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IMMERSED-INTERFACE FINITE-ELEMENT METHODS FOR
ELLIPTIC INTERFACE PROBLEMS WITH NONHOMOGENEOUS
JUMP CONDITIONS*

YAN GONGT, BO LIf, AND ZHILIN LI$

Abstract. In this work, a class of new finite-element methods, called immersed-interface
finite-element methods, is developed to solve elliptic interface problems with nonhomogeneous jump
conditions. Simple non-body-fitted meshes are used. A single function that satisfies the same non-
homogeneous jump conditions is constructed using a level-set representation of the interface. With
such a function, the discontinuities across the interface in the solution and flux are removed, and
an equivalent elliptic interface problem with homogeneous jump conditions is formulated. Special
finite-element basis functions are constructed for nodal points near the interface to satisfy the homo-
geneous jump conditions. Error analysis and numerical tests are presented to demonstrate that such
methods have an optimal convergence rate. These methods are designed as an efficient component
of the finite-element level-set methodology for fast simulation of interface dynamics that does not
require remeshing.
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1. Introduction. We consider numerical solution of the elliptic interface prob-

lem
(1.1) ~V-BVu=f inQ,
(1.2) —V-BtVu=f Q"
(1.3) [u]p = w,

(1.4) {ﬁgﬂ T Q,

(1.5) u=g on 0f).

Here, Q C R? is a bounded domain with its boundary 9. Both Q™ and Q1 are sub-
domains of €2 such that Q= NOQT = and O~ UQT = Q, where an overline denotes the

*Received by the editors August 1, 2006; accepted for publication (in revised form) September
11, 2007; published electronically January 30, 2008.

http://www.siam.org/journals/sinum/46-1/66648.html

fDepartment of Mathematics, North Carolina State University, Raleigh, NC 27695-8205
(ygong@ncsu.edu).

fDepartment of Mathematics, University of California, San Diego, 9500 Gilman Drive, Mail code:
0112, La Jolla, CA 92093-0112 (bli@math.ucsd.edu). This author’s work was partially supported
by the National Science Foundation through grant DMS-0451466 and the Department of Energy
through grant DE-FG02-05ER25707.

§Center for Research in Scientific Computation and Department of Mathematics, North Carolina
State University, Raleigh, NC 27695-8205 (zhilin@math.ncsu.edu). This author’s work was partially
supported by the National Science Foundation/National Institutes of Health through grant 0201094,
ARO grant 49308-MA, AFSOR grant FA9550-06-1-024, National Science Foundation grant DMS-
0412654, and the State Key Laboratory of Scientific and Engineering Computing of Chinese Academy
of Sciences (summer, 2006).

472

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



IMMERSED-INTERFACE FINITE-ELEMENT METHODS 473

closure; see Figure 1.1 for an illustration. For simplicity, we assume that Q—N9Q = 0.
We denote T' = Q— N QF and call it the interface separating Q= and Q. We shall
assume that I' is sufficiently smooth. We also denote by n the unit vector normal to
I" pointing from Q™ to O, or the unit exterior normal to 92, and by 9/9n or d,, the
corresponding normal derivative.

Q

Fic. 1.1. The geometry of an elliptic interface problem.

All the functions 3, f: Q@ - R, w, @ : ' —» R, and g : Q2 — R are given. As
usual, for any function £ : Q — R, we denote the restrictions of £ on Q= and QT by

§ =¢&lo-  and £ =¢qr,

respectively, and we denote by

)= lim T(y)— lim -
e l@) = lim € @)— lim ¢ ()
the jump of £ across the interface I" at « € I, when the unique limiting values on T’
of ¢ from both sides of I exist. We assume that 3~ and 31 are smooth and bounded
on Q7 and Q7, respectively,

(1.6) Blz)=pfo  VzeQ,

for some constant By > 0, f € L3(), all w, Q, and g are smooth and bounded.

Equations (1.3) and (1.4) are nonhomogeneous interface or jump conditions.
Elliptic interface problems (1.1)—(1.5) with such jump conditions arise in many areas.
For example, in a Burton-Cabrera—Frank-type model for epitaxial growth of thin
films, the adatom (adsorbed atom) density that solves the diffusion equation on ter-
races, and the corresponding flux, can have jumps across interfaces that represent
atomic steps [3,5,6]. Another example is that the reaction potential of electrostatics
of a solvation energy satisfies a nonhomogeneous jump condition for the flux [13].

If the jump conditions are homogeneous, i.e., w = 0 and @ = 0 on T' (cf. (1.3)
and (1.4)), then the problem (1.1)—(1.5) is equivalent to that of finding u € H'(Q)
with u = g on 09 such that

/BVu-Vvdx:/fvdx Vv € Hy(Q).
Q Q

In general, we can extend the nonhomogeneous jump w : I' — R to a piecewise smooth
function w : £ — R such that

(D] = w and w=g ondN.
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474 YAN GONG, BO LI, AND ZHILIN LI

Then, the problem (1.1)—(1.5) is equivalent to the problem for u = ¢ + w with ¢ €
H}(Q) uniquely determined by

(1.7) /Qﬁvq.vudx:/vadx—/Fdes—/Qﬁvw.de Yo € Hi(Q).

In a standard body-fitted finite-element method for solving the problem in the
weak formulation (1.7), the interface is covered by a low dimensional finite-element
mesh, and the extension of w : I' — R to @ : 2 — R can be made by finite-element
approximations.

In this work, we develop a class of finite-element methods based on non—body-
fitted finite-element meshes to solve the elliptic interface problem (1.1)—(1.5). Such a
method has the following distinguished features.

(a) A fixed finite-element mesh that allows the interface to cut through edges of

elements is used.

(b) Both the jumps w : I' — R and @ : ' — R are extended locally by a single
function using a level-set representation of the interface I'. The extensions
are necessary to transfer the original problem to a new one with homogeneous
jump conditions so that the immersed finite-element methods developed in
[18] can be applied. The new methods make it possible to maintain second
order accuracy on the elements near the interface; see sections 2 and 5.

(c) Special finite-element basis functions for nodal points near the interface are
constructed to satisfy the homogeneous jump conditions; see section 4.

(d) The resulting linear system of discretization is symmetric positive definite.

(e) Optimal convergence rates, the same as those for a body-fitted finite-element
method, are achieved; see section 3 for basic error estimates and section 6 for
numerical results on such convergence properties.

