Applied Probability Trust (9 June 2004)

SOLVING THE FISHER-WRIGHT AND COALESCENCE PROB-
LEMS WITH A DISCRETE MARKOV CHAIN ANALYSIS

SAMUEL R. BUSS,* Univ. of California, San Diego

PETER CLOTE,™ Boston College

Abstract

We develop a new, self-contained proof that the expected number of genera-
tions required for gene allele fixation or extinction in a population of size n
is O(n) under general assumptions. The proof relies on a discrete Markov
chain analysis. We further develop an algorithm to compute expected fixa-
tion/extinction time to any desired precision.
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wide range of situations.
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1. Introduction

R.M. Fisher [10] and S. Wright [27, 28] considered the following problem in popu-
lation genetics. In a fixed size population of n haploid individuals carrying only gene
alleles A and a, what is the expected number of generations before all n individuals
carry only allele A, or all n individuals carry only allele a?

Formally, we assume neutral selection and that the successive generations are dis-
crete, non-overlapping, and of fixed size n. If one generation contains 7 haploid members
with allele A and n — ¢ with allele a, then the conditional probability that the next

generation has exactly j members with allele A equals

= OE 0

Modelling this as a Markov chain M having states 0,...,n, where state i represents
the situation that exactly i alleles are of type A, it is clear that

lim Pr[ M is in either state 0 or n at time ¢] =1

t—o0

or, in other words, that eventually only one allele will be present in a population. The
first time ¢ where M is in state 0 or n is called the absorption time or the stopping
time, where time is measured in terms of number of generations.

A series of contributions by R.A. Fisher [10], S. Wright [27, 28], M. Kimura [12, 13,
14], S. Karlin and J. McGregor [11], G.A. Watterson [25] and W.J. Ewens [5] solved
the Fisher-Wright problem via the diffusion equation, a differential equation giving a
continuous approximation to the Fisher-Wright process. (See [7, 22, 26] for a compre-
hensive overview of the diffusion equation approach and the rigorous justification of
its applicability to the discrete Fisher-Wright problem.) Kimura [12], Watterson [25]
and Ewens [5] established the mean stopping time for the diffusion equation associated

with the Fisher-Wright process as!

—2n(plnp+ (1 —p)In(1l —p)) = 2nH(p)

1 The Fisher-Wright problem is generally stated for n diploid individuals, whereas we are working
with n haploid individuals. Thus, for our setting, the quantity n replaces the quantity 2n in the

usual formulation of the Fisher-Wright problem.
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many generations, when starting from initial allele frequency of p = i/N, where H(p)
is the base e entropy function. W. Ewens has shown that this is an upper bound for
the mean stopping time for the discrete Fisher-Wright problem and, in [6], estimated
the error in the diffusion equation approximation with a logarithmic additive term.
This article presents a new self-contained proof that the expected number of genera-
tions required for gene allele fixation/extinction is O(nH (p)). Of course, this result is a
weakening of the just-discussed approximation by the diffusion equation. However, the
diffusion approximation proofs are long and arduous. In contrast, our proofs avoid the
diffusion equation approach altogether and work solely with discrete Markov chains.
Our proof methods apply to a wide range of Markov models: our only assump-
tions are a mean condition and a wvariation condition as defined in Section 2. For
instance, Cook and Rackoff suggested to us the following hypergeometric model for
reproduction. (Schensted [21] earlier studied the hypergeometric model. A generalized
hypergeometric model has been suggested by Mohle [20].) Assume that a population
consists of discrete, non-overlapping generations of fixed size n. The (i+1)st generation
is obtained from the i-th generation as follows: Each parent individual in the i-th
generation has two offspring, yielding 2n potential offspring; a randomly chosen set
of n of these potential offsprings survives to be the (i + 1)st generation. Thus, each
parent individual will have zero, one or two offspring survive in the succeeding gener-
ation. The hypergeometric model is based on sampling from a set of size 2n without
replacement, whereas the Fisher-Wright model uses sampling with replacement. For
the hypergeometric model, if a generation contains ¢ individuals with allele A, then the
probability that the next generation contains j individuals with allele A is equal to
2i\ (2n—2i
qij = 4(j)((22)] ) (2)

n

The hypergeometric process satisfies the mean and variation conditions, and thus our
theorems imply that it has expected absorption time O(nH (p)).

Since our approach is different from the traditional approach, it is likely our results
cover some cases which cannot be covered by the diffusion equation approach. In fact,
we prove similar stopping time results of the form O(ny/p(1 — p)) for Markov chains
satisfying a weaker assumption on the variance of the number of individuals with a

given allele. This weaker assumption is defined in Section 2 as the weak variation
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condition. The intuitive difference between the “weak variation condition” and the
“variation condition” is that the weak variation condition allows for less variance in
the sizes of sub-populations which have density close to zero or one, i.e., alleles which
are carried by nearly all or nearly none of the population may have less variance. These
theorems need no assumptions about exchangeability.

As part of our Markov chain analysis, Section 4 develops an algorithm to compute
to any desired precision the expected absorption time as a function of ¢ and n.

Our work was originally motivated by a question of Cook and Rackoff concerning
the expected time for mitochondrial monomorphism to occur in a fixed-size population.
Their question was motivated by Cann, Stoneking and Wilson [2], who used branching
process simulation studies of Avise et al. [1] as corroborating mathematical justification
for the “Mitochondrial Eve Hypothesis” that there is a 200,000 year old mitochondrial
ancestor of all of current humanity. Avise et al. showed by computer simulation that
if expected population size remains constant, then with probability one all members
of some future generation will be mitochondrially monomorphic. Simulating n inde-
pendent branching processes, each involving a Poisson random variable with mean 1,
[1] cited 4n as an upper bound on the expected number of generations to absorption.

The Mitochondrial Eve question is a special case of the coalescence problem. The
coalescent was introduced by Kingman [17, 15, 16] as a method for estimating the
most recent common ancestor (MRCA) for a population. (See [23, 24] for an overview
of applications of the coalescent.) The fundamental result for the coalescent is that
if a population evolves with discrete non-overlapping generations of fixed size n with
neutral selection, each child having only one parent, then it is expected that the 2n-th
generation before the present contains a common ancestor for the entire present gen-
eration. There are a number of proofs of the coalescent theorem in the literature,
e.g., Donnelly [4] and Mdhle [18, 20]. Many of these are based on approximating an
evolutionary discrete death process with a continuous Markov process, but Méhle [20]
proves some tight bounds using a discrete Markov analysis giving tight bounds of the
form 2N, (1—1/n) in many cases, including the binomial and hypergeometric processes.
Here N, is the effective population size and equals the inverse of the coalescent proba-
bility. N, equals n in the binomial case and 2n — 1 in the hypergeometric case.

