Diffusion Process Models in Mathematical Genetics

Alison Etheridge

Warning: These notes have been typed in great haste and may contain inaccuracies. They should not
be regarded as a substitute for going to lectures.

Background and contents

In this half of this term’s course we are going to take a very different approach to mathematical
genetics. To a large extent so far you have been looking backwards in time — constructing genealogical
trees relating individuals in a sample and using these as a route to understanding the partitions that
one should expect to observe in genetic data. Now we're going to be concentrating far more on the
corresponding forwards in time models which describe how the population from which you are drawing
your sample evolves. You began term with one such model, the Wright-Fisher model, but that is
very special and we shall instead develop a model -valid for large populations - that approximates the
Wright-Fisher model, but also other classical population genetics models. This model is an example
of what is known as a diffusion approzimation and for quite a bit of our time we’ll be trying to gain
a little understanding of what it means to be a diffusion. Reassuringly, we’ll see that our diffusion
approximation fits precisely with the coalescent approximation that you have been studying so far.

The diffusion approach to population genetics is very classical, certainly much older than the
coalescent and although for a while it looked as though it would be eclipsed, more recently it has become
clear that the key to understanding some of the more biologically realistic models is an amalgam of
the two approaches. The diffusion approach will provide us with a whole new set of techniques.

Here then is an outline of the rest of the course.

1. The Moran model. We’ll begin by introducing another classical model of population genetics.
Although less popular than the Wright-Fisher model among biologists, we’ll see that in fact it
retains key features of the Wright-Fisher model and indeed for large populations the two models
can be regarded as being ‘close’ to one another. Mathematically, the Moran model is a birth and
death process which makes it analytically much more tractable.

2. The infinite population limit. In this short section we describe briefly how to approximate
the Moran model by passing to an infinite population limit. We’ll describe (but not provide
a rigorous justification for) a beautiful construction of the infinite limit due to Peter Donnelly
and Tom Kurtz which retains the genealogy of the population, thus showing that our infinite
population limit really does correspond to the coalescent model that you have been studying.

3. Diffusions. The limit that we obtain is what is known as a diffusion process and in this section
we step back from the genetics to take a look at what a diffusion process is and how it can
be characterised. We briefly mention stochastic differential equations, but only as an heuristic
representation. For the most part we shall be concerned with what is known as the generator of
the process.
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4. Speed and Scale. In one dimension all diffusions can be obtained from a special one called
Brownian motion by certain transformations of space and time. We exploit this to find formulae
for some quantities of genetic interest.

5. Selection and Mutation. Everything so far has been concerned with the most basic model.
In this section we increase the biological sophistification somewhat. Here for the first time we
reap the benefits of the diffusion approximation. We obtain exact expressions for quantities in
the diffusion world where in the Wright-Fisher and Moran models this was either impossible or
so complicated as to obscure the real effects of the different genetic processes.

6. More than two types: Dirichlet and Poisson-Dirichlet distributions. So far we have
had only two alleles in our population. Now we extend this to mutliple allelic types and in
an important special case uncover the stationary distribution of the allele frequency as being
governed by the Dirichlet distribution or in the infinitely many alleles limit the Poisson-Dirichlet
distribution. We’ll be able to answer questions like ‘What is the probability that an allele that
is at frequency z in the population is in fact the oldest?’

7. Ewens’ Sampling Formula revisited. Finally (time permitting) we give a very simple deriva-
tion of the Ewens Sampling Formula.

1 The Moran model

First let’s remind ourselves about the basic (forwards in time) model for the evolution of our population
that was introduced in Bob Griffiths’s first lecture.

Definition 1.1 (The neutral Wright-Fisher model) The neutral Wright-Fisher model is described
as follows. A population of N genes evolves in discrete generations. Generation (k4 1) is formed from
generation k by choosing N genes at random with replacement. i.e. each gene in generation (k + 1)
chooses its parent at random from those present in generation k.

In this model some genes have no offspring, others may have several.

From this definition it is an elementary matter to work out the genealogical trees that relate
individuals in a sample from the population. To remind you how this worked, suppose first that we
take a sample of size two from the population. The probability that these two individuals share a
common parent in the previous generation is % If they do not, then the probability that their parents
had a common parent is %, and so on. In other words, the time to the most recent common ancestor
(MRCA) of the two individuals in the sample has a geometric distribution with success probability %
(The probability that their MRCA was k generations in the past is pg"~1 where p = % and ¢ =1—p.)
In particular, the expected number of generations back to their MRCA is N. Now typically we are
interested in large populations, where our rather crude models have some hope of having something
meaningful to say. Then it makes sense to measure time in units of size N and in those units the time
to the MRCA of a sample of size two is approximately exponentially distributed with parameter one.
More generally, for a sample of size k, since the probability of three (or more) individuals sharing a
common parent is O (ﬁ) and similarly the chance that two separate pairs of individuals are ‘siblings’
is O (%), the time (in units of size V) before the present at which two individuals in our sample share

a common ancestor is approximately exponentially distributed with rate (g) and when that ‘merger’
in the ancestral lineages of the sample takes place, it is equally likely to be any of the (g) pairs that

merges. Another way to say this is that each of the (g) pairs of individuals has an exponential random
variable with parameter one associated with it. We think of these random variables as alarm clocks.
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The first event in our genealogical tree as we trace backwards in time is the merger of the two lines
whose alarm clock goes off first. (The minimum of (]2“) exponential one random variables is exponential
with paramater (g)) After that we just trace the remaining (kgl) pairs of lineages and the same
picture holds. This is just a way of describing the Kingman coalescent which you already know so
much about.