Our methods incorporate the finite-element discretization into the framework of
an immersed-interface method for interface problems, and we therefore call them
immersed-interface finite-element methods. The basic idea of an immersed-interface
method is to incorporate the jump conditions in constructing basis functions. In a
finite-difference immersed-interface method, the jump conditions are enforced through
finite-difference equations on grid points near the interface. In our immersed-interface
finite-element methods, the jump conditions are enforced through the construction of
special finite-element basis functions that satisfy the homogeneous interface condi-
tions. Clearly, such basis functions depend on the interface location and the jump w.
Some of the related work can be found in [7,12].

The development of our methods is strongly motivated by the need for a fast and
accurate solver of elliptic interface problems that is required in each time step in a
long-time level-set simulation of interface dynamics without remeshing. Such simu-
lation has been a powerful numerical approach in understanding material properties,
biological processes, and many other important phenomena in science and engineering
[20, 21, 22].

The finite-element spaces constructed in this paper are conforming ones that
contain piecewise P; polynomials. The interpolation error is therefore of second order.
If the solution to the elliptic interface problem is piecewise smooth, or, more precisely,
ut € C?(QF), which is true for many applications, then the standard convergence
results are true for our finite-element methods. This means that our finite-element
solution is first order accurate in the H' norm and second order accurate in the
L? norm. In this work, we construct only some two-dimensional linear and quadratic
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IMMERSED-INTERFACE FINITE-ELEMENT METHODS 475

triangular immersed-interface finite elements. However, our framework described here
can be used for high order immersed-interface finite elements and for more general
elliptic interface problems in two and three space dimensions.

We use the zero level set of a Lipschitz continuous function particularly, a good
approximation of the signed distance function, to represent the interface I'. For such
a level-set function, the interface can cut the interface only once between two grid
lines. The resolution of the interface I' is determined by the level-set function. We
note that there are plenty of discussions in the literature about how to construct the
level-set function for an interface I'; see, e.g., [20,22]. If the interface is complicated
in reference to a mesh, then it may not be resolved well by the level-set function.
Consequently, the finite-element solution obtained from our method may not resolve
all the fine details of the solution. A finer mesh is then needed to resolve the geometry
and the solution.

Our work combines the development of a new formulation of underlying prob-
lems, construction of new elements, basic error estimates, and numerical experiments.
The analysis in our work focuses on two parts: one is the algorithm of removing
source singularities, and the other is the interpolation error estimate for some of the
immersed-interface finite-element approximations. We have not tried to deal in this
paper with the analysis of other errors, such as those of the approximation of the
interface I" by I'j,, numerical quadrature, round-off errors, etc.

In section 2, we present a new weak formulation of the elliptic interface problem
(1.1)—(1.5) with a special treatment of nonhomogeneous jump conditions. In section 3,
we describe the framework of our immersed-interface finite-element methods and pro-
vide basic error estimates. In section 4, we construct several linear or quadratic
immersed-interface finite-element spaces and obtain their corresponding interpolation
errors. In section 5, we give some details of implementation of our methods. In
section 6, we present numerical results. Finally, in section 7, we draw conclusions.

2. Weak formulation. We first review the level-set representation of the inter-
face I" which is assumed to be smooth. Let ¢ : £ — R be a continuous function that
satisfies

<0 ifxeQ,
(2.1) o) =0 ifexel,
>0 if v € Q7.

We call such a function ¢ :  — R a level-set function that represents the interface
I". For p > 0, we denote the p-neighborhood of T" in © by

N(T,p) ={z € Q:dist (z,T) < p},

where dist (z,T') is the distance from x to I'. We assume that there exists pg > 0 such

that N(T', pg) C , and
(2.2) ¢ is smooth and |V¢| > 0 in N (T, po).

We note that the unit normal n to I, pointing from Q= to Q7 is given by

Vo

(2.3) n= W
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476 YAN GONG, BO LI, AND ZHILIN LI

The signed distance function

— dist (z,T) ifx e,
pz)=4¢0 ifeel,
+ dist (z,T) if v € QF

is a typical level-set function that satisfies our assumptions.

We now turn to the description of our treatment of nonhomogeneous jump con-
ditions. We first need the following lemma.

LEMMA 2.1. Let p > 0 be small enough. Then, for any x € N(T, p), there exists
a unique T € ' such that

(2.4) |x — 2| = dist(x,T).

Moreover,

25) r— 7 { —n(%) ifxeQ,

e =2 | 4n@@)  ifzeqt,

where n(2) is the unit normal to T at &, pointing from Q= to QF.

Proof. Without loss of generality, let us assume that, in a local Cartesian coordi-
nate system, x = (0,0) is the origin, and the interface nearby is a graph of a smooth
function 7 = n(s) that is nonzero for any s in a certain range. The distance from the
origin to any point (s,7(s)) on the interface is then given by 1/I(s) < p with

I(s) = s* + [n(s)]*.

Setting I'(s) = 0, we get n'(s) = —s/n(s). This implies (2.5), since (—1,7/(s)) is
parallel to the normal at (s, 7n(s)). Moreover,

I"(s) =2+ 2[n'(s)]* + 2n(s)n" (s)

is positive, since I(s), and hence 7(s), is small enough, whenever p > 0 is small
enough. Thus, there exists a unique s that minimizes I(s). This implies the existence
and uniqueness of & that satisfies (2.4). O

In what follows, we fix pg > 0 as in (2.2). We let p € R be given as in the above
lemma and assume that 0 < p < po. We define w, : § — R and @, : Q@ — R to be
the extensions of w: ' = R and @ : I' — R, respectively, that satisfy the following.

El. Both w, and @), are smooth on Q.

E2. w,(z) = w(Z) and Q,(z) = Q(&) for any z € N(T', p), where & is defined as

in Lemma 2.1.

E3. wy(z) = g(z) for any = € 99, and Q,(x) =0 for any z € Q\ N(T, p).
To see the existence of w,, we first apply Lemma 2.1 to define a function, say, wi, by
wi(z) = w(z) for any = € N(T',2p) for p > 0 small enough, and wy = 0 elsewhere
in Q. Using the lifting operator [2,11], there exists a smooth function, say, ws, on
Q such that the restriction of ws on 99 is g. (The smoothness depends on that of
09.) Now, assume that N(I',2p) and A := N(9Q,¢) = {ax € Q : dist (z,0Q) < €} are
disjoint for some small ¢ > 0. Then, by applying mollifiers to w; + yaws, we obtain
the desired w,. The existence of @), is seen similarly.
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We define u, : @ — R by

Qp(z) ()

(2.6) u,(x) = xq+ () (wp(x) + 5+ () |V<p(x)|> Vx € Q,
where xqo+ is the characteristic function of Q. Note by E3 that @, = 0 outside
N(T, po) in which ¢ may not be smooth. Thus, implicitly, the second term in u, is
defined to be 0 outside N(T', po).