In Section 3, we use the combinatorial Markov chain analysis to give a new proof of
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the O(n) coalescent theorem, based on the mean and weak variation conditions plus an
additional assumption that lets us define the time-reversal of an evolutionary process.
For instance, the binomial and hypergeometric processes, as well the generalized bi-
nomial and hypergeometric processes of Mohle [20], are proved to have O(n) expected
number of generations before a MRCA is reached. Unlike earlier proofs, our proof is
based on the forward absorption times of the Fisher-Wright problem, rather than on

an analysis of the death process.

2. Preliminaries and definitions

We restrict attention to haploid individuals, who carry a single set of genetic material
and receive their genes from a single parent. However, our results can apply to diploid
genes as well, as long as the genes are not sex- or reproduction-linked. We assume there
is no mutation and that the evolutionary process is time-homogeneous.

The populations are assumed to consist of discrete, non-overlapping generations,
each of size n. Each individual carries one of two alleles, A or a. If ¢ individuals of
a generation have allele A, then n — i have allele ¢ and the generation is in “state 7.”
The population is modeled by a Markov chain (Q, M), where Q = {0,1,2,...,n} is
the set of states and M = (m, ;) is a a stochastic transition matrix. The transition
probability m, ; is the probability that state i is followed immediately by state j. We
often drop the @ from the notation and refer to M as a Markov chain.

We have mgo = 1 and m,, = 1 since the states 0 and n are absorbing states
where all the individuals carrying the same allele. The Markov chain can be viewed
as stopping once it enters one of these two states. The mean stopping time or the
expected absorption time is the expected number of generations until an absorbing state
is reached. The mean stopping time is a function of the initial state.

The Fisher-Wright problem concerns bounding the mean stopping time. For the tra-
ditional Fisher-Wright problem, the transition probabilities are defined by m; ; = p; ;
where the p; ;’s are defined in (1). Sometimes, the probabilities ¢; ; from equation (2)
are used instead. To generalize to a wider range of transition probabilities, we define

a mean condition and two conditions on the variance of the probabilities.

Definition 1. A Markov chain satisfies the mean condition if, for all n > 3 and for all
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0<i<n/2,
n . -
g j:O']mi’j <

and, symmetrically, for all n > i > n/2,

n
ZFO Jmiy > i
If ¢ individuals have allele A, then the quantity > jJmi; is the expected number of
individuals with allele A in the next generation. The intuition of the mean condition
is that the Markov chain does not have a tendency to drift towards the state n/2.
In the case of neutral selection, Y jamig =1 for all 7, and the Markov chain is called

a martingale.

Theorem 1. The Markov chain with transition probabilities (1) or (2) satisfies the

mean condition and is a martingale.

This theorem is well-known, and its proof is omitted.
In addition to the mean condition, we need conditions that lower bound the variance
in the population state. Recall that the standard deviation of the binomial distribu-

i(n—1) )

tion (1) is equal to 0;, = -

Definition 2. Define o;, = @ A family of Markov chains M, satisfies the
variation condition provided there are constants d,e¢ > 0 such that for all n > 2 and

0<1t<n,

Z mij > €. (3)

|[7—i]>00in
The intuition is that the variation condition forces the state of the population to
vary noticeably between generations; this plus the mean condition is enough to ensure
that an absorbing state is reached in a finite amount of time.

The condition (3) can equivalently be stated as
P?"ObHCZ — Z| > (50'7;’”] > €,

where C; is a random variable distributed according to the i-th row of M; note C; can
be interpreted as the number of children of 7 individuals. This means that there is
non-negligible probability that the number of individuals with allele A changes by at

least do; .. Since o; . is the standard deviation of the binomial process, we expect
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the binomial process to fulfill the variation condition. The intuition is that a process
satisfies the variation condition provided its standard deviation is proportional to o; ,,
or larger. (However, this is not a mathematically equivalent condition.)

The definition of the mean condition is stated in terms of families of Markov chains
to allow us to prove results that hold asymptotically in n. For example, the transi-
tion probabilities given in (1), and in (2), specify families of Markov chains, one for
each value of n > 1. It is important for the definition that J, e are fixed constants,

independent of i and n.
Theorem 2. The binomial distribution (1) satisfies the variation condition.
Theorem 3. The hypergeometric distribution (2) satisfies the variation condition.

These theorems are presumably not new; however, we have not been able to find any
place where they are proved in this strong form. The usual proofs of DeMoivre-Laplace
theorem for the binomial and hypergeometric distributions (c.f. Feller [9]) prove the
theorems only for fixed values of p = i/n, whereas, we need the theorems to hold for
all values of ¢ and n. We thus include the proofs of these theorems, but relegate them
to the appendix.

Our main theorems will hold also under a weak form of the variation condition:

.\ 3/4 .\ 3/4
ain = <2) / <n—z) / nt/2.
’ n n

The weak variation condition holds for a family of Markov chains M,,, provided there

Definition 3. Let

are constants d, e > 0 such that for all n > 2 and 0 < i < n,

Z m;j > €.

\j—i\>60£1n

Since 07 ,, < 04, the weak variation condition is less restrictive than the variation
condition. Thus the variation condition implies the weak variation condition.

The bound o}, for the weak variation condition differs most from the bound o,
when i is close to 0 or close to n. For these values of i, a Markov chain that satisfies the
weak variation condition (but not the variation condition) is allowed to have variance
substantially less than the variance of the the binomial distribution. Hypothetically

speaking, such a Markov chain could arise in situations where alleles that occur rarely
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have some reproductive advantage. For example, this can occur with human interven-
tion, where efforts are made to preserve a rare subspecies; or it might occur if scarcity
of the allele conveys some reproductive advantage.

The mean condition implies that 0 and n are absorbing states. The weak variation
condition implies that no other state is absorbing.

We can now state our main theorems for populations with two alleles. Let D; denote
the expected stopping time for a Markov chain started in state i. (D; depends on both

i and n, but we suppress the “n” in the notation.)

Theorem 4. Suppose the Markov chain M = (m; ;) satisfies the mean condition and

the variation condition. Then the expected stopping time D; is bounded by
D; = O(nH(i/n)),
where H(p) = —plnp — (1 — p) In(1 — p) is the entropy function.