The Moran model which we now introduce will have the property that a sample from the population
will still be related by Kingman’s coalescent, but the forwards in time population model will be much
simpler than the Wright-Fisher model to study.

There are two essential differences between the Wright-Fisher model and the Moran model. First,
whereas the Wright-Fisher model evolves in discrete generations, in the Moran model generations
overlap. Second, in the Wright-Fisher model an individual can have up to N offspring, but in the
Moran model an individual always has zero or two offspring.

Definition 1.2 (The neutral Moran model) A population of N genes (labelled 1,...,N) evolves
according to the Moran model if at exponential rate (g) a pair of genes is sampled (with replacement)
from the population, one dies and the other splits in two.

Remark 1.3 There are many different parametrisations (that is choices of the exponential rate) to
choose from. We have chosen a convenient one but there is no standard choice.

What do we mean by exponential rate? Just that we wait for an exponentially distributed time and
then a pair is picked. After the reproduction event the process goes on to evolve (independently) in
the same way.

Equivalent to this is to say that our population is labelled 1, ..., N. Each pair of labels has an alarm
clock which will go off at intervals which are independently exponentially distributed with parameter
one (we call this sequence of times a Poisson process) and when a clock goes off - corresponding to
labels (7, j) say, one gene dies and the other reproduces (with equal probabilities). The offspring adopt
the labels (4, 7).

Graphically:

[PICTURE]
where we have drawn an arrow between the lines labelled (i,j) whenever the (i,7) clock rings. The
arrow ¢ — j indicates that ¢ reproduced and j dies, i « j indicates that j reproduced and i died.

We can recover the ancestry of a sample by tracing backwards in time. If an ancestral line is at the
tip of an arrow, then it coalesces with that at the root. If it is at the root is will be unaffected.

[PICTURE]

It is not hard to convince oneself that the genealogical trees from a sample are then precisely those
generated by Kingman’s coalescent.

For example, follow a sample of size two backwards in time. The labels of the two individuals will
change with time, let’s call them (i(t),j(t)) say, but because of the lack of memory property of the
exponential distribution, the time until the clock corresponding to (i(t),j(t)) rings is still going to be
exponential parameter one. [If an exponential random variable has not rung by time ¢, then the extra
time we must wait until it rings is still exponential with the same parameter. This means that if, for
example, i(t) changes to i(t+), the exponentials for pairs involving i(¢) can be pieced together with
those for i(t+) to produce exponentials again.]

This then tells us that for large populations the genealogy of a sample from the Wright-Fisher
model has approximately the same distribution as that of a sample from the Moran model, at least
provided that we measure time for the Wright-Fisher model in units of population size. (Notice that
the Moran model already evolves in the coalescent timescale.)
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So far, although we have implicitly assumed that all the genes in our population are selectively
neutral - so that all have an equal chance of reproductive success - we have not associated types with
our genes.

Suppose then that the gene in question has two alleles, labelled a and A say. A basic question is
‘How do the frequencies of the two alleles evolve with time?’

For both our models, what happens next - the formation of the next generation in the Wright-Fisher
model or the next reproductive event in the Moran model - depends only on the current frequency of
types, not on the past history of the population. In other words, the frequency of types evolves
according to a Markov chain. For the Wright-Fisher model it is a discrete time chain of the sort
that you encountered in section A probability. The Moran model is a continuous time chain - which
just means that the times between events are determined by a sequence of independent exponentially
distributed random variables. But it is an especially simple Markov chain - known as a birth and death
process - in which changes of numbers of alleles are only of size one at each event. In fact you have
already seen a continuous time Markov chain in Bob’s lectures - the number of ancestors of the present
day sample alive at time ¢ in the past is a pure death process.

We shall use the names Wright-Fisher model and Moran model both for the full models described
above and for the corresponding Markov chains which keep track just of the frequencies of the different
alleles in the population.

Let’s tell/remind ourselves of a few basic facts about Markov chains. If you didn’t do section A
probability then you may find the lecture notes on the web useful.

Aside on Markov chains.

A stochastic process is just a model for a random quantity that evolves with time. In other words
X is a collection of random variables {X; : t € T'} indexed by a set T which we’ll interpret as time. For
us T will always be either {0,1,2,...} or [0,00) (discrete time and continuous time stochastic processes
respectively).

We shall use the notation F; to mean the history of the process up until time ¢ - so the information
available to us if we watched the process up to time t.

A stochastic process has the Markov property if its future evolution conditional on knowing all of
F; is the same as if we condition on knowing just X;. In other words, where it goes next may depend
on its current value, but not on how it got to that value.

This is most easily formalised if the random variables X; are themselves discrete random variables
- that is take their values in a finite or countable state space . (For our Wright-Fisher and Moran
models the random variable X; will tell us how many a (or A) alleles are present at time ¢ and the
state space in both cases is just the finite set {0,1,...,N}.)