The following statement summarizes some useful properties of u, :  — R.

LEMMA 2.2. Bothu, and u:; are smooth on Q= and QF, respectively. Moreover,
u, = g on 0S), and

Ou,

O

Proof. Since 87 is smooth and bounded on Q7F, it follows from (1.6), E1, and
(2.2) that uf is smooth on Q. Obviously, u, = 0 is smooth on Q. By E3, u, =g
on 0. By (2.1) and E2,

[up]p = uf —u, =w.

Now, fix x € . It follows from Lemma 2.1 and E2 that d,,w, = 0. Moreover, ¢(z) =0
by (2.1). Therefore, for any = € T', we obtain by E2, (2.6), (2.3), and the fact that
(x) = 0 that

Ou,(z) B out ()

s8] = e
gt 20e(@) O Qp(x) o) 4 Qola) Op(z)
=57 @2+ 5w g Graresa) P s o
— o @) - Vela)
=Tl
= Q).

The proof is completed. ]

THEOREM 2.3. There exists a unique q € H} () such that
(2.7) / 6Vq-Vudr = / fodx — / Quds — / B1Vu, - Vodz Vv € Hy(Q).
Q Q r Q+
This is equivalent to
(2.8) / BVq-Vvdr = / fodz + / (V- BTVu,)vdr Vv € Hi(Q).
Q Q Qt

Moreover, u = q+u, solves the problem (1.1)~(1.5). In particular, g € H} () satisfies
the homogeneous jump conditions

2s) =0 wa o] o

Proof. Note that the line integral in (2.7) defines a continuous, linear functional
on H}(Q2). The existence and uniqueness of ¢ € H} (2) satisfying (2.7) follow therefore
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from the Lax—Milgram theorem. By integration by parts, (2.6), and Lemma 2.2, we
imply that (2.7) and (2.8) are equivalent.

Choosing v € H}(Q) with suppv C Q™ and suppwv C QF, respectively, applying
the regularity theory of elliptic problems, we obtain from (2.7) that u = ¢+u, satisfies
(1.1) and (1.2). The jump condition (1.3) follows from Lemma 2.2. Now, integrating
by parts, we obtain by (1.1), (1.2), (2.6), and (2.7) that

[ (5], -@)was=o weme

This leads to (1.4). Clearly, the function v = ¢ + u,, satisfies (1.5).
Finally, since ¢ = u — u,, we have

gr=[ur —[upr=w—w=0

from (1.3) and Lemma 2.2. We also have

dq| | ,0u ou PN
95e. = 195 - [l =a-e=0

from (1.4) and Lemma 2.2. d

3. Immersed-interface finite-element approximations. In this section, we
first state practically reasonable assumptions on how the interface can cut edges of
elements in a finite-element mesh. We then define immersed-interface finite-element
approximations of our underlying problem formulated in Theorem 2.3. Finally, we
give rigorous error estimates for our method.

Let 7, be a finite-element mesh with mesh size h that covers Q. We assume that
the elements in 7}, are all triangles. For simplicity, we shall assume that €2 is a convex
polygonal domain and the mesh covers Q exactly. Standard finite-element techniques
can be applied to treat a curved boundary without affecting our approximation prop-
erties. We remark that in practice the computational domain 2 can often be chosen as
a rectangular domain with sides parallel to the coordinate axes; and the finite-element
mesh can be uniform.

We call an element T € 75, an interface element if T NintT # (). Note that
an element is a noninterface element if one of its edges is part of the interface. We
assume, for any interface element T' € 7j, that the set I' N 0T consists of exactly two
points that are on different edges of T'.

We define an immersed-interface finite-element space V}, with respect to the mesh
T, to be a finitely dimensional subspace of L?(2) that consists of all the linear com-
binations of the corresponding basis functions ¢, ..., ¢x for some integer N > 1:

(31) Vh :Span{¢17"'7¢N}-

The basis functions are the usual finite-element basis functions on a noninterface
element and are piecewise polynomials on each interface element that is determined
by the element and the interface I'. All the basis functions satisfy the homogeneous
jump conditions for both the function and flux. Moreover, there exists an interpola-
tion operator from some functional space to V}, that enjoys the usual approximation
properties.

To be more precise, we define a conforming immersed-interface finite-element
space V}, for the approximation of a second order elliptic interface problem to be a
subspace of H'(Q) that satisfies the following properties.
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IMMERSED-INTERFACE FINITE-ELEMENT METHODS 479

FE1. All the functions in V}, restricted onto the union of all noninterface elements
form a usual finite-element space of piecewise polynomials of degree < k for
some integer k > 1, such as a Pi-type Lagrange finite-element space when
T, is a triangular mesh, or a Q- or Q) -type Lagrange finite-element space
when 7}, is a quadrilateral mesh [4,8]. On each interface element T' € 7y, all
functions in V}, are piecewise polynomials. The support of each basis function
is a union of a few elements.

FE2. All the basis functions, and hence all the functions in V}, satisfy the homo-
geneous jump conditions

(3.2) [Un]p, =0 and [ﬁ(a@)}r =0 VYoup €V,

where I'y, denotes the union of line segments approximating the interface I,
and the normal derivatives of v;, € V}, from each side of the interface are
assumed to exist; & is the orthogonal projection on the interface of the

i
midpoint of I', within the triangle.! Note that [3() %”T’;]Fh = ﬂ*(iﬂ)% -
— /Ay Ovy
FE3. There exists an interpolation operator I, : D(£2) — V}, such that

(3.3) [ 1pv — ’UHHl(Q) < Chg(k)||’UHHk+1(Q\F) Yv € D(Q),

where D(Q) C H() is an infinite-dimensional space of functions that are
smooth and bounded on both Q~ and QF, respectively, k is a constant such
that 0 < o(k) < k, and C > 0 denotes a generic constant independent of h
and v.

The homogeneous jump condition for vy, € V}, in (3.2) is a consequence of the fact
that V;, € H(). Often the interpolation error in FE3 can be the same as usual, i.e.,
k = k. But, it can be slightly worse due to the approximation of I' by I'j,.

We can similarly define a nonconforming immersed-interface finite-element space
Vi, C L®(Q) with Vj, ¢ HY(Q). For a nonconforming immersed-interface finite-
element space V}, that is used to solve our underlying problem with the boundary
condition (1.5), we also need to assume that a discrete Poincaré inequality,

||UhH2L2(Q) <C Z ||Vvh||%2(T\rh) Yo € Va,

TeTy

is satisfied. Several examples of conforming and nonconforming, linear or quadratic,
immersed-interface finite elements will be presented in the next section.