Theorem 5. Suppose the Markov chain M = (m; ;) satisfies the mean condition and

the weak variation condition. Then the expected stopping time D; is bounded by
D; = O(/i(n—1)).

We prove these theorems below, in Sections 4-6. First, however, Section 3 proves a

corollary about the n allele situation and the MRCA.

3. The multi-allele case

This section extends the expected stopping time theorems to the case where there
are n distinct alleles in the population. From this it proves upper bounds for expected
time to coalescence under fairly general conditions.

The Markov chain model generalizes straightforwardly to multiple alleles; namely,
in the multi-allele setting, a state consists of the numbers of individuals with each
allele. The mean condition and the weak variation condition need to be redefined to
apply multi-allelle evolution. For this, let .4 be any set of alleles. Let n4(t) equal the
number of individuals in generation ¢ that carry an allele from .A. Define p;‘}j to be the

conditional probability

piy = Prina(t+1) =j[na(t) =i.
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The mean condition is satisfied by the multi-allele Markov chain provided that, for
every set A of alleles, the transition probabilities pg‘}j satisfy the mean condition. The
multi-allele Markov chain satisfies the (weak) variation condition provided there are
fixed constants ¢, e such that, for every A, the probabilities p;‘}j satisfy the (weak)
variation condition with those values of 4, €.

The binomial and hypergeometric processes were earlier defined for populations with
two alleles, but the definitions extend naturally to the multi-allele setting. In the multi-
allele setting, the binomial process is as follows: each individual in generation ¢ 4 1
receives its allele from an independently randomly chosen individual in generation 1.
The hypergeometic process is now defined by letting each individual in generation 7
have two offspring and then selecting a randomly chosen set of n of the offpring to
survive as the next generation. Clearly the multi-allele binomial and hypergeometric
processes both satisfy the (multi-allele) mean and variation conditions; indeed, for any
set A, the probability pg‘}j for the multi-allele binomial, resp. hypergeometric, process
is exactly equal the probability of (1), resp. of (2).

To better understand the generality of the mean and weak variation conditions,
we define some processes which satisfy these conditions but are not martingales. The
intuition will be that frequently occurring alleles confer a reproductive advantage. Let
a(7) be a nondecreasing, positive function which is intended to represent the relative re-
productive advantage when there are 7 individuals with a given allele. Let A(¢) = ic(3).
The binomial a-advantage process is defined as follows: if there are ¢ individuals with
allele a, then each individual in the next generation has allele a with probability propor-
tional to A(¢). If there are just two alleles, this means the probabilities for the binomial

a-advantage process are defined by

= (?) (A(z’) +A;i<)n—z'>>j (A(i)AinA_(rf)— ))

For two alleles, these processes satisfy the mean and variation conditions.

The binomial a-advantage process generalizes in the obvious way to multi-alleles.
However, this does not necessarily satisfy the multi-allele mean condition; for example,

when «(1) =1 and «(n/3) = 2 and there are n/3 individuals with a common allele a

It is also possible to define hypergeometric versions of the a-advantage process.
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and the remaining individuals have distinct alleles and A = {a}. Consider instead
a thresholded version a-advantage process where the reproductive advantage applies
only to alleles that form a majority of the population. For this, we require (i) = 1 for
i <mn/2and «(i) > 1 for ¢ > n/2. The multi-allele process defined with such an a can

be shown to satisfy the mean and variation conditions, but is not a martingale.

Theorem 6. Suppose a population begins with n individuals with distinct alleles, and
evolves according to a Markov chain that satisfies the multi-allele mean and weak vari-

ation conditions. Then the expected stopping time is O(n).

Proof. Consider any set A of alleles. Let A be the complement of A, thus {A, A}
forms a partition of the alleles. We say A has stopped when either all individuals carry
an allele from A or all individuals carry an allele from A. By Theorem 5, the expected
stopping time for A is < ¢n for some constant c. It follows that the probability that A
stops in less than 4en generations is greater than 3/4.

There are 2" sets A. We wish to find the expected time at which more than one half
of the sets A have stopped. We claim that the considerations in the last paragraph
imply that with probability at least 1/2, more than half of the sets .4 have stopped by
time 4cn. To prove this claim, note that if « is the probability that at least fraction 3

of the sets A have stopped by time 4cn, then, for some A,
Pr[ A has not stopped by time 4cn] > (1 — «a)(1 - 03).

The claim is proved by using o =1/2 = g.

Repeating this argument shows that, with probability at least 3/4, more than half of
the sets A are stopped by time 8cn. More generally, with probability at least 1 —1/2¢,
more than half of the sets A are stopped by time 4icn. Therefore the expected time
before more than half of the sets A are stopped is bounded by

To complete the proof of the theorem, we claim that once a generation is reached
where more than half of the sets A are stopped, then all the individuals carry the same
allele. To prove this claim, let A; and As be two alleles. We say that a set A separates
Ay from Ay if A; € A and Ay € A or if, vice-versa, A; € A and Ay € A. If we
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choose a random set A, the probability it separates A; from Aj is exactly 50%. Since
more than one half of the sets A are stopped, there must therefore be some stopped A
that separates A; from A,. Thus, at least one of A; or Ay has disappeared from the
population. Since this argument applies to any pair of alleles A1, As, it follows that

there is only one allele left in the population.

Note that the above proof depends only on the fact that, for any subpopulation, the
expected time for it to either become the entire population or to be eliminated is O(n)
generations. Thus the property of Theorem 6 is a robust phenomenon.

Theorem 6 is similar to a coalescence theorem. The viewpoint of coalescence is
that the current generation is the end of an evolutionary process, and one considers
which evolutionary sequences could have led to the current generation. That is, unlike
Fisher-Wright, where one considers the evolution of future generations, the coalescence
viewpoint considers the possible past evolutionary processes. The expected coalescence
time is defined to be the expected number of generations elapsed since all individuals
in the present generation had a common ancestor.

The usual assumption for coalescence is that the individuals in a generation choose
their parents at random from the previous generation, and as Kingman [17] notes, this is
mathematically equivalent to the binomial probabilities (1), To generalize this to other
evolutionary processes, such as the hypergeometric process, it is necessary to define the

time-reversals of the processes. We do this only for processes of the following type.

Definition 4. A Markov process M on n individuals is controlled by function proba-
bilities provided there is a probability distribution P(f) on the functions f : [n] — [n],
where [n] = {1,2,...,n}, such that the process M evolves as follows. Given genera-
tion ¢ containing individuals numbered 1,2,...,n, choose a random function f accord-
ing to the distribution P and, for each i, let the i-th individual of generation ¢ + 1
inherit the allele of the f(¢)-th individual of generation ¢.