Definition 1.4 (Discrete time Markov chain) Let X = {Xy, Xi,...} be a collection of random
variables which take values in some countable set 2. Then X is said to be a discrete time Markov
chain if it satisfies the Markov property:

P[Xn = Jﬁn’fn_l] = P[Xn = xn‘Xn—l = :Cn_ﬂ.
That s,
I[D[Xn = $n’X0 = .1‘0,X1 =T1y... 7Xn—1 = l'n—l] = P[Xn = .’L'n|Xn_1 = IEn_l],
for all xg,x1,...,2n—1 € Q.

For a continuous time stochastic process the Markov property becomes (still assuming that € is finite
or countable)
PX; = z|Fs] = P[X; = | X5, Vs < t,x €.
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A continuous time Markov chain is the same as a discrete time Markov chain except that the time
between transitions is exponentially distributed. The ‘lack of memory’ of the exponential distribution
guarantees that the (continuous time version of the) Markov property holds for a continuous time
Markov chain.
For the examples that we care about, 2 will be a subset of the non-negative integers. We then
write
pij = P X1 = j1 X =]

Example 1.5 In our neutral Wright-Fisher model,

N\ /i /N —i\N
= — i=0,1,....N.
Dij <j><N> < N ) , forj=0,1,...,

To see this, recall that to form generation n + 1, each gene chooses its parent at random (with replace-
ment) from the i type a genes and the N — ¢ type A genes in the nth generation.

For a continuous time Markov chain one often studies the embedded discrete time chain which is
obtained by replacing the times between events by discrete times.

Example 1.6 For the Moran model, the embedded chain has transitions

i(N—i)

e . ifj=ix1

2 — .

pij =4 4+ W =y
0 otherwise.

For both the Wright-Fisher and Moran models that we have described so far, once the process hits 0
or N it stays there. That is 0 and N are absorbing states.

One is often interested in the time until one of these states is hit and the probability of hitting zero
before N.

Let us write H4 = inf{n > 0: X,, € A}, (inf () = o) for the hitting time of the set A by the chain
and we'll write k' = E[H4|X, = 4] for the expected value of this quantity if we start from i at time
zZero.

Theorem 1.7 The vector of mean hitting times k** = (k:ZA 1 € Q) is the minimal non-negative solution
to the system of linear equations

KA = 0 forie A (1)

k‘ZA = 1+ Zpijkfl, fori¢ A. (2)
JEQ

A heuristic justification can be obtained by conditioning on the outcome of the first jump of the chain.
(Minimality means that if x = (x; : i € Q) is another solution with x; > 0 for all ¢, then x; > k; for all

Example 1.8 For the neutral Wright-Fisher model, 0 and N are absorbing states for the proportion

of a alleles. For large populations (that is large N ) if the initial frequency of a-alleles is p, then the
expected time to absorption, is approximately t(p) given by

t(p) = —2N (plogp+ (1 — p)log(l —p)). (3)
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There is no simple closed form solution for the mean time to absorption, but we can arrive at the
approximation as follows. We write p = ﬁ for the proportion of a-alleles in the population and suppose
that the mean time to absorption starting from p can be approximated by a twice differentiable function
of p that we denote ¢(p).

Now if the current number of alleles is 4, the next generation has a number which is Binom(N, +)
distributed. So the expected number of a alleles in the next generation is IV - § = i and the variance

is N - ﬁ : NJ\? = i(]\jfv_i). the change, dp, in the proportion of a alleles then has mean zero and variance
#iu\]]\,—i) = %p(l — p). In particular, we expect dp to be small.

Using the argument that we used to justify the system (2),

t(p) = > Plpr p+dpl(tp+0p)+1)
dp

2
~ Bl ot apl(tr) + op () + P () + 1)
dp

= i(p) + U (D)ED] + " (E((6p)] + 1,

2
and from what we just said
1

E[op) =0, E[(0p)*] = p(1—p).

Substituting,
1
t(p) =t —p(1 —p)t” 1
(p) = t(p) + 5P —p)t"(p) +

or

p(1 —p)t"(p) = —2N, t(0) =t(1) = 0.
This can be solved to give (3).
Now let’s turn to the Moran model.

Example 1.9 In the Moran model, if the initital frequency of a alleles is p then the expected time to
absorption is approximately

7(p) = =2 (plogp + (1 — p)log(1 —p)) .

Recall that in our Moran model we are already working in ‘coalescent time’, corresponding to measuring
time in units of size N in the Wright-Fisher model, so for large populations the absorption times in
the two models are approximately the same.

To calculate the mean time to absorption in the Moran model we first calculate the mean number
of transitions of the embedded discrete time chain until absorption and then multiply by the expected
time between transitions. Again the absorbing states are {0, N'}.

Consider then the embedded chain. Substituting into equation (2) from Theorem 1.7 we obtain
(suppressing A in our notation)

kio= 1+ pijk;
J

(N — i)

(N —1
N2 kiv1+ —5—

= 1+

Rearranging

kiv1 —2ki+kic1 = ————=
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and of course kg = ky = 0. This can be solved (see the problem sheet) to yield

i . N-1

=N Y Rt 3

This tells us the expected number of transitions of the embedded chain before absorption. The time
between transitions is exponentially distributed with parameter (g] ) and so has mean m Thus
the expected time to absorption is

2 N—i i
T N1 ZN—j+,ZE
J=1 Jj=i+1

Now again we are really interested in large populations, corresponding to large IV, and then writing
i = pN we see that the time to absorption is

on [ 2 (1-p) N-1 » PN No1oy
NI VNt X G eyt D
=1 TN = T SN
~ —2(plogp+ (1 —p)log(l—p))
as required. O

Recall that in our Moran model we are already working in ‘coalescent time’ and so this corresponds
exactly to the approximation obtained for the Wright-Fisher model.