We consider now immersed-interface finite-element approximations of the solution
q € Hg(9) defined by (2.7). Let u, : © — R be as given in (2.6) for some p > 0 small
enough. Now let V), C HE(Q) be a conforming immersed-interface finite-element space
of piecewise polynomials of degree < k as in FE1-FE3 that accounts for the boundary
condition (1.5). To be precise, we assume in our analysis below that the domain of
the interpolation operator Iy, is

D(Q) = {v € HHQ) 1 v~ € H*1(Q7)NC@Q) and vt € H*1(QF) n 0(QF) } .

1 Alternatively, we can approximate 8% (2) using 8% (X), where X € I' N T}, is any point on the
interface and in the triangle.
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THEOREM 3.1. There exists a unique qn € Vi, such that

(3.4) / BV - Vo, dx = / fopdx + / (V- ﬂ+Vup) vy, dx Yv € Vj,.
Q Q o+
Moreover, if the solution g € H}(Q) of (2.7) satisfies that ¢~ € H*F1(Q7) N C(Q~)
and ¢t € H*1(QT)NC(QF), then
(3.5) g — anllm@) < Ch7®||g|l grssoary,

(3.6) lg = anll L2y < CRTP 7D lg]| g @py,s

where o(k) is defined in FE3 and C > 0 is a constant independent of h and q.

Proof. Since V;, C H (), the existence and uniqueness of ¢, € Vj, satisfying
(3.4) follow from the Lax—Milgram theorem. Moreover, by (2.8), which is equivalent
to (2.7) by Theorem 2.3, and (3.4), we obtain

(3.7) / BV (q—qpn) Vo, der=0 Yy, € V.
Q

The error estimate (3.5) can be obtained by a standard argument using a Poincaré
inequality, the ellipticity indicated by (1.6), the error equation (3.7), and the interpo-
lation error estimate (3.3); see [4,8].

To obtain the L? error estimate (3.6), we use the standard dual argument (cf.,
e.g., [4,8]) with slight modification taking care of the lack of global regularity of a
solution. Let r € H}() be the unique function satisfying

(3.8) /QﬁVr -Vvde = /Q(q —qp)vdx Yo € Hi(Q).

Since 3~ and 8T are smooth and bounded in 2~ and QF, respectively, we see that
r~ € H*(Q) and r* € H?(2). Moreover, it follows from (3.8) that [80,7]r = 0.
Therefore, we have (cf. Theorem 2.1 in [7]) that

(3.9) 1 | 202y < Cllg — anllz2@)-

Setting v = ¢ — g, € HZ(Q) in (3.8), we have by (3.8), (3.7) with v, = Ipr, the
Cauchy—Schwarz inequality, (3.3) with k£ = 1, (3.5), and (3.9) that

0= @@ = [ 6Vr Via - a)do
Q

- / BY(r — Iyr) - V(g — qu) da

< Clr = Inrllgvolla — anll @)
< ChoBFT D 1p[| 2oy gl 1 (o)

< ChoMT W g|| s oy llg — anllz2 ()

leading to (3.6). o

We remark that the removal of both jumps w and @ using a single function leads
to finite-element equation (3.4) which does not involve line integrals as in (2.7). This
much simplifies numerical implementation.
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4. Construction of basis functions. We now describe how to construct some
new classes of triangular immersed-interface finite-element basis functions that satisfy
the homogeneous jump conditions.

Let z1,...,zny be all the vertices of triangular elements in the mesh 7. We
define our linear or quadratic linear immersed-interface finite-element basis functions
¢; associated with z; (i = 1,...,N) to be functions on  that satisfy the following
properties.

Bl. Each ¢; (1 < i < N) is linear on a noninterface element and is piecewise

linear or quadratic on an interface element.

B2. ¢i(z;) = 6;5 fori,j =1,..., N, where 6;; =1if i = j and 0 if i # j.

B3. All ¢; (1 <i < N) satisfy the approximate homogeneous jump conditions

=0, |a@5E| o
h
The corresponding finite-element space V}, is given by (3.1).

We call a vertex an irregular vertex or irreqular node if it is a vertex of an interface
element and a reqular vertex or reqular node otherwise. For a regular node z;, we define
¢; to be the usual conforming linear finite-element basis function associated with z;,
ie., ¢; € C(Q) N HLQ), ¢; is a linear polynomial on each element T' € T}, and
(bz(ZJ) = 61J for ] = 1, .. .,N.

For an irregular node z;, we construct the corresponding basis function by mod-
ifying the usual linear finite-element basis function to satisfy the properties B1-B3.
We need only to construct a local basis (or shape) function on an interface element
for an irregular node.

4.1. A nonconforming linear element. This nonconforming immersed-inter-
face finite element was first constructed in [18]; see also [12]. We briefly review it,
since it will be used to construct our new linear and quadratic elements.

Fix an interface element T € 7j,; cf. Figure 4.1. As in the common practice, we
approximate the interface in 7', ' T, by a line segment connecting the intersections
of the interface and the edges of the triangle T". This line segment is DE in Figure 4.1.
The line segment divides T' into two parts 7" and T'~, one triangular and the other
quadrilateral. Note that there is a small region 7T;. in T,

T.=T-Q"NnTt—-Q N7,

whose area is of order O(h3).

We now consider the element T in Figure 4.1 as a reference interface element T
and define local basis functions for each vertex of 1. The local basis function for
a general interface element in the mesh 7, can be defined through the usual affine
transformation. We denote

T={(z1,22):0< 21 <h, 0<xp<hwy+x2<h}
and assume that the coordinates at A, B, C', D, and FE are

(Ovh)v (070)’ (h70)’ (anl)v (h—y2,y2)7

respectively; cf. Figure 4.1.
Each of the three local basis functions corresponding to the nodes A, B, or C
takes value 1 at one node and 0 at the other two. Once the values at nodes A, B, and
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A (0, h)

Fic. 4.1. A typical interface element T = ANABC. The arc DME is the part of the interface
T in T. It is approzimated by the line segment DE. Tt = AADE, T~ =T — T+, and T is the
region enclosed by the DE and the arc DME.