As defined, these Markov processes differ from our previous notion of Markov process
since the individuals are numbered or indexed. To revert to the previous kind of
Markov process, the individuals could be randomly permuted in every evolutionary
step. Equivalently, the probability distribution on functions could be required to be

invariant under permutations of the domain and range of the function, that is, it could
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be required that P(wo f) = P(f) = P(f o) for all f : [n] — [n] and all one-to-one
7 [n] = [n].

The binomial process can be defined as a Markov process controlled by function
probabilities by letting P(f) be equal to 1/n™, i.e., each function is equally likely. The
hypergeometric process can likewise be defined as controlled by function probabilities:
namely, to choose a random f, choose uniformly at random a one-to-one function m :
[n] — [2n], and then choose f so that f(x) = |m(xz)/2]. In the hypergeometric case,

the functions f do not all have equal probabilities.

Theorem 7. Let a multi-allele Markov process be controlled by function probabilities
and satisfy the multi-allele mean and weak variation conditions. Then the expected

coalescence time is O(n).

Proof. This is an immediate corollary of Theorem 6. Note that the evolution through
a series of k generations can be represented by a sequence of k functions, fi,..., f.
The probability of this evolutionary sequence is the product IT; P(f;). By Theorem 6,

the expected value of k such that fi,..., fr causes coalescence is O(n).

The function probability model for Markov processes is quite general; for instance,
it includes the examples of processes for which Mdhle [20, §5] has proved coalescence
theorems (with the exception of the more-slowly evolving Moran model). However, as
formulated above, the function probability model applies mainly to martingales, espe-
cially if the functions are required to be invariant under permutations of the range and
domain. This is somewhat unexpected since, if the mean condition holds, the failure of
the martingale property would be expected to only decrease the mean stopping time. It
would be worthwhile to have more general techniques for formulating the time-reversal
of an evolutionary process.

The method of duality, used by Mohle [19], is another technique for relating forward

and backward evolutionary processes.

4. Calculating stopping times

We now discuss an algorithm to calculate the exact stopping times for a Markov

chain for particular values of n. In addition, we develop some properties of the stopping
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time that are needed later for the proofs of the stopping time theorems.

One might think to try running random trials to try to determine stopping times
experimentally. This turns out to be difficult since the stopping times have a fairly
large standard deviation and a large number of trials are needed to accurately measure
the stopping time. Instead, we describe an iterative algorithm that converges to the
values D;, the stopping times for a population of size n that starts with ¢ individuals
with allele A and the rest with a.

Let M* be the k-th power of the Markov chain matrix M. The entries of M* are

(k)
]

denoted by m; "/ and are transition probabilities for k-generation steps. We let M >
equal the limit of M* as k — oo; its entries are mg;s = limy, mgkj) MF* and M are
also stochastic matrices. A state igp € @ is said to be absorbing if m;, ;, = 1. State j is
said to be accessible from state 7, or equivalently i can reach j, if there exists ¢ for which
mEtJ) > 0. The mean condition and (weak) variation condition imply that 0 and n are
the only absorbing states.

It is common to analyze Markov chains using eigenvalues and eigenvectors of the
transition matrix M. Indeed, this has been done by Feller [8] for the binomial proba-
bilities and by Cannings [3] for more general transition matrices under the assumption
of exchangeability. We will not use eigenvectors or eigenvalues however.

For a Markov chain M with state set @ = {0,...,n}, define the mean stopping time
vector D = (Dy,...,D,) so that D; is the expected number of transitions before M,
starting in state i, enters an absorbing state. Since 0 and n will be the only absorbing

states, Do = 0 = D,,. From state 4, in one step the Markov chain makes a transition

to state j with probability m; ;, hence

0 ifi € {0,n
D, — {0,n} @)
1+ Z?:O mm-Dj if0<i<n.
Proposition 8. If M = (m, ;) satisfies the mean condition and 0 and n are the only

absorbing states, then there is at most one vector D which satisfies (4).

Before proving Proposition 8, we establish the following three lemmas. (Results

similar to Lemmas 9 and 10 can be found in Md&hle [19].)

Lemma 9. Suppose that M satisfies the mean condition and that 0 and n are the only

absorbing states.



14 S. Buss and P. Clote

(a) If 0 < i < n/2, then there is a j < i such that m; ; # 0.
(b) If n >4 > n/2, then there is a j > i such that m, ; # 0.

(c) Ifi=n/2, then there is a j # i such that m, ; # 0.

Proof. (of Lemma 9). Part (c) is obvious from the fact that n/2 is not absorbing. To
prove (a), suppose that 0 < ¢ < n/2. Since state 7 is not absorbing, m;; # 1. By the
stochastic property, there are values j # i such that m; ; > 0. By the mean property,

not all of these values of j are > 4. This proves (a). Part (b) is proved similarly.

Lemma 10. Suppose that M satisfies the mean condition and that 0 and n are the
only absorbing states. Then there is a value r, 1 < r < n/2, such that ml(vjﬂo) + mETT)L #0

for all i. That is, from any starting state i, there is non-zero probability of reaching an

absorbing state within |n/2]| steps.

Proof. (of Lemma 10). This is a simple consequence of Lemma 9. For ¢ = iy < n/2,
let ig > iy > i3 > --- be chosen so that, for all &, if 4, > 0, then m;, 4, ., # 0 and
ig+1 < ix. Then, clearly, msz)k # 0 for all £ > 0. Since the values i}, are decreasing
down to zero, the sequence reaches zero in at most i steps. Thus, for i < n/2, m% £ 0.

(n—1)

A symmetric argument shows that, for i > n/2, m; , ~ # 0. Similarly, when n is even,

(n/2) (n/2)

at least one of m orm iS non-zero.
n/2,0 n/2,n

Lemma 11. Let M satisfy the mean condition and 0 and n be the only absorbing

states. Then the entries of M*° are zero except in the first and last columns.
Lemma 11 implies that an absorbing state is eventually reached with probability one.

Proof. (of Lemma 11). This follows from Lemma 10. Choose r < n/2 and
e = min{m!) +m!"” :0<i<n}
- %,0 in Y =Y = 3

so that ¢ > 0. Then, (M")¥ = M*" has the property that all its entries outside the
first and last columns are bounded above by (1 — €)*. More precisely, for each row i,
Z;:ll m;; < (1—e)k. From this, it is immediate that the limit of these matrices exists

and has zero entries everywhere except in the first and last columns.