2 The infinite population limit

For large populations we have seen that the Wright-Fisher and Moran models have approximately the
same genealogy (if we measure time in appropriate units in the Wright-Fisher model) - so we have
the freedom to choose which model to use. However, even in this biologically very simple setting of
no mutation or selection exact calculations for the Wright-Fisher model are impossible and the Moran
model, though more tractable, still leads to rather complex expressions. The Moran model retains some
of that tractability when we introduce more evolutionary forces such as mutation and selection, because
it will still be a birth and death process and so many exact expressions are still available. However, these
expressions are generally so complex as to completely obscure the effects of the different evolutionary
parameters and so one would like a simpler model still - at least for large populations and our next
aim is to obtain such a model by passing to an infinite population limit.

Since the basic objects of study in population genetics are the genealogical trees that relate indi-
viduals in a sample from the population, we should like the distribution of these genealogical trees to
be preserved as we pass to the infinite population limit. The work that really explained why this can
be done in a cast iron mathematical formalism is due to Peter Donnelly and Tom Kurtz. We’re only
going to see the vaguest of outlines of their powerful work here, but let’s try to understand the basic
idea.

Recall our graphical representation of the Moran model. Each pair of lines had an exponential rate
one clock associated to it and when the clock rang an arrow was drawn to represent one individual
dying and the other reproducing. We convinced ourselves that the genealogical trees in this model were
precisely those given by Kingman’s coalescent. Now the labelling of individuals in our population was
arbitrary - we could have taken any permutation of these labels and arrived at a process with exactly
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the same distribution. The idea is to exploit this to choose a convenient labelling. What is crucial is
that we can do this in such a way that the Nth population process is embedded in the (N + k)th for
all £ > 1.

First consider N = 2. The convention of Donnelly and Kurtz is to draw time horizontally and so
we do that here. In our original graphical representation of the Moran model we would have drawn
arrows in either direction (pointing up or down) at exponential rate one. We're now going to insist
that all arrows point down. The time to the most recent common ancestor will still be exponential
with parameter one, but the type of that ancestor will necessarily be the type of the individual at the
lower level. Provided that the types of individuals at time zero were allocated in such a way that the
distribution was the same even if we permuted the labels, then the distribution at time ¢ of types under
this model is the same as under our original labelling in the Moran model.

Now add another individual at ‘level 3’. Again in our original graphical representation there would
have been arrows both up and down between each pair of levels, now we insist that all arrows point
downwards. So arrows emanate from level 3 at a total rate of 2 (one for arrows to level one and one
for arrows to level two). Notice that the time until the first merger of ancestral lines is the minimum
of the three exponential random variables that we have and that it is equally likely to be any of the
three pairs of lineages that is involved in the merger. Once again, provided that the original allocation
of types is such that the labels don’t matter, the distribution of types at any future time ¢ under this
‘lookdown’ model is the same as under our original Moran model. All we have done is change the
labels.

In general we have the following picture. Recall that the stochastic process that records the times at
which an exponential clock with parameter A rings - that is the intervals between times are independent
Exp(\) random variables - is called a Poisson process with rate A.

Definition 2.1 (The N-particle lookdown process) The N-particle lookdown process will be de-
noted by the vector ((1(t),...,¢n(t)). Each index is thought of as representing a ‘level’. The evolution
of the process is described as follows. The individual at level k is equipped with an exponential clock
with rate (k — 1), independent of all other individuals. At the times determined by the corresponding
Poisson process she selects a level uniformly at random from {1,2,... k — 1} and adopts the current
type of the individual at that level. (Her level does not change.)

Remark 2.2 Since the minimum of (k — 1) independent Exp(1) random variables is Exp(k — 1), the
rate in the Poisson process is exactly that dictated by there being a lookdown event between any two
levels at rate one. When such an event takes place it is equally likely to be any of the (k — 1) Exp(1)
clocks that has rung, hence the uniform selection from levels 1,... k — 1.

Notice that the N-particle lookdown process is embedded in the (NN + k)-particle lookdown process for
each k > 1. Moreover, since we already said that the genealogy of a sample of size n from the Moran
model is an n-coalescent and since we’ve seen that the genealogy of the first n levels in the lookdown
process is also an n-coalescent, with this labelling we have a nice consistent way of sampling from a
Moran model of arbitrary size.

The genealogy of the sample is that of the first n levels in the lookdown process. And the evolution
of those levels does not depend on the population size - because we only ever ‘look down’ we don’t see
the population size N at all. Indeed it could be arbitrarily large. So can we make sense of taking the
limit as N — oo0? The substance of Donnelly and Kurtz’s paper from 1996 is that we can. Our next
task is to identify the limiting population model.