C are specified, a local nonconforming finite-element basis function ¢ for this interface
triangle is determined by

(4.1) (z) = { ¢ (2) = ap + a171 + az(wa — h) if v = (21,22) € TT,

¢7(.’£) =bg + bix1 + boxo if v = ((El,fEQ) eT.
The coefficients a; and b; (i = 0,1,2) are determined by the conditions (cf. [18])

99" _
on

_9¢”

(42) 5H(D) = 67(D), 6" (B) =6~ (B), 5° =

B
where n is the unit normal direction of the line segment DE. It is shown in [18]
that this function ¢ is uniquely determined. Note that basis functions defined in
this way can be discontinuous across edges of interface elements. So, this defines a
nonconforming finite element.

4.2. A conforming linear element. This conforming element was proposed
in [18]. Both error estimates and numerical experiments in [18] show that the cor-
responding interpolation errors that can depend on an angle condition are of second
order, which is optimal [18].

Let T'= AABC be an interface element; cf. Figure 4.2. As before, we assume
that the interface meets edges of this element at D and E. To construct a local basis
function that is globally continuous, we extend the previously defined basis function
at the same node (vertex) to one more triangle along the interface (cf. Figure 4.2 (b)).
We require that the local basis functions in two adjacent interface elements, such
as AABC and AAF B, take the same value at the interface point on their common
edge, such as the point D. This will achieve the global continuity of a basis function
associated with an irregular node.

We construct a local basis function ¢ by assigning its values at the vertices A, B,
C, F, and I, respectively. This construction consists of the following five steps.

P1. Use the values at the nodes A, B, C, F, and I to construct the three non-

conforming finite-element basis functions defined as in subsection 4.1 on the
elements AABC, AAF B, and AACI, respectively.
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FiG. 4.2. (a) The support of a local basis function. (b) A diagram for the construction of a
local basis function on AABC.

P2. Set the value at D as the average of the values at D of the nonconforming
piecewise linear basis functions defined on AABC and AAF B constructed
in P1.

P3. Similarly, set the value at E as the average of values at E of the nonconforming
piecewise linear basis functions defined on the elements AABC and AACT
constructed in P1.

P4. Partition the element AABC into three subtriangles by an auxiliary line, say,
line segment BE, or DC. We choose the auxiliary line in such a way that at
least one of angles (or complimentary angles if the angle is more than 7/4) is
bigger than or equal to /2.

P5. Define the basis function to be the piecewise linear function in the three
subtriangles determined by the values at the points A, B,C, D, and E.

For this type of conforming finite-element space and homogeneous jump condi-

tions, i.e., w = 0 and @ = 0, we have the following error estimates of the interpolation
function:

(4.3) [Tht = u]loe < CR?|| D*ul|oc, 0\ (u)s
(4.4) [Tnu — ull g1 () < ChIID?ullso,0\(uT,)

assuming that 3(x) is a piecewise constant and the solution is piecewise smooth in
Q= and QF, where C > 0 is a generic constant independent of h and UT;, is the region
of mismatched regions between I' and T'y; see [18] for the proof.

4.3. A conforming quadratic element. We now construct a conforming quad-
ratic element. As before, the basis functions associated with regular nodes are the
standard conforming linear finite-element basis functions. But, the basis functions
associated with irregular nodes are piecewise quadratic. All the basis functions are
globally continuous. The idea is to average the tangential derivatives in the construc-
tion in subsection 4.2. Referring the reader to Figure 4.2, we describe this procedure
as follows.

P1. Use the values at the nodes A, B, C, F, and I to construct the three non-
conforming linear finite-element basis functions defined in subsection 4.1 on
the elements AABC, AAF B, and AACI, respectively.

P2. Set the value at D as the average of the values at D of the nonconforming
linear finite-element basis functions defined AABC and AAF B constructed
in P1. Assign the tangential derivative at D along AD to be the average
of the values of the tangential derivatives (along AD) of the nonconforming
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linear finite-element basis functions on AABC and AAF B constructed in
P1. Similarly, assign the tangential derivative at D along DB as the average
of the values of the tangential derivatives (along DB) of the nonconforming
finite-element basis functions on AABC and AAF B constructed in P1.

P3. Repeat to set the value at E as the average of values at E of the nonconform-
ing linear finite-element basis functions defined on the elements AABC and
AACIT in P1. Also assign the tangential derivatives along AE and EC as the
average of those from the nonconforming finite-element basis functions along
the same edge.

P4. Partition the element AABC into three subtriangles by an auxiliary line.
We choose the auxiliary line in such a way that at least one of the angles
(or complimentary angles if the angle is bigger than 7/4) is bigger than or
equal to 7/2. In Figure 4.2, for example, the angles are ZEDB, /DEB, and
/EBD, where the complimentary angle of ZEDB is bigger than /4.

P5. Assign the tangential derivatives along DE and BE exactly the same (no
average) as those from the nonconforming finite-element basis functions.

P6. Set the values of the tangential derivatives along BE and BC' exactly the same
as those from the nonconforming finite-element basis function on AABC.

P7. Define the basis function 1; to be the piecewise quadratic function in the
three subtriangles determined by the values at the points A, B, C, D, and
E, respectively, and the tangential derivatives from each side of the triangles;
see Figure 4.3 for an illustration.

/ET \

D B B C

e

FiG. 4.3. Three triangles on which piecewise continuous quadratic functions can be determined.
The symbol “—” indicates a tangential derivative.

We now give an error estimate for the interpolation error of this element for a
given piecewise smooth function v. We first show that a quadratic function on a
triangle is uniquely determined by its values at the three vertices and its tangential
derivatives along the three sides at some particular points.

LEMMA 4.1. Referring to the geometry in Figure 4.4, there is a unique quadratic
polynomial

(4.5) Inv(z,y) = va + a10x + aory + ag0x? + a1y + agey?

that interpolates the values of va, vp, and vg, and three tangential derivatives v'yp,
Vsp, and vyp, defined at the three vertices A, E, and D, respectively.
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E(a,a)

450

A(0,0) D

FiG. 4.4. An dllustration of determining the quadratic interpolation function.

Proof. Using the undetermined coefficient method, we find the unique expression
of the coefficients?