We are now ready to prove Proposition 8.
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Proof. (of Proposition 8). Suppose that A = (Ay,...,A,), A # D also satisfies the
equation (4), hence, Ay = 0 = A,, so Ag = Dy, A, = D,,. Define C = (Cy,...,C,)
by C; = A; — D;. It follows that Cy = 0 = C,, and for 0 < i < n,

Ci=Y mij-(A;—Dj) =Y mi;C;.
=0

=0

In other words, C = MC. By induction on k, C = M*C. By taking the limit as
k — 0o, C = M>C'. Then, by Lemma 11, C is the zero vector; i.e., A = D.

Proposition 8 established the uniqueness of a solution to equation (4). The next
proposition establishes the existence of a solution and will form the basis of our algo-
rithm for computing mean stopping times for particular values of n.

Define E®) = (E(()s), cee E,(f)) by setting Ei(o) =0 for 0 <i<n,and

1+ Y0 gmi B if0<i<n.
This is more succinctly expressed by letting ONES = (0,1,1,...,1,1,0) be the column

vector of length n + 1, consisting of 1’s, with the exception of the first and last coordi-

nates, and defining

E® = (0,0,...,0,0)

ECTY — onEs+ ME®. (6)

Proposition 12. If M satisfies the mean condition and 0 and n are the only absorbing
states, then the sequence (E(S))S is, in each component, nondecreasing and bounded.

The limit E™) satisfies (4) and hence equals the vector D of mean stopping times.

Proof. We prove Egsﬂ) > Egs) for all ¢, by induction on s. For the base case,
EY =EYV =0=EY =E" and E” =0 <1 =E"Y for 0 < i < n. For the
inductive case, E°T — B = Z;:ll mm(E](.S) — EJ(-S*U)7 where by the induction
hypothesis, Ej(-s) - E](S_l) > (. Since 0 < m; ; <1, the claim follows.

We now show the existence of an upper bound L such that Ei(s) < Lfor0<i<n

and s > 0. By Lemma 10, for » = | %], there is an € > 0, so that
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for all 0 <4 < n. From the proof of Lemma 11, M"* - oNEs < (1 — €)*oNEs. It follows

that for t = rm + s, where 0 < s <r,

t—1
E® = ZMi~ONES < <Z Mi+MmT-ZMi>~ONES

1=0 <mr 1<s
< (O MY)-(D> M7)-oNEs+ Y M'-M™ -ONES
i<r j<m i<s
< O MY (D (1—e))-OoNES+ Y M'-(1—€)™ - ONES
i<r j<m i<s
1 .
< - M?") - ONES
< - (2 )

This provides an explicit upper bound.
For each i, the values Efs) form an nondecreasing sequence bounded above, so the

limit Ei(oo) = limg o0 E exists. Applying limits to both sides of equation (6), it

)

follows that E(>) satisfies (4), hence by Proposition 8, it must be equal to D.

Proposition 13. Let M = (m; ;) satisfy the mean condition and let 0 and n be the
only absorbing states. Suppose that Fy = 0 = F,, and that, for 0 <i <n, F; > 0 and

Fi > 1+Zj=0 mi,ij, (7)
Then F; > D; for all 0 < i <n.

Proof. By induction on s > 0, we show that F > E®). This is clear for E(”), and
in the inductive case, by (7) we have F — ECt) > M . (F — E®). The entries of M

are non-negative, so applying the induction hypothesis, the proof is complete.

From Lemmas 12 and 13, the following algorithm is guaranteed to correctly compute

the mean stopping time to any precision e.

Algorithm 14. (Mean Stopping Time.) Let M = (m; ;) be the transition matrix of
a Markov chain which satisfies the mean condition and for which 0 and n are the only
absorbing states.
€ =0.001; s=0; E=(0,0,...,0,0); finished = false
while ( not finished ) {
E’ = oNES + M E; max = maxo<i<n(E; — F;)

if (max <e) { // if appear to have accuracy e
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F=E+¢; FF=0NES+ MF
min = ming<i<n (Fi — F})

if (min >0 ) finished = true

}

return F

The algorithm admits an obvious extension to multiple alleles; however the algo-
rithm’s space requirement for £ alleles is O(n~1) plus the space, if any, needed to store

the transition matrix.

By Proposition 13, Theorem 4 can be proved by showing there is a fixed constant

¢ > 0 (with ¢ independent of n) such that for 0 < i < n,
i/n) > " me i/n).
enH(i/n) > 1+ ijo m; jenH (j/n)
Letting o = 1/¢, this means that Theorem 4 follows from the following lemma.

Lemma 15. Suppose the transition probabilities satisfy the mean condition and the
variation condition. Then there is a constant o > 0 (independent of n), such that for
0<1i<n,

H(i/n) > Oz-l—z m”nH (j/n). (8)
Similarly, to prove Theorem 5, it suffices to prove the next lemma.
Lemma 16. Suppose the transition probabilities satisfy the mean condition and the

weak variation condition. Then there is a constant o > 0 (independent of n), such

that, for 0 < i < n,

Vi(n—1i) > oz—i—z me jln—j). (9)

These lemmas are proved in Section 6.

5. Some lemmas on secants and tangents

5.1. On vertical distance from a secant

Consider a function f(z), let h > 0, and consider the secant to f(x) at the points x =

a=+ h, as shown in Figure 1. The next theorem gives a lower bound on the difference A
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a—h a a+h
FIGURE 1: The function f(z) and a secant line. The left-hand side of inequality (10) is equal

to A, the vertical distance between f(z) and the secant line at x = a.

between the value of f(a) and the y-coordinate of the secant line at = a (see Figure 1).
We will state the theorem only for the situation where f’s second derivative is concave

down, but of course it could be generalized somewhat.

Theorem 17. Let f : R — R have continuous second derivatives, and assume its

second derivative is concave down. Let a,h € R with h > 0. Then

R e O] (10)

Proof. Fix a and let g(h) be equal to the left-hand side of the inequality (10). Clearly
g(0) = 0. In addition, its first derivative satisfies

h
dh) = —L(Flath) - fla-h) = -1 / [a+a)is

h
= -1 "(a+x "(a —x))dx
= 2/O<f<+>+f< )

Y
\
[

h
é/ 2f"(a)dx by the concavity of f”
0
= —hf"(a).
Therefore,
h h .
o) = [ gy = [ —ur@iy = -5,
0 0

and the theorem is proved.