Evidently if the population size is infinite it is not going to make sense to talk about the ‘number’
of a-alleles, but we can talk about the proportion. We’re going to find a way to characterise the way
that proportion evolves in the infinite population limit. To do this we need one more concept.
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We'll call a continuous time Markov process { X }+>0 time homogeneous if the probability of a given
transition in the time interval (¢,¢ + s) is independent of ¢. (Transitions can still depend on X, but if
X, = x say, then they depend on X; only through x, not through the time ¢.)

Definition 2.3 (Generator of a continuous time Markov process) Let {X;}:>0 be a real-valued
continuous time Markov process. For simplicity suppose that it is time homogeneous. For a function
F e [ (Xsr) — f(a)|Xo = o
. Elf(Xst) — f(@)|Xo =2
Lite)=m 5
if the limit exists. We’ll call the set D(L) of functions for which the limit exists the domain of £ and
the operator L acting on D(L) the infinitesimal generator of {X;}>o.

The point is that if I know £ then I can write down a differential equation for the way that E[f(X})]
evolves with time. If £f is defined for sufficiently many different functions then this completely char-
acterises the distribution of {X;}+>0.

Example 2.4 (The Moran model) Suppose that a population of N genes evolves according to the
Moran model and write {p;}+>0 for the stochastic process that records the proportion of a alleles. Then

c16) = (5 )t =n) (F0+ 3 - 500) + (5 )t =) (0= ) - 10)).

The transitions of the Moran model take place at the points of a Poisson process with rate (g ) and at
the time of such a transition, the change in the proportion of a alleles is determined by the embedded
chain given in Example 1.6. Thus if the proportion of a alleles is initially p, then at the time of the
first transition

1
1
PP with probability p(1 — p)

and there is no change with probability 1 — 2p(1 — p). The chance that we see a transition in a time
interval of length §t is

@7) 5t + O((6t)?)

and the probability of seeing more than one transition is O((6t)?). Putting all this together gives that
for f:[0,1] - R and p = & for some i € {0,1,..., N}

ci) = tim = {(5)0 o= DI+ ) 4000 = = )+ (L2000 - )1 0)

+ (1 - (JD&) 1) +O((51)?) ~ 1 (v) }
1

(Z)m —p) <f(p+ %) - f(p)) + (J;[)p(l —p) (f(p N f(p)> '

To see what our population process will look like for large N we take f to be twice continuously
differentiable and use Taylor’s Theorem to find an approximation for £f. Thus

£i) = (5 )p=p(10)+ L)+ 3" 0) + Olga) -~ 1)
1
e

1)~ 3 F )+ 5 £ 0) + Ol) — 1)

= (- P)F () + O,
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It is reasonable to guess then that for the infinite population limit,

SEF =2 =501~ P ()
t=0

The next question is, is there a Markov process for which this is true? The answer, it turns out,
is yes. The limiting process is a well-defined continuous time, continuous space Markov process. In
the lookdown process, p; corresponds to the limiting proportion of a-alleles at time ¢t as we let the
number of levels tend to infinity. The lookdown construction allows simultaneous construction of
the limiting process {p:}+>0 and the genealogical trees relating individuals in the population. Thus
although it doesn’t really make sense to talk about individuals in our model for proportions, the
lookdown construction says that we can still think of them as being there and moreover their genealogy
is governed by Kingman’s coalescent.

The limiting process {p: }+>0 is called the Fisher-Wright diffusion and now we’re going to step back
from genetics for a while to learn a little about diffusions and how to calculate quantities relating to
them.

3 Diffusions

A diffusion process { X} }+>0 is a continuous space and time Markov process which traces out a continuous
path as time evolves. So at any instant in time it is a continuous random variable but also any realisation
of {X¢}+>0 is a continuous function of time.

Definition 3.1 The transition density function of {Xi}i>o is the function p : Ry x R x R — R for
which

PIX; € AlXo = ] = PulX, € A = [ plt.,)dy
A
for any subset A C R.

The existence of such a function is guaranteed for all the processes that we consider here, but the
proof of that is beyond our scope. Notice that p(t,z,y) is just the probability density function for
the position of X; given that Xy = 2. One can consider more general processes, but we consider only
time-homogeneous diffusions so that

PXits € Al Xs = 2] =P[X; € A|Xp=2] Vs>0,VzeR.
The Markov property tells us that for s < ¢
P.[X: € A{ X, o<r<s] = P[ Xt € A| XS]
A useful consequence of this is the following.
Lemma 3.2 (The Chapman-Kolmogorov equation) For s <t, z,z € R xR
pt2) = [ plt s y)p(s.9.2)d

“Justification”: For any set A C R, an extension of the Partition Theorem tells us that

P[X, € A] = /R P[X, € A|X, = y[P[X, € [y y + dy)
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and since A is arbitrary the result follows.

The most fundamental example of a diffusion process is the process known as Brownian motion.
The simplest way to think of Brownian motion is as a rescaling limit of random walk. So let {Z;};en
be independent identically distributed random variables with P[Z; = 1] = 3 = P[Z; = —1], and let
Sn = > 11 Z;. Taking Sy = 0, {Sn}n>0 is the process known as simple random walk on Z.