. /;,’UAD + 2up — 2vy4

aiog = )
10 4
h'yp — V20 gh + 20p — 204
apy = — = )
h
'y +vp — va
(g0 = — ==,
2
—2hav'y, — 200D + 20w + B2V, + 2hup
ap;; = — =
11 Toa
Y h? — 2ha + 2020 p b + hay/2v 5 — 2hvg
h2a ’
RV’ pa + 2havp — h2ay/2v'y  — h'y pa? — a?vp + a2va
ap2 = =
h2a?
vph? —vah? + VA2 — 2ha + 20¢2v’EDl~wz + ﬁaQ\/iv;‘E — 2upha
- h2a? 7
where h is the distance from A to D, and the coordinates at E are (o, ). 0

There are two steps in obtaining the interpolation error. First, the values of the
quadratic function according to our algorithm at vertices either are directly copied
from the conforming linear basis function (at the vertices of the right triangles) or are
the average of values of the conforming linear basis function from the two adjacent
triangles. Therefore, those values are O(h?) perturbations to v from the reference [18].
Similarly, the values of the tangential derivatives are O(h) perturbations to that of v.
Second, from the above reasoning, we can conclude that the values at the mid-points
of each side of the triangle are O(h?) perturbations to v. Since the quadratic function
can also be uniquely determined from its values at vertices and the three midpoints

2We use Maple to get the coefficients.
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and it is insensitive to perturbations of those values (see [14]), we conclude that the
interpolation function is an O(h?) perturbation to v(z) in the entire triangle.

The second part of the argument is a direct consequence of the interpolation error
estimate for the standard conforming P, finite element. The first part of the argument
is a consequence of the following result.

LEMMA 4.2. Leta,b € R with h :=b—a > 0. Let v € C*[a,b]. Then, there exists
a unique quadratic polynomial p such that p(a) = v(a), p(b) = v(b), and p'(a) = v'(a).
Moreover, if v is smooth, then

[v = pllze(a,b) < Ch?,
v — 9| (a,b) < Ch?,

where C' > 0 is a constant independent of h.
Proof. Note that any quadratic polynomial ¢ can be written as

o) —9(0) ~d @0 —a) o
(b ay? |

q(x) = q(a) + ' (a)(x — a) +

Therefore, the unique quadratic polynomial that interpolates v(a), v(b), and v’(a) is
given by

v(b) —v(a) = v'(a)(b - a) (

p(x) =v(a) +v'(a)(x —a) + a2 r—a)’.
Now an application of the Bramble-Hilbert lemma [8] concludes the proof. |

The lemma is still true if we replace p’(a) by p’(b).

By the lemma, we see that if p(a) = v(a ) O(h2)7 p(b) = v(b) + O(h?), and
p'(a) = v'(a) + O(h), then |v(z) — p(z)| = O(h?) and |v'(z) — p(z)| = O(h) in the
entire interval [a, b] including the midpoint.

With the same local angle constraint given in [18] (e.g., at least one angle or
complementary angle is larger than or equal to 7/4), we have the following error
estimates for the interpolation.

PROPOSITION 4.3. Assume that w = Q = 0, B(x) is a piecewise constant, and
the solution u is piecewise C?, i.e., u* € C(QF). Then the following error estimates
hold:

(4.6) [hu = ulloo < CR2||D?ull 0.5 1,5
(4.7) [he = ull () < Ch||D?ul|oo \s 1, -

For the conforming linear finite-element space, the proof is given in [18]. So we just
need to discuss the conforming quadratic finite-element space. The proof of the first
inequality is straightforward, as has been discussed above. The proof of the second
inequality is quite technical and tedious with different geometric configurations. This
proof, though, is quite similar to that for the nonconforming immersed finite-element
method (cf. [18]); we give only a sketch here. Taking the geometry in Figure 4.4
as an example, we have analytic expression of the interpolation function given in
Lemma 4.1 in terms of its values and the tangential derivatives (averaging those
of the nonconforming interpolation function). From the analytic expression of the
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interpolation, it is easy to get ||VIyu — VI i|s < Ch, where I},i is any quadratic
function when we perturb v, vp, and vg by O(h?), and v/s 5, ¥4 5, and v, by O(h).

Our numerical tests reported in section 6 confirm such an estimate for the in-
terpolation error. Note that, while the error bounds for the linear and quadratic
basis functions are the same, numerical examples of our test problems show that the
quadratic one behaves better numerically. Since the quadratic basis function is a con-
forming one, we can conclude that the finite-element solution is first order in the H!
norm from the standard finite element theory.

Remark 1. Consider a uniform triangular mesh. For both conforming linear and
conforming quadratic elements, the basis function ¢; associated with the ¢th node is
nonzero only on the six surrounding triangular elements if the interface does not cut
through any of these triangles. Otherwise, the support of a basis function includes
two more triangular elements along the direction of the interface if the interface cuts
through any of the surrounding triangle. A corresponding finite-difference scheme,
however, generally has a nonstandard nine-point stencil.

Remark 2. If the coefficient 3 is continuous across the interface, i.e., [3]r = 0,
then both the linear and quadratic basis functions become the standard linear basis
functions.

5. Implementation. In this section, we give details about the numerical exten-
sion of the jumps w and @, the assembly of the stiffness matrix and load vector, and
the evaluation of certain integrals on part of an interface element.

5.1. Numerical extension of the jumps w and Q. We use a Gaussian
quadrature to compute the stiffness matrix and the load vector in each triangle
ANADE, ADEB, and ABEC in Figure 4.2. Let z be such a Gaussian point which is
close to the interface. We need to extend the jumps w and @ to this Gaussian point
by the definition of w, and @, given in E2 and E3 in section 2. This is done in two
steps. The first step is to find an approximation of the orthogonal projection & of x
on the interface I'; see Lemma 2.1. The second step is to define the extensions of w
and @ at z as w(z) and Q(&), respectively.

The orthogonal projection can be approximated by

T =2x+ ap,

where

p= [ Pz (T)
Py()

Here, a subscript denotes a partial derivative. The scalar « is determined from the
following quadratic equation:

pla) + (Vole) - p)a+ 5 (p"Help(x))p) ” =0,
where

P He(9) p = 02 Ve + 2 02pyPay + 05 Pyy-

The sign of « is chosen to be opposite that of ¢(z). If the underlying mesh is uniform,
formulated from a Cartesian grid, then, the partial derivatives V() and the Hessian
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matrix He(yp) can be computed at x using the standard centered five-point finite-
difference formula. Using the method above, the computed projections have third
order accuracy.

Note that in our implementation, we use the orthogonal projections z € I'. It is
also possible to use the orthogonal projections & € I',,. The difference in the finite-
element solution using the two different implementations is small since the area of
the mismatched region Y 7, is small. If the level set function is the signed distance
function, or a good approximation of the signed distance function, then the error in
approximating & would be O(h?); see [19]. We also refer the reader to [9,10] for some
of the recent discussions on computing orthogonal projections.

Note that when one uses a finite number of piecewise linear basis functions ¢}, s €
V), to seek the finite-element solution, we have introduced an error in substituting V =
H'(Q) by Vj, which is often O(h?). Other approximating errors, such as numerical
integration, approximating orthogonal projections, have little effect on the finite-
element solutions as long as they are higher order terms of h3.

