the closest kind of object there is to an “infinite dimensional matrix”. Indeed, we have

%mm:/wmﬂmwwzmew@@

K K
where k: K x K — C is a “continuous matrix”, better known as an integral kernel. In this case,

since () = (271 (Theorem [18.212)), we have
Kz, y) = pley™) = p((zy™) ™) = plyz™) = Ky, o)

SO k is a “symmetric continuous matrix”. As this x is real-valued, this is equivalent to “Hermitian
continuous matrix”. Finally, note that

/KxKlm(x,y)lgda:dyz/Kdy/Kd:psO(a:y_l)zz/Kdy/Kdg;gp(g;y:/Kdy(l):1

and so k is a square-integrable function on K x K. These properties qualify the integral operator
C,, whose integral kernel is ~, as a Hermitian Hilbert-Schmidt operator — a special example of
a Hermitian compact operator. Compact operators are the closest infinite dimensional operators
to matrices. There is a spectral theorem for them that resembles the finite dimensional one very
closely. We state it here with no proof; the reader who has not seen these ideas is referred to the
excellent treatment in [1]].

THEOREM 18.22 (The Spectral Theorem for Compact Operators). There is a (Hilbert space)
orthonormal basis {e,}° | of L*(K) consisting of eigenvectors for C,. The corresponding se-
quence of eigenvalues { )\, }°°, are all real, and )\, — 0 as n — oc.

COROLLARY 18.23. Let A # 0 be a nonzero eigenvalue of C,. Its eigenspace E) C L*(K) is
a finite-dimensional invariant subspace of (L*(K), R).
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PROOF. As the sequence of eigenvalues converge to 0, |\,| < |A| for all sufficiently large n.
Hence, there are only finitely-many n for which A = \,,, so there are only finitely-many n for which
e, is an eigenvector of \. As the e,, form an orthonormal basis for L?(K'), any eigenvector of \ is
a linear combination of these finitely-many e,,, and thus the eigenspace E) is finite dimensional.

Now, let f € L?(K), and let z € K. Then

Co(R(x)f) = @ * (R(2)f) = R(x)(p  f) = R(z)Cp f
by Lemma([I8.18] In particular, if f € E,, then
Co(R(2)f) = R(2)Cop f = R(z)Af = AR(2) f
showing that R(z) f € E\. Thus, F) is an invariant subspace. O

3. The Peter-Weyl Theorem

We now state and prove the central result of this chapter: the Peter-Weyl theorem, published
by Herman Weyl and his PhD student Fritz Peter in 1927. We will state it in two parts, and to
understand the second part we first need a bit more notation, given in the following two lemmas.

LEMMA 18.24. Let L?(K )55 denote the subspace of class function in L?(K). Then L*(K) cjass
is a Hilbert subspace.

PROOF. A function f € L*(K) is a class function iff f(u~'zu) = f(x) forall z,u € K. We
can write this in the form [£(u)R(u)]f(x) = f(x), so

L*(K)etass = [ ) ker(L(w)R(u) - 1).

Now £ (u) and R(u) are unitary operators, and therefore so is their composition. Thus £ (u)R(u) —
I is a bounded operator, and its kernel is therefore a closed subspace. An intersection of closed
subspaces is closed, and hence LQ(K )elass 18 a closed subspace of a Hilbert space, therefore it is a
Hilbert subspace. 0

LEMMA 18.25. Let C(K)ass denote the subspace of class function in C(K). Then C(K)¢ass
is a closed subspace of C(K) in the uniform topology.

PROOF. Itis easy to check that C'(K').ass is a subspace. Let ( f,,) be a sequence in this subspace,
and suppose f € C'(K) is its uniform limit. Then for any z, u € K,

(@) = fluzu™)| < |f(2) = ful)] + ful@) = fuluzu™)] + | fuluza™) = fluzu™)].

The middle terms is equal to 0 since f,, € C'(K)cass. The first and third terms are both less than
|.f = fulleo which tends to 0. Hence | f(x) — f(uxu™')| = 0. O

And now, the main event.

THEOREM 18.26 (Peter-Weyl). Let K be a compact Lie group.

(1) The space of representative functions on K is dense in both C(K) and L*(K).