Now consider the rescaled process (in continuous time)

n _ 1

B! N

St

where [nt] denotes the integer part of nt. The rescaled process Bgn) is again a random walk, but it
takes steps at time intervals of length % and the size of each step is :tﬁ.
As n — o0, by the Central Limit Theorem

B™ — B, ~ N(0,1).
)

Moreover, since the steps taken by the random walk in disjoint time intervals are independent, Bi" —
Bﬁ”) is independent of B§") — Bén) for 0 < s < t and this independence is inherited by the limiting
process. And of course, again by the Central Limit Theorem, B; — Bs ~ N(0,t — s). This is enough to
uniquely identify the process and so we make the following definition.

Definition 3.3 (Brownian motion) The real-valued stochastic process {Bi}i>0 is a Brownian mo-
tion if

1. For each t > 0 and s > 0, Biis — Bs has the normal distribution with mean zero and variance
ot for some constant o.

2. For each n > 1 and any times 0 < t; < --- < t,, the random variables {B;, — By, ,}7—, are
independent.

3. By =0.
4. By is continuous in t > 0.

Remark 3.4 1. The third condition is a convention. To construct Brownian motion starting from
a point x just take x + By.

2. Our derivation from simple random walks led us to standard Brownian motion in which o? = 1.
The Brownian motion with variance parameter o® described above is just a time change. If
{Bt}t>0 is a standard Brownian motion, then {By2;}i>0 is a Brownian motion with variance
parameter a?.

3. Continuity of the paths of Brownian motion is in some sense a consequence of the first three
conditions, but we should like to specify once and for all that our Brownian motion has continuous
paths.

4. Although the paths of Brownian motion are continuous, this does not mean that they are in any
other sense nice. For example they are nowhere differentiable. For intuition it is probably best to
think about infinitesimal random walks.
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One can also introduce a drift - or a bias - into the Brownian motion. If we replace the first condition
by Biys — Bs is normally distributed with mean pt and variance o2t we arrive at Brownian motion
with drift. It is easy to check that this process is just ut + B; at time t.

In a general diffusion, the parameters ;. and o2 are allowed to depend on the spatial positon of the
process. We assume that they are sufficiently nicely behaved that over an infinitesimal neighbourhood of
the point x they are approximately constant. Then for an infinitesimal time increment dt we expect the
increment of the diffusion, which we denote by §X, to be approximately N (u(z)dt, o%(x)dt) distributed
so that locally the process behaves like Brownian motion plus drift. Then

E[6X] = p(z)ot, wvar(6X) = o(x)dt

(and so E[(0X)?] = o?(z)dt + O((6t)?) and E[(6X)*] = O((6t)?) for all & > 3). We don’t actually
require normally distributed increments for what follows, these consequences suffice.

Example 3.5 1. For standard Brownian motion p =0, o = 1.

2. For the diffusion limit of the Moran model (reverting to our notation p in place of x), E[p(t +
5t) —p(t)] = 0 (since the positive and negative increments in p are equally probable) and so p =0,
whereas

Elote-+ 60~ ) = 'y )t-20(1  5) 73 = (1 = Pl

so o2(p) = p(1 —p).

So given the ‘drift’ and ‘diffusion’ (or ‘variance’) coefficients y(x) and o%(x), can we say anything about
the transition densities for the diffusion? That is can we pass from knowledge of the local (infinitesimal)
behaviour to knowledge of the global?

We are going to assume that the transition densities exist and are twice continuously differentiable
in t. This is certainly true if u(z) and o?(x) are smooth functions of z, but the proof of this is beyond
our (analytic) scope.

We're going to write (a,b) for the state space of the diffusion. For Brownian motion this is R, but
for many of our genetic examples it will be (0,1).

Our first calculation is analogous to that performed for the Moran model at the end of §2. Let us
write

u(t, z) = E[f(X:)|Xo = 2]

where f is a fixed real-valued function.
Since the diffusion has continuous paths, u(0+,z) = f(x). We're going to establish a differential
equation for u(¢,x). Our starting point is the Chapman-Kolmogorov equation.

u(t +6t,z) = E[f(Xesst)| Xo = 2]
p(t+6t,z,2) f(2)dz

(/ (5, z, y)p(t, y,z)dy) F(2)dz

p(6t,z,y) </p(t, Y, Z)f(Z)dZ) dy

p(t, z, y)u(t,y)dy.

|
\\\\
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Now let’s rewrite y rather more suggestively as x 4+ dx. Then the right hand side above becomes

u(t+dt,z) = /p(ét, x,x + ox)u(t,z + dz)d(dz)

T 2
= /p(5t, z, x4 0x) {u(t, z) + oz (¢, ) + (52) u”’(t, ) + O(((Sm)3)} d(dx)
= ult, @)+ () E[5X] + %u”(t, DE[(6X)Y + OE[(6X)3)).

So
u(t 4 ot,x) —u(t, x)

ot
Letting 6t — 0 yields Kolmogorov’s backward equation,

= p(z)u'(t,z) + éaQ(x)u”(t, x) + O(6t).

1
—:uu+§au. (4)

Of course, setting t = 0, u(0,z) = f(z).
Since this equation holds for all choices of f we can deduce that it is also true for p(¢, z,y), so we
have

Lemma 3.6
1, . 02

2 plt2,) = pla) 2oplt 2, ) + Lo (w) ol ) o)

and p(0,z,y) = 0.

The object §, is not a function, it is what I’d call a point mass - often called the Dirac delta function.
It’s just defined by

/ FW)baly)dy = £(z)

for all functions f. The reason that equation (5) is referred to as a backward equation is because it tells
us about the relationship between ¢ and the initial point for the Markov process, x. From the point of
view of X; this is backwards.