5.2. On secants parallel to tangents of \/p(1 — p)

Let f(p) henceforth be the function f(p) = \/p(1 — p) defined on the interval [0, 1].

We would like to establish the following theorem about parallel secant lines and tangent
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0 a—hy a a+tho 1
FIGURE 2: Illustration of Theorem 18.

lines to f. For future reference, we compute the first and second derivatives of f:

, _ 1—2z an g — ~-1
1@ = T ma—ar

It is easy to verify that the second derivative is concave down.

Theorem 18. Suppose 0 < a— hy < a < a—+ hy <1. Further suppose that

fla+he) — fla—h)
ha + hq '

f'la) =
Then hl S 3]12 and h2 S 3h1

The situation of Theorem 18 is sketched in Figure 2. Equation (11) says that the
slope of the secant line containing the points (a—hy, f(a—h1)) and (a+ha, f(a+hs)) is
equal to the slope of the line tangent to f at f(a). There are several simple observations
to make. First, by the concavity of f, if the values of a and h are fixed (respectively, the
values of a and h; are fixed), then there is at most one value for hy € [0, 1] (respectively,
he € [0,1]) such that equation (11) holds. Second, since f’ is a strictly decreasing
function, the value of a is uniquely determined by the values of a — hy and a + ho.
Third, the theorem is easily seen to be true for a = 1/2, since in that case, hy = hs.
Fourth, since f is symmetric around a = 1/2 with f(z) = f(1 — ), it suffices to prove
that hy < 3hy as hy < 3hs will then follow by symmetry.

Before starting the proof of Theorem 18, it is useful to note that the graph of the
function f(z) = \/x(1 — x) forms the upper half of the circle of radius 1/2 with center
at the point (%, 0). To prove this, just note that

Ve(l—z) = (1/2)? — (z — 1/2)%

Therefore, the situation of Theorem 18 is as illustrated in Figure 3. In the figure, the

center of the semicircle is labeled P and the three points on the graph of f(z) at « =
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o[ 0 P

a—hi a a—li—h; 1

F1GURE 3: The situation in the proof of Theorem 18.

a—h1, a and a+hy are labeled A, B and C. In order for the secant AC to be parallel to
the tangent at B, it is necessary and sufficient that the angles ZAPB and Z/BPC are
equal to the same value §. We also let ¢ be the angle ZOP A where O is the point (0, 0).
We first prove hs < 3h; under the assumption that ¢ = 0: this is the same as the
assumption that a — hy = 0. Clearly, it is sufficient to prove that
byt o
hy

Since ¢ = 0, we have hy = a = 1=22¢ "and hy + hy = 1_%5(29). So,

hi+ hs 1 — cos(26) 2(1 — cos? )
hy 1—cosf 1 —cosf (1 +cosd),

< 4.

which is clearly bounded by 4 since 6 < 7/2.

It remains to prove the theorem for non-zero values of ¢. However, we claim that
the ¢ = 0 case is actually the worst case. To see this, consider Figure 3 again. Suppose
we keep the angle 6 fixed and let ¢ vary: then the values a, hy and hy and the points
A, B, C and D are all functions of ¢. We use ||AD|| to denote the distance from A

to D. Then by similar triangles,

DO _ hy
[4D[| = Ay

Clearly, ||DC]| is a decreasing function of ¢ and ||AD|| is an increasing function of ¢, so
the value of the fraction ha/hy decreases as ¢ increases. We already proved ha/hy < 3
for ¢ = 0, so therefore this holds for all values of ¢. This completes the proof of
Theorem 18.

As a corollary of Theorems 17 and 18 and the fact that f” is concave down, we have:

Corollary 19. Let f, a, hy and hy be as in the hypothesis to Theorem 18. Then,

- 2
f(a) . th(a h}iz IZ;JC(G + h2) > ];_éf//(a)
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for both i =1,2.

Proof. Let hyin = min{hy, ho}. Consider the two secant lines S; and Ss where Sy
is secant to the graph of f at x = a — hy and = = a + hgy, and Ss is the secant line at
T =a— hmin and £ = a + hypin. The value (haf(a — hy) 4+ b1 f(a + h2))/(h1 + ha) is
the y-coordinate of the secant line S7 at x = a. By the fact that f is concave down,
the secant line Sy is above the line S for a — Apmin < < a4+ hmin, and, in particular,

So is above S7 at x = a. By Theorem 17,

haof(a—h hif(a+h h2 ..
o) - eflez )t flot ba) - ey,

And by Theorem 18, for i = 1,2, we have h; < 3hi,, and this proves the corollary.

5.3. On secants parallel to tangents of the entropy function

The entropy function H(p) = —pln(p) — (1 — p) In(1 — p) is defined on the interval

[0, 1]. Its first and second derivatives are

H'(p) = —In(p)+In(l-p) = Wn((1-p)/p) = In(; 1)
H"(p) = it _—1
l-p p  (A-php
It is easy to check that H'(p) is strictly decreasing and is concave up for p < 1/2 and
concave down for p > 1/2. Also, H"(p) is concave down.

The next theorem states that H(p) satisfies the same kind of property that Theo-
rem 18 established for y/p(1 — p).

Theorem 20. Suppose 0 < a—hy < a < a+ ho <1. Further suppose that

H(a—&-hg)—H(a—hl)’

H' =
(@) ho + hy

(12)

Then hy < (e — 1)ha and ha < (e — 1)hy, where e is the base of the natural logarithm.

We shall prove a weaker form of this theorem, namely, that there is a constant c
such that h; < chs and he < chy, and then appeal to experimental results obtained by
graphing functions in Mathematica to conclude that ¢ = (e — 1) works.

The entropy function H (p) is qualitatively similar to the function f(p) = v/p(1 — p)
in that it is concave down, is zero at p = 0 and p = 1, and attains its maximum at

p = 1/2. So, Figure 2 can also serve as a qualitative illustration of Theorem 20. We
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introduce new variables, and let » = a — hy and s = a + hy. Suppose the values 7, a, s
satisfy equation (12), that is, they satisfy
H(s) — H(r)

sS—T

H'(a) = (13)

Then, the values r,a,s are dependent in that any two of them determine the third.
To prove the theorem, we must give upper and lower bounds on the ratio ho/hy =
(s —a)/(a —r). The values of r, s come from the set 0 < r < s < 1. The problem is
that this set is not compact by virtue of having an open boundary along the line r = s.
Even worse, the ratio is essentially discontinuous at r = s =0 and at r = s = 1. For
our proof, we will examine the values of the ratio along the line r = s and at r = 0
(the case of s = 1 is symmetric), and argue by compactness of the remaining values of
r, s that the ratio attains a finite maximum value and a positive minimum value.