(2) The linear span of irreducible characters of K is dense in both C(K )cass and L*(K) dags-
In particular, the characters of all pairwise non-isomorphic irreducible representations
form an orthonormal basis for L*(K) cjass-
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REMARK 18.27. In fact, Peter and Weyl proved this theorem, as stated, for the much larger
class of compact topological groups (i.e. groups with a Hausdorff compact topology making the
group operations continuous).

Since C(K) is dense in L*(K) (and ergo the same is true for the subspaces of class functions),
it would be enough to prove the uniform density results for continuous functions. In fact, we will
go the other direction, proving first density in L?(K) and then (with the help of the Weierstrass
approximation theorem) deducing uniform density in C'(K).

For ease of reading, we prove each of the four statements (two in each of (1) and (2)) as separate
propositions.

PROPOSITION 18.28. The representative functions are dense in L*(K).

PROOF. Suppose, to the contrary, that ¢ € L*(K) is not in the closed linear span of the rep-
resentative functions; then it is in the orthogonal complement of this closed subspace, and hence
g is orthogonal to every representative function f. Now, let (,) be an approximate identity se-
quence as in Theorem [18.21} then ¢,, * ¢ — ¢ in L?(K) by that theorem. Now, by Corollary
18.23} the eigenspaces of nonzero eigenvalues of €, are finite-dimensional invariant subspaces of
(L*(K),R), meaning that these eigenvectors are representative functions. Hence, ¢ is orthogonal
to all eigenvectors of C,, with nonzero eigenvalues. By Theorem [I8.22] (the Spectral Theorem),
the eigenvectors of C,,, form an orthonormal basis for L?(K), and hence g is in the closed linear
span of the eigenvectors with eigenvalue 0. This means precisely that ¢, x g = C,, g = 0, for all
n. Thus g = 0 (which was, of course, in the closed linear span of the representative functions).
This contradiction proves the proposition. U

COROLLARY 18.29. The space of representative functions separates points: if v #+ y € K,
there is a representative function f with f(x) # f(y).

PROOF. Let 3 be any continuous function with 3(z) = 1 and S(y) = 0 (for example, take a
smooth bump function centered at z whose support does not contain y). Then 3 is in L?(K), and
by Proposition there is a sequence f,, of representative functions with f, — (3 in L?(K).
We can then choose a subsequence f,, that converges pointwise to 3. (This is a standard result
in measure theory for L spaces: convergence in L” norm implies convergence almost everywhere
for a subsequence, and since all the involved functions are continuous, this implies pointwise
convergence.) Hence, f,, () — [B(z) = 1 and f,, (y) — S(y) = 0, and hence for all large %

() 7 fri(y)- U

REMARK 18.30. Since all matrix entries are representative functions, an immediate corollary
is that the set of all irreducible representations separates points: if x # y then there is an irrep 11
with II(z) # II(y). Otherwise all matrix entries would agree on x and y, and hence also all linear
combinations of them; Proposition|[18.5]would then show that all representative functions agree on
x and y.

PROPOSITION 18.31. The representative functions are dense in C'(K).

PROOF. The set of representative functions is, by Proposition[I8.5] the same as the set of linear
combinations of matrix entries of representations of K. This set is therefore a complex unital *-
algebra:

e It is a C-vector space by definition.
e It is closed under product: the product of two matrix entries is a matrix entry for the tensor
product of the two representations.
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e Itis closed under complex conjugation: for any representation 11, II;; = 1I;; is a matrix
entry of the contragredient representation.

By Corollary [18.29] this algebra separates points of K. Since K is a compact Hausdorff space, it
follows from the Stone-Weierstrass theorem that the algebra of representative functions is dense in
C(K). U

Now moving to the second item of Theorem [18.26 we need the following lemma.

LEMMA 18.32. If g is a representative function, then

h(z) = / g(uzu™) du
K
is a linear combination of irreducible characters.

PROOF. Since any representative function is a linear combination of matrix entries of irreps (by
Proposition [18.5), by linearity of the integral it suffices to prove the statement for matrix entries
g. So let (V,1I) be a representation and take g = IL;;,. Note that I1;;(z) = Tr (II(z)Ey;) (Where
FE; is the matrix with a 1 in the kj position and Os everywhere else, in the basis used to determine
I1;;). Hence

h(z) = /K Tr (H(uzu™') Ey) du = /K Tr (I () (u) " Byl (u)) du = Tr (I1(x)A)

where A = [, II(u) "' Ej;I1(u) du. Note that, for z € K,

TI(z) " All(z) = /

K

M (ux) ™' Byl (ux) du = / (y) ™ EyIl(y) du = A.