In practice, we need only to extend both jumps w and @ to N(T,2h), the 2h
neighborhood of the interface I'. This is described in (5.4), where the last two terms
are identical but differ by a sign for noninterface triangles.

5.2. Assembly of stiffness matrix and load vector. On noninterface ele-
ments where the interface does not cut through, we can use the standard way in
computing the contribution to the stiffness matrix and the load vector. On inter-
face elements where the interface cuts through, we need to modify the load vector
(the right-hand side); but the computation for the stiffness matrix remains the same
as in the case of homogeneous jump conditions.

To fix this idea, let us focus on the quadratic conforming element (cf.
subsection 4.3). We rewrite the finite-element equation (3.4) in terms of up = g5, +u,:

(5.1)
/ﬂVuhonhdx:/fvhdm
Q Q

+ / BVu, - Vo, dx + / H(p)V - (6Vi,) vy de Yoy, € Vg,
Q Q
where H is the Heaviside function and 4, is given by

Q) o)

Bt (x) V()|

Note that 1, is smooth in a neighborhood of I' and that u, = xq+%, and its corre-
sponding flux have nonhomogeneous jumps across the interface.

Let {¢;(z)} be the basis functions of the modified conforming finite-element space.
Then, we define

(5.2) p() = wy () +

(5.3)

Z ajp;(x) if x belongs to a noninterface triangle,
J

up(r) =

Z a;j¢;(z) + Z up(z;)¢j(x) otherwise,
J J
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where ¢;(z) is the jth basis function centered at ;. The left-hand side is exactly the
same as in the case of the homogeneous jump condition. The entries of the stiffness
matrix are

Qi = /QﬁV(ﬁz . V¢j dz.

Only the right-hand side of the system of equation needs to be modified for certain
triangles near the interface.

At a noninterface triangle that is entirely in 7, the last two terms of integration
over the triangle are zero, since H(¢(z)) = 0 and u, = 0. The situation is a little more
complicated for triangles in Q7. If all the nonzero basis functions over a triangle in
QT have no support from interface triangles, then the last two terms in (5.1) are
canceled out. To see this, let Ty be such a triangle, and let ¢; be such a basis function
with €; being its support. We have

| 5V, Voudr+ | H(g) V- (8Vi,) grdr

Ql Ql
0ty .
= BVu, - Ve dr + — ¢y ds — BV, - V¢ dx = 0,
o a0, On o

since %, = u, and ¢; = 0 along 0€2;. In other words, the total contribution of the line
integral along the boundary of each triangle summed up to be zero. The right-hand
side of the load vector can be summarized as

/ Jon da if Q%(6,) N T = 0,
Q;

(5.4) F; = /Qvf@d:cﬁL N H(p)V - (BVi,) ¢ dx

+ Z Up(fj)/ BV ¢; - V;dx otherwise,
j &

where Q°(¢;) is the support of ¢;.

5.3. Evaluation of [, H(¢)V - (8V,) ¢; dz. Take Figure 4.1 as an exam-
ple. There are two ways to evaluate the integral. One way is to use

(5.5) /T]. H()V - (8V,) <;Sidx:/

¢ds—/ Vi, - Vodz.
anaDpE  On AADE

The line integral is evaluated using a Gaussian quadrature formula or some other
numerical quadrature.

The second approach is to evaluate the double integral directly over the triangle
using a quadrature formula, say, the four-point formula [14]. The coefficient f is
approximated by a constant in the triangle. In order to evaluate the values of the
integrand at a given point x, we first find a square [z;, Zi+1] X [y;, y;+1] that contains
the point . The Laplacian at the vertices (z;+1, y;+1) is computed using the standard
three-point central finite difference formula. Finally, the Laplacian at the point x is
interpolated using the bilinear interpolation; see [17].
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6. Numerical results. We report two examples of numerical calculations using
our conforming quadratic immersed-interface finite-element method. In each of the
calculations, we used ITPACK [23] to solve the resulting linear system of equations.

Ezample 1. Homogeneous jump conditions. This example is from [18]. We con-
sider the problem (1.1)—(1.5) with = (—1,1) x (=1, 1), T being the circle centered at
point (0, 0) with radius R = 0.5, 8~ = 1, and 87 = 100. The source term f(z,y) and
the Dirichlet boundary data ug(x,y) are calculated from the exact solution u(z,y):

3
r if r <R,
ﬂ_
uwy) =9 L1
— 4+ —=———) R® otherwise,
lCas <ﬁ‘ ﬂ*)

where r = /22 + 2. The exact solution satisfies the homogeneous jump conditions.

In Table 6.1 (a), we show a grid refinement analysis of our computations. The
first column Exn = ||u — up|/o is the error of the finite-element solution measured in
the L* norm, and the second column is the estimate of the order of accuracy using
the formula

order — log (|| En|loo /| Ban || o)
log 2

The sixth and eighth columns are defined as

_||0u B ol,u

. Ou ou B oIyu
©o0 T 1 9 ox

’ ey)oo - H
@0 oy Oy

)
Q00

respectively. We see clearly the second order accuracy. The fourth to the last columns
are the interpolation errors. We see that the interpolation errors are of second order
and its derivatives are of first order. These are optimal.

In Table 6.1 (b), we show the results and comparison of the finite-element solution
in L>°, L?, and H' norms. We see second order convergence in L> and L? norms
and first order in the H! norm as expected.

Example 2. A complicated interface and nonhomogeneous jump conditions. We
consider the problem (1.1)—(1.5) with Q@ = (—1,1) x (—1,1) and the interface I" being
the zero level set of the function

o(x,y) =22 +y2 —0.1sin(50 — 7/5) — 0.5,

where tan = z/y and 0 < 6 < 2m; see Figure 6.1 for the geometry. The function
is defined by

22 +y?+1 if (x,y) € Q,
b otherwise,
where b > 0 is a parameter. The function f is defined by

—4 (222 +2y% + 1) if (z,y) € Q™

2sinx cosy otherwise.

f(z,y) :{
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TABLE 6.1
A grid refinement analysis for Example 1, where p; are the approzimated convergence order
and the norms that involve the partial derivatives, ez, 0o = H% - %
ol u
9y
comparison of the finite-element solution errors in L (QY), L?(Q), and H' (') norms, where
Q' =Q\Y T.

o
o oo and ey o = (|52 —

lo/,0o- (a) The finite-element solution error and the interpolation error. (b) Results and