We assume w.l.o.g. that a < 1/2. When also s < 1/2, then we have h; < hy by the
fact that H'(p) is concave up for p < 1/2 and the fact that H'(a) is the average slope
of H(p) for p € [r,s]. Thus, for s < 1/2, it suffices to prove that hy/(h1 + ha) > 1/e
and thereby obtain hy < (e — 1)h;.

We start by proving the theorem in the case that » = 0. In this case,

H(s)— H(0) _ H(s) _ —sln(s) = (1 —s)In(1 —s)
s—0 s s
= In(s71(1—s)" =99,

To find the value of a such that H'(a) equals this last value, we need to solve

1
Z 1= -1 1— —(1—s)/s.
L 1=s1-s)

We are really interested in the value of a/s, since with r = 0, we have a = h; and
s = hy1 + ha, and we need to establish a/s > 1/e. Solving for a/s gives

_g)A=9)/s
a_ (=9 . (14)
5 s(1—s)d=s)/s 41

It is easy to check that lim,_ o+ (1—s)'/* = 1/e. Therefore, as s — 01 the quantity (14)
approaches the limit 1/e.

Now consider the case r = 0 and 0 < s < 1 (so a1 < 1/2). Let R(s) = a/s =
Y/(sY + 1), where Y(s) = (1 — s)(17%)/5. The first derivative of R is

Y —Y?
R = - - 15
(sY +1)2 (15)
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with
1 1
Y/ = Y<S21n(15)8> .

Note the numerator of (15) is equal to
Y- [512 In(1 —s) — % —(1- s)<18>/5] . (16)
The power series expansion for In(1 — s) shows that In(1 — s) < —s — s% for 0 < s < 1.
Thus, (16) is positive and hence R(s) is increasing and 1/e < R(s) <1 for 0 < s < 1.
We have proved the r = 0 case of the theorem (and by symmetry, the s = 1 case).
Now we consider the case where r ~ s. First, if a = 1/2, then of course, s —a =a —r,
so hy = ho and the theorem is satisfied. More generally, compactness and continuity
considerations imply that there is a § > 0 such that if |a — 1/2| < §, then 1/(e — 1) <
(s—a)/(a—r) <e—1. (If 6 = 1/2 works, we are done, but for now we just know there
is some such § > 0.) Now, fix a value of a < 1/2 — §. We consider values of 7, s that
correspond to this value for a. Again, hos = s — a and h; = a — r. We are thinking of
hy and hs increasing in such way that a stays fixed.
We claim that as hy and hs increase, the ratio ho/hy is increasing, at least for hs

and h; not too large. In order to prove this, it is equivalent to prove that

dhs/dhy

> 1.
ha/h1

With a fixed, taking the first derivative of equation (12) gives

dhy + dho H'(a+ ha)dhy + H'(a — hy)dhy
0 = - —5(H(a+h2) —H(a—hy1)) + .
(hl + h2)2( (a 2) (CL 1)) hl + h2
So, using (12) again and multiplying by hy + ha,
0= — (dhl + dhg)H/(a) + H'(a + hg)dhg + H'(a — hl)dhl

Algebraic manipulation transforms this to

dhz/dhl _ hl(H'(a—h1)—H’(a)) (17)
ha/hy ho(H'(a) = H'(a + hy))

H' is concave up and decreasing on [0,1/2], thus for a — hy > 0 and a + he < 1/2,

hi(H'(a—hy) — H'(a)) > 2/; (H'(z) — H'(a))dx (18)

a+hs
ho(H'(a) — H'(a + hs)) < 2/ (H'(a) — H'(x))dz. (19)
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By f;fhl H'(z)dr = H(a) — H(a — hy) and f;+h2 H'(z)dx = H(a + hs) — H(a) and
using equation (12), the right-hand sides of (18) and (19) are equal. Therefore, (17) is
greater than 1. This shows that the ratio hy/hs is decreasing as long as a + hy < 1/2
and a — hy > 0. If the Markov chain reaches a — hy = 0 with a + hy < 1/2, then since
we already have proved that hy/he > 1/e at a — hy = 0 it follows that hy /hg > 1/e for
all values of h; and ho for this a.

On the other hand, if the Markov chain stops with a+hy = 1/2 and a—hy > 0, it is
sufficient to prove the following fact: For all r, a, s with » < s—§, we have hy/ho > 1/e.
Now the set of points r,s with 0 < r < s — ¢ and s < 1 is compact, and the ratio
hi/hso is a continuous positive function of r,s. Thus it attains a minimum on this set.
By graphing the function with Mathematica it is seen that hy/hs is bounded below
by 1/e by a fair margin. Thus we have proved the theorem. (If the reader dislikes
the use of Mathematica here, then she can take this as a proof that there exists some

constant ¢ > 0, rather than as a proof that ¢ = e — 1 works.)

Corollary 21. Let H, a, h1 and hs be as in the hypothesis to Theorem 20. Then,

_th(a7h1)+h1H(CL+h2) > h? H”(a)

H(a) hi + ha = T oe—1)

for both i =1, 2.

The proof of this corollary is identical to the proof of Corollary 19.

6. Proofs of the main theorems

This section presents the proofs of Lemmas 15 and 16, thus completing the proofs

of the main theorems.

6.1. The weak variation condition lemma

We present the proof of Lemma 16. Let f(z) = y/z(1 — x). Dividing equation (9)

by n, we need to prove that, for some o > 0,

fE) > e Z::O mi;f(L),  forall0<i<n. (20)

Fix ¢ and assume w.l.o.g. that i < n/2; a symmetric argument will work for i > n/2.

It will help to work with vectors in R2, and we define P; to equal the following point
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(or vector) in R%:
Consider the summation

P = Z;;O mi,ij.

(P depends on 4, but we suppress any mention of i in the notation.) We want to
establish an upper bound on the second coordinate of P. First, however, consider the
first component of P. The mean condition implies that Z;’L:O Jjmi; < isincei < n/2
(except that if this condition fails for ¢ = n/2, then ¢ = n/2 has to be handled in the
symmetric argument for the case ¢ > n/2). Therefore, P’s first coordinate is < i.

To bound the second coordinate, let 7 be the set of values j such that |j—i| > do; ,,

where ¢ is the value from the weak variation condition. Then,

P = ngzjmi’ij—’_Zjejmi’ij.