K

So A commutes with the representation, meaning that it is an intertwining map. Since the repre-
sentation is irreducible, by Schur’s lemma, A = AI for some constant A € C. Hence, h(z) =
ATr (II(x)) = Axn(z) is a scalar multiple of an irreducible character. O

PROPOSITION 18.33. The linear span of irreducible characters is dense in C(K ) ass-
PROOF. Let f € L?(K)as. By Proposition|18.31} there is a sequence of representative func-
tions g, with ||g, — fllcc — 0. Now, let

fulz) = /K g () du.

By Lemma [18.32] f,, is a linear combination of irreducible characters. We can compute that, for
each z,

[fu(z) = f(z)| =

/Kgn(uxu_l)du — f(z)

/K[gn(uacu_l) — fluzu™")] du
< [ lanuau™) = sl du

S ||gn - f“oo

where we used the fact that f is a class function in the second equality. Hence, ||f, — f|lec <
lgn — flloo — 0, which shows that f,, — f uniformly. Since f, is a linear combination of
irreducible characters, this proves the result. OJ
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PROPOSITION 18.34. The linear span of irreducible characters is dense in L*(K)qass; in
particular, the characters of all pairwise non-isomorphic irreducible representations form an or-
thonormal basis for L?(K) ass-

PROOF. Since K is compact and the Haar measure is normalized, the L? norm is < the uniform
norm; thus, if f,, is a sequence of linear combinations of characters that converges uniformly to a
given f € L?(K)qass (cf. Proposition , it also converges in L?, proving the first statement.
The second is just the statement that the given set is orthonormal and its span is dense; this follows
from the first statement and the orthogonality relations of Theorem U

EXAMPLE 18.35. Consider the Lie group SU(2). As we showed in Section 3| the irreducible
representations of s((2,C) are (up to isomorphism) precisely the representations (V,,, (7,,,)c) of
Example This, in turn, shows that the representations (V,,, IT,,) of Example are (up
to isomorphism) all of the irreducible representations of SU(2) (this follows from Lemmas|17.16
[17.22] [17.24] and [17.25)). As a reminder, the irreps (V,,,11,,) are given by V,,, = C™[z1, z5] (the
m + 1 C-dimensional space of degree m homogeneous polynomials in two complex variables) and

[ (U)f1(z21, 22) = f(U 21, 2] "), U €SU(Q2).

Let us now compute the characters x,,(U) = Tr[IL,,(U)] of these representations. First, fix the
standard maximal torus 7" of SU(2):

T = {tgz {686 629 ] L0 € [o,zw)}.

By the torus Theorem [16.17} for every U € SU(2) there is some V € &U(2) with U = ViV !
for some ty € T'. (In this case, this follows easily from the spectral theorem the spectral theorem.)
Since characters are class functions, it follows that x,,(U) = x.(tg) — i.e. they only depends on
U through their eigenvalues. So we need only compute the characters restricted to 7". We have

Mol =1 (| 9 o || 2]) = e oaneoa

Fixing the usual basis { fy (21, 25) = 2" "25: 0 < k < m} for C™[z, 2], the action of II,,,(t¢) on

Jris

[Hm(te)fk] (Zla 22) _ (6—iezl)m—k(ei922)k (2k m)9271n kzéc’
ie. IL,,,(tg) fr = €'®*=™)0 f, . So the standard basis diagonalizes II,, (), and so its trace is the sum
of the eigenvalues

m
Xom(to) = Zez (2h—m)0 _ o=imb | —i(m=2)0 | 4 i(m=2)f | gimb
k=0
We can write this more simply by summing the geometric series:
2i0)m+1 1

m
. . . e —
Xm(t9> —e im@ § 62zk9 —e zm@( 627;9 —

Cleverly writing e =0 = ¢=m+1)0 /o= '\ye have
ei(m+1)9 _ 6—i(m+1)0 Sin((m + 1)9)

m(te) = - - = -
Xm(to) el — e—i0 sin 6

These are the irreducible characters of SU(2). Hence, by the Peter-Weyl theorem, these from a
Hilbert space basis for all L? class functions on SU(2).
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4. Compact Lie Groups are Matrix Groups

We now conclude the course with one application if the Peter-Weyl theorem, stated as the
subject of this section. First, we need the following lemma, which applies to Lie groups in general.