In some settings it is natural to think about the relationship between ¢ and y. To uncover such a
relationship we once again use the Chapman-Kolmogorov equation. Note that

p(t+s,z,2) = /p(s,w,y)p(t,y, z)dy (6)

depends on s and ¢ only through s + ¢ so the derivative with respect to s is the same as the derivative
with respect to t. Applying this to the right hand side of (6) gives

Op - dp
/as(s,x,y)p(t,y,Z)dy = /p(s,x,y)(%(t,y,z)dy

9] 1 ,0?
= [ s ) g ) + 50" S ).
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We now integrate by parts and use ’ to denote differentiation with respect to y to obtain

[ Blsaptndy = s, putoptn 20k~ [ pis.o0)) ot 2)dy

1 1

5o wPpls ) S A~ [ 5 (0wPo(s o) Sy

= [p(& z, y)u(y)p(t,y, 2) + %U(y)Qp(& z, y)?;(t, Y, 2)

- % (o(v)*p(s.2.)) p(t,y. Z)]Z

—/(u(y)p(s,:v,y))’p(ty, Z)dy+/; (0(v)*p(s,2,1))" p(t,y, 2)dy.

Now if the boundary terms vanish, this gives

/gi(sw,y)p(t,y, z)dy :/{ = (u(y)p(s, 2,9)) p(t,y, 2) + % (o(0)*pls,2.))" o(t . 2)dy.

Taking ¢t = 0 (or rather letting ¢ | 0 we deduce that

Lemma 3.7 5 P 52
ap _ 0 Lo (o)
95 (50 8) = =5 (WIp(s,2.9) + 555 ()

p(s,2,9) (7)
Equation (7) is known as the Kolmogorov forward equation.

What about the boundary terms that we have neglected? In most cases of practical interest -
including all the ones that we’ll encounter in this course - they can be ignored. To see why, suppose
that z is not a boundary point and consider what happens to p(t,y, z) as t — 0. We already said that
this will be a delta-function at y in the limit. So if y is a boundary point, p(t,y,z) — 0 for z not in
the boundary. Similarly, its derivative will vanish (provided that our coefficients p(x) and o(x)? are
not too horrible.

Again forward equation refers to the fact that we have established a relationship between ¢ and the
density function for the Markov process at time ¢ at the point y - so forwards in time for the Markov
process.

Notice that the forwards equation is meaningless unless u(x) and o?(z) are differentiable. There is
no such restriction for our backwards equation.

Before exploring the ramifications of the backwards equation, we’re now going to look at some
things that we can calculate from the forwards equation without actually explicitly calculating the
transition probabilities.

Example 3.8 Consider a simple model for population growth: the simple birth and death process.
FEach individual in a large population is equipped with two exponential clocks, one of rate A, one of rate
. If the rate p clock rings first, then the individual dies, whereas if the rate A clock rings first then the
individual splits into two. The offspring go on to evolve independently of one another in the same way
as their parent. Assuming that the population is large, how does its size evolve with time.

Solution. We are going to suppose that the population size is measured in terms of very large units N
and look at its evolution over very long timescales which we’ll also measure in units of size N. Unless
A— s (9(%) (in these units) the population will either die out very quickly or grow very quickly, so
assume that N(A — p) =band A+ pu = 2a+ (’)(%) for some constants @ and b. Let’s consider what a
diffusion approximation to this model would look like.
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So denote the population size at time t by X;. Then there are NX; individuals alive at time t.
Since we are measuring time in units of size N, the chance for each individual that their ‘death clock’
goes off in the next §t of time is Nudt and similarly the probability that their ‘birth clock’ goes off is
N Aot. So if we write AX for the change in population size over the next §t of time, the chance that
AX = —4 is NX; - Nudt + O(6t%) and the chance that AX = & is NX; - NASt + O(5t2) The chance
of a change bigger than this is O(6t?). Thus

E[AX] = %NXt - NGOt — %NXt - Nudt + O(6t%)
= N\ — p) X6t 4+ O(6t?)
= bX;0t + O(t?).
E[(AX)?] = %NXt - N6t + %NXt - Npdt + O(6t%)

= 2aX,0t + O(6t%).

The diffusion approximation will therefore have infinitesimal mean and variance b.X; and 2a.X; resepc-
tively and the corresponding backward equation is

0 0 0?2
ap(t, T,y) = bw%p(t, z,y) + aw@p(t, T,y).

The forwards equation is

2
;p(t,ﬁf,y) - _88?4 (yp<ta .’L',y)) + 88?42 (ayp(tvxa y)) : (8)

Let’s write M (t) for the expected population size at time ¢, that is

M(t) = /OOO yp(t, z, y)dy.

Multiplying both sides of (8) by y and integrating over [0, 00) we have

oo 2

M'(t) = —b/ooo y;; (yp(t,w,y))dera/O yafyg(yp(w,y))dy-

Now integrate by parts on the right hand side.
M) = =by’p(t,z,y)], +b/ yp(t, z,y)dy

—i—a[yaa (yp(t,z,y) } / (yp(t,z,y)) dy

= DM (t) — alyp(t, z, )]
— bM(1).