Let a = i/n, and let T be the line tangent to the graph of f(z) at = a. Set hy =
o} ,,/n and then choose h; so that the secant line S which is secant to f at x = a—hy
and z = a + hy is parallel to T'. That is to say, we are in the situation of Theorem 18.
Thus, since a < 1/2, we have hy < hy < 3hy.

As f(z) is concave down, geometric considerations imply that each point P; is on or
below the tangent line T. Also, for every j € J, either j/n < a— hy or j/n > a+ hs.
Therefore, again since f is concave down, for every j € J, the point P; is on or below

the secant line S. By the weak variation condition,

E mij 2 €,

€T
so in particular, the total weight of the points P; which lie below the secant line S is
> €. Define R to be the line parallel to T and S, lying between those lines, so that the
distance from T to R is equal to € times the distance from 7" to S. Since all the points
P, are on or below 7', and the sum of the coefficients of P; below the line S is > ¢, the
point P lies on or below the line R.
Let m(P) denote the y-component of P, i.e., the value of the summation in (20).

Since the slope of R is non-negative and the first coordinate of P is < 4, the value
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f(£) —m2(P) is greater than or equal to € times the vertical distance between f(z) and

the secant line S at © = a = i/n. Thus, by Corollary 19,

i (h2)2 " (5U; n/n)2 "
A _po(P) > —eM2) — e Twml
F)-m@®) > ) = 2T )
o (52i3/2(n—i)3/2 1 - ﬁ .
N 18n* TECI I oA

To establish (20) and finish the proof of Lemma 16, choose o = €52 /72.

6.2. The variation condition lemma

The proof of Lemma 15 is similar to the proof of Lemma 16, but uses H(p) in place
of f(p). We indicate only the changes in the proof. This includes defining J to be the
set of values j such that |j —i| > 00y, and letting hy = d0;,,/n. At the end of the

proof, the calculations change. Using Corollary 21, we have

i (h2)2 " _ (502',11/”)2 7
H(ﬁ) —m(P) > *GWH (a) = *EWH (a)
6%i(n — 1) -1 B €52 o

62(6— 1)2n%  (1-— L)L T (e 1)2”

n

To finish the proof of Lemma 15, set o = e6%/(2(e — 1)?).

Acknowledgements. We thank W.J. Ewens, I. Abramson, and an anonymous

referee for helpful comments.

Appendix A. Proofs of variation conditions

We prove the variation condition holds for both the binomial and the hypergeometric
distributions. Fix a Markov chain with transition matrix M on states 0,...,n, and fix

7 with 1 <i <n—1. Define
ar = mi,i-‘rk)

for all k£ such that 0 < ¢+ k < n. We say that the unimodal property holds provided

that ay > agy1 for all £ > 0 and that ar > a—1 for all k£ <0.

Lemma 22. Suppose M is a transition matrix satisfying the unimodal property. For

each i, let ko = [0, | (we suppress in the notation the dependence of kg on i). Suppose
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that there is a constant o > 0 such that, for all i,
ag, > @ - ag and a_g, > Q- ag.

Then the variation condition holds with any ¢ < % and e = a/(1 + ).

Proof. Fix i,1<i<n—1. We need to show that

Zk:|k|>5ai,n ak Q
>k Ok 1+«

First consider ay’s for non-negative values of k. By the unimodal property,

Z ap < Z aoé%ao.

0<k<é0s,n 0<k<é0i,n
Similarly,
ko ko
E ap > E Ak, = ?ako > agao.
k>00;n 60i,n<k<ko
Therefore,
D kb0, Ok a(ko/2)ag o

> = .
ZkZO ag (k0/2)a0 +a(k0/2)a0 1+a

A similar argument shows that

Z(fk)>6ai,” ak «
> .
Z(fk)zo ay 1+«

The previous two equations imply the desired condition (21).

Proof. (of Theorem 3). Let ¢; ; be the hypergeometric probabilities given in (2).
Fix n. Also fix some i € {1,...n — 1}. Let ¢ = \/i(n —i)/n, and let ko = [o]. Let
@ik = Gii+k- By Lemma 22, it will suffice to show that ax,/a¢ > o and a_g,/ao > o,
for some constant o.. By the symmetry of the hypergeometric probabilities, ar = a_g,

so we may assume w.l.0.g. that ¢ < n/2, and prove only ay, /ag > «. An easy calculation

shows that
ak_ _ (Z—k.—i-l)(n—z.—k—i—l). (22)
ak—1 (i+k)(n—i+k)
With k£ = 1,2, this is
ap i(n —1) as i—1(n—-i-1)

o - GiDm—itn ™ o T (Fom—it2)
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For k < kg, we have

Qg ay az Qg

ao agar  ap_1
i(i—1)(E—2)-G—k+1)-(n—i)n—i—1)---(n—i—k+1)
(t+1)6E+2)E+3)-(t+k)-(n—i+1)n—i+2)---(n—i+k)

- i i—1 i—-k+1 n—i n—i—1 n—i—k+1
i+ k i+ k-1 i+1 n—i+k n—i+k—-1 n—i+1
k—1 i—j k—1 n—i—j
jzoi—j—kk jzon—i—j—l-k:

i+1—k\* (n—i—k+1\" E " k k
> - - = [1—- -
1+ 1 n—i+1 1+ 1 n—i+1

k2 k2
> exp f,ﬁ - exp fﬂ—, where 3 = 2In2
7 n—1+1

Bk BE2N Bnk?
() () (- 5)

The inequality introducing the 8 factor deserves justification. Note k/(i + 1) <
ko/(i+ 1) <1/2 for all i and n. Likewise, k/(n — i + 1) < 1/2. The inequality follows
from the the fact that (1 —¢)¢ < e™%¢ for 0 < ¢ < 1/2.

Consider the case of k = kg. Note kg < 7 since kg = {\/z(n—iz)/n—‘ < {\/Z—‘ Also,
nk/(i(n —i)) < 1, since kg > o = \/i(n — 4)/n. Thus,

This completes the proof of the theorem.

Proof. (of Theorem 2). Consider the binomial probabilities p; ; as defined by (1).

Fixing 4, and letting ay = p; i+x, we have

ar (n—i—k+1) a_j (i—k+1)(n—1)
= = ~— and = , ,
ak—1 (i+k)(n—1) a_(k—1) (n—i+k)i

Both the quantities are clearly less than the corresponding ratio (22) obtained for the

hypergeometric probabilities. Hence, by the previous proof,

a_p 1
and &> -
ao

70>
ag

1=

and, by Lemma 22, the proof is completed.
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