(a)

N [ llu—unlloo | p1 | llu—TIpullec | p2 €x,00 p3 €y, o0 P4
32 | 1.31410°3 2.590 103 1.056 10~1 1.043 1071
64 | 4215107% | 1.64 | 6.79910"% | 1.93 | 5.35110~2 | 0.98 | 5.351 1072 | 0.96
128 | 1.00810~* | 2.06 | 1.78010~* | 1.93 | 2.75410=2 | 0.96 | 2.75410~2 | 0.96
256 | 2.7291075 | 1.88 | 4.50110=% | 1.99 | 1.39110=2 | 0.99 | 1.39310=2 | 0.99
512 | 7.69710~% | 2.03 | 1.13810=% | 1.99 | 6.99910~3 | 0.99 | 6.999 10—3 | 0.99

(b)

N llv — unlloo P5 lu—unllpz | pe | llwu—unllgr | p7
32 | 1.314 x 103 6.500 x 104 5.777 x 10~2
64 | 4.215x10~% | 1.64 | 1.597 x 10~* | 2.03 | 2.661 x 10~2 | 1.12
128 | 1.008 x 10~% | 2.06 | 4.001 x 10~% | 2.00 | 1.345 x 10~2 | 0.99
256 | 2.729 x 1075 | 1.88 | 9.899 x 10~ | 2.01 | 6.593 x 10—3 | 1.03
512 | 6.697 x 1076 | 2.03 | 2.489 x 106 | 1.99 | 3.289 x 103 | 1.00

180

160

1401

1201

100

40

20+

Fic. 6.1. The domain and the interface for Example 2.

Both § and f have nonzero jumps across the interface I'. The exact solution is
® +y° if(z,y) € 0,
ul\zr,y) = 1
(@9) 5 (sinx cosy + log\/x? + y2) otherwise.

Notice that both the solution v and the normal flux 60,,u have nonzero jumps across
the interface I'.

We remark that the solution behavior depends on the magnitude of the parameter
b. If b is large, then the solution is close to a piecewise quadratic function. If b is
small, then the jumps of the solution and its normal flux across the interface are
very large. Numerically, this gives rise to difficulties in achieving optimal convergence
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properties [1,16]. We test our method for various b and analyze the computed results.

In Table 6.2, we show a grid refinement analysis for b = 100. We see clearly the
second order accuracy in L> and L? norms and first order accuracy in the H'! norm.

TABLE 6.2
A grid refinement analysis for Example 2 with b = 100, where p; are the approximated conver-
gence order and the norms that involve the partial derivatives. Second order accuracy in L norm
is observed.

N | llu—unlloo/llulloc | P2 llv — unllp2 P2 llw — unllgr p3
32 1.1995 x 10~1 1.6705 x 10~2 3.9175 x 10~ 1
64 2.4397 x 102 2.30 | 1.8542 x 103 | 3.17 | 1.9551 x 10~1 | 1.00
128 5.3913 x 10~3 2.18 | 3.2668 x 10~% | 2.51 | 9.8144 x 102 | 0.99
256 1.1218 x 10—3 2.27 | 5.1452 x 107% | 2.66 | 4.9894 x 10~2 | 0.94
512 2.7480 x 104 2.03 | 9.4668 x 10-6 | 2.44 | 2.5310 x 10=2 | 0.98

8t

-9t

12 . . . . . . 1 . . . . .
= -8 -7 -6 -5 -4 -3 -2 -8 -7 -6 -5 -4 -3 -2

F1G. 6.2. The linear regression analysis in the L norm in log-log scale with the mesh varying
according to N = 40 + 20k, k = 0,1,...,23. (a) b = 1; the slope (convergence order) is 2.8122.
(b) b=0.1; the slope is 2.4061.

Where b gets smaller, the jumps in the solution and flux get larger. For interface
problems, the errors obtained from non-body-fitted meshes usually do not decrease
monotonically as we refine the mesh; see, for example, [15]. For small b, it is thus
more realistic to find the asymptotic convergence rate as the slope of the line fitting
of the experimental data (log(h;),log(FE;)).

In Figure 6.2, we show the linear regression analysis for b = 1 and b = 0.1 for
the computed finite-element solution. For these two cases, the convergence orders are
2.8122 and 2.4061. As the mesh gets finer, the linear regression analyses (by deleting
the results from coarse meshes) get closer to number two, indicating a second order
accuracy. In Figure 6.3, we also show the linear regression analysis in the L? and H!
norms. The convergence orders are 1.9906 and 0.9135, respectively.
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Figure 6.4 shows the result for b = 0.01 that is quite small, and hence there
is a large ratio in the coefficient from both sides of the interface. The convergence
order from the sample meshes ranging from 40 to 500 with 10 increments is 1.8875;
see Figure 6.4(a). But as the mesh gets finer, the linear regression analyses done by
cutting the results from coarse meshes get closer to number two, again indicating a
second order accuracy. Figure 6.4(b) shows the convergence order to be 1.9811.

(a) (b)

-3 - - - - - - 15
*
_al *
1k
s
05F
6l
ol
7k
-05F
gl
b
_of F
_10 . . . . . . 15 . . . . .
-8 -7 -6 -5 -4 -3 -2 -1 65 -6 -5.5 -5 -45 -4 -35

FIG. 6.3. The linear regression analysis in the L? norm (a), and in H' norm (b), in log-
log scale with the mesh varying according to N = 40 + 20k, k = 0,1,...,23, b = 1. The slope
(convergence order) is 1.9906 and 0.9135, respectively.

-6

-7.51

F1G. 6.4. The linear regression analysis in the L>° norm in log-log scale for b =10.01. (a) N =
40420k, k = 0,1,...,23; the slope (convergence order) is 1.8875. (b) N = 40420k, k = 1,15,...,23;
the slope is 1.9811.
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7. Conclusions. We have developed a class of immersed-interface finite-element

methods for solving elliptic interface problems with nonhomogeneous jump conditions.
These methods consist of three parts:

(a) a weak formulation of the problem in which the nonhomogeneous jump con-
ditions are removed by using the level-set representation of the interface;

(b) construction of immersed-interface finite-element basis functions for irregular
nodes that satisfy the homogeneous jump conditions; and

(c) several techniques of numerical implementation for the resulting finite-element
equations.

Our methods have several advantages. For instance, they result in symmetric

positive definite systems of linear equations. Moreover, they can be used with the
level-set method for fast simulations of interface dynamics. Our basic error anal-
ysis and numerical tests demonstrate that such methods have optimal convergence
properties.
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