LEMMA 18.36. Let G be a Lie group. There is a neighborhood U of the identity ¢ € G such
that {e} is the only subgroup contained in U.

PROOF. Fix any norm on g = Lie(G), and let € > 0 be small enough that exp is a diffeomor-
phism from B(0) C g onto its image in G. Let 0 < § < €/2, and set U = exp(Bs(0)); since exp
is a diffeomorphism on a neighborhood of Bs(0), U is an open neighborhood of exp(0) = e. As-
sume, for a contradiction, that there is a nontrivial subgroup H of G with H C U. Leth € H\{e};
then there is a unique X € Bs(0) C g with exp X = h. Since h # e, X # 0, and so for all suffi-
ciently large n, nX ¢ Bs(0). Let ng be the largest integer with ng X € Bs(0); note ny > 1. Then
(no+ 1)X ¢ Bs(0), but
ng + 1

o
and so (ng + 1)X € B(0). Now, exp((ng + 1)X) = k™™ € H C U, and U = exp(B;s(0)), so
there is some Y € Bs(0) such that exp((ng + 1)X) = exp Y. Since both (ny + 1)X and Y are in
B.(0) where exp is a one-to-one, it follows that (ng + 1) X = Y. But this is a contradiction, since

Now, on the other hand, in a compact Lie group, we can use the Peter-Weyl theorem to construct
a representation whose kernel is contained in any given neighborhood of e.

|
KLy I I

[(no + 1) X = [no Xl <

LEMMA 18.37. Let K be a compact Lie group, and let U be a neighborhood of ¢ € K. There
is a representation (V,11) of K such that ker 11 C U.

PROOF. Letz € K\ U. Since e ¢ K \ U, Corollary[18.29](which states that the representative
functions of K separate points) shows that there is a representative function f such that f(x) #
f(e). By Proposition f is a linear combination of matrix entries, and hence there is at least
one matrix entry that separates = and e, and so it follows that there is a representation (which we
call IT,) with I, (x) # I1,(e) = I. By continuity of I1,, it follows that there is a neighborhood V.
of = such that [1*(y) # I fory € V.

The neighborhoods {V,: © € K \ U} cover K \ U. Since K is compact and U° is a closed
subset of K, K \ U = K N U* is compact. Hence, there is a finite subcover {V,,...,V, }, and
so there are finitely many representations 11, ,... I, so that, for each y € K \ U, there is at
least one IL,, with I, (x) # I. Thus, we may take I = II,, @ --- ® Il,,; foreachy € K\ U,
I(y) # I & --- @ I (which is the identity for the direct sum), so y ¢ ker(II). O

Hence, we are positioned to prove:

THEOREM 18.38. Any compact Lie group K has a faithful unitary representation K — U(n)
for some finite n.

PROOF. Fix a neighborhood U of the identity in K as in Lemma By Lemma [18.37
there is a representation (V, II) of K with ker IT C U. But ker I is a subgroup of K, and hence, by
construction of U, ker II = {e}. Thus, (V,II) is a faithful representation. Since K is compact, by
Lemma there is an inner product on V' with respect to which II is a unitary representation.
Identifying V' with C" for n = dim¢(V') by sending some orthonormal basis of V' to the standard
basis of C", we identify K as a closed subgroup of U(n). O
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REMARK 18.39. Virtually everything we’ve done in this chapter before the present section ap-
plies much more generally than to Lie group: the Peter-Weyl theorem holds for compact Hausdorff
topological groups (and continuous representations). This is also true of Lemma([I8.37} continuous
representations of compact Hausdorff topological groups can have kernels contained in arbitrarily
small neighborhoods of the identity.

However, Lemma|18.36|explicitly used Lie theory, and this cannot be avoided: Theorem[I8.3§]|
does not hold for any non-Lie group! After all, by the closed subgroup Theorem since U(n)
is a Lie group, if K — U(n) is a closed subgroup, it is a Lie group.

Hence, we see that Lemma must fail for any compact Hausdorff topological group that
is not a Lie group: all such groups have arbitrarily small nontrivial subgroups.
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