We have used the fact that p(¢,z,y) — 0 very fast at infinity. This can be proved, but for this course
we take it on trust. The point is that since our ‘drift’ and ‘variance’ are both finite, the chance of
getting to y in time ¢ decays exponentially as ¢ — co. (You can cite this result in the course if you
need it.)
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So M'(t) = bM(t) or MO = M)
t) = 0)e.

Similar manipulations give that the variance in the population size is proportional to %“ebt(ebt —1).
Notice that at no point did we actually calculate p(t, z,y) itself. O

Before exploring some of the consequences of the backward equation, let’s do one more example
with the forward equation. First we need to recall another notion from Markov chains. For a Markov
chain X with transition matrix P, let us write

Y = P[Xp =]
= ) PXpp1 = j|Xn = i|P[X,, = i]

(2
= > pym”,
A

so that 7("t1) = z(") p.
In many examples as n — oo the number of visits to each site before n, as a proportion of n, of a
typical realisation of the chain converges to a deterministic limit obtained by solving

T =mP

and normalising so that the sum of the entries in 7 is 1. The resulting vector of probabilities, 7, is called
a steady state or stationary distribution for the system. Results which relate steady state probabilities
to frequency of visits in realisations of Markov chains are called ergodic theorems. If there is a unique
steady state then, no matter what the initial condition, the chain eventually settles down to that steady
state in the sense that if I look at a very large time, the probabilities for being in the different states
are given by the vector .

Ergodic theorems are certainly not valid for all Markov chains. There are essentially two things
that can go wrong:

1. The first is obvious - they can have ‘traps’. For example, the states can split into distinct groups
in such a way that the system cannot get from one group to another. So we require that the
chain has the property that every state can be reached from every other state (in one or more
transitions). Such a chain is said to be irreducible.

2. The second barrier is more subtle. It may for example be the case that for some initial states,
the possible states split up into two groups - one visited only at even times and the other only
at odd times. (This is the case for simple random walk on Z.) In general there may be states
that are only visited by the chain at times divisible by some integer k. A Markov chain with this
property is said to be periodic. We require that the chain is aperiodic - that is there are no states
with this property for any k =2,3,....

Notice that our basic Moran and Wright-Fisher models both get trapped in 0 and N, so that they are
not irreducible. However, if we add mutation between types then there is a stationary distribution and
in the case of the Moran model it can even be found explicitly.

Theorem 3.9 If a Markov chain with a finite number of states is irreducible and aperiodic then it has

a unique steady state probability vector ™ such that m = 7P. As n — oo the probability vector (™

tends to m independent of the initial vector (9.
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We'd like to formulate something similar to this result for diffusion processes. Now we have a continuous
random variable at each time, so it makes sense to consider not the probability mass function (w(") in
our Markov chain world) but rather the distribution function. So let’s write

F(t,z,y) =P[X; <y|Xo=1z] = /y p(t, z,u)du.
—00

This plays the role of 7#(™ in the diffusion world and if there is an analogue of Theorem 3.9 then
for very large times, irrespective of z, the distribution function of X; should converge to F(y) =
limy o0 F'(t, z,y). Our aim now is to identify F(y).

In the Markov chain world, m was fixed under the forwards in time evolution of the probabilities.
In the diffusion world it is the Kolmogorov forward equation that tells us how F(t,x,y) evolves with
time. So recall the Kolmogorov’s forwards equation

2
9 gy = — 2 (uplt e, ) + -2 (P )p(tay)) -

ot y 2 Jy
So now we integrate %p(t, x,u) with respect to u to obtain
0 y 0 1 02
-y - - =7 (o (u)plt
gt = [ {5 )+ s 0 wp(ea) fao o)

Y

(02 (u)p(t, x, u))]

—00

= —u(ypt z,y) + (o*(y)p(t,2,y)) + boundary terms.

29y

If the system settles down to a steady state, then %F(t,az,y) — 0. If we write p(y) for the limiting

density function (if it exists), so p(y) = lim;—o p(t, x, y), then

1d

—u(y)p(y) + Sy (*(W)ply) =C,

where C' is a constant. It turns out that unless C' = 0 we can’t arrange that [ p(y)dy = 1, so take
C' = 0 in what follows. Then the equation is easily solved:

() = S ep (2 /77 ! i) dz) . (10)

a?(y) o?(2)
We just fix any point 7 in the domain of X; for the base of the indefinite integral and then fix the
constant so that [ p(y)dy = 1. So if a stationary distribution exists for the diffusion, its density function
will be given by (10). We did not need to find p(¢, z,y) at a finite time to determine this.

One way to think about the calculation that we just did, which was very popular in the ‘classical’
mathematical population genetics literature, is in terms of probability flux. The left hand side of (9)
is the rate at which probability ‘flows’ from left to right through the point y, that is the ‘probability
flux’ through y. In the stationary state the ‘flux’ is zero.

4 Speed and Scale

We’re now going to turn to the ramifications of the backward equation. But in exploiting the backward
equation we are going to turn to our advantage a technical point that so far we have washed over.
Consider the backward equation

ou ou 1, 0%
e —u(a:)%—l—ia (37)@ (11)
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in an open interval (a,b) which may be finite or infinite. We have already seen that if p(¢, z,y) are the
transition probability densities for our diffusion (with (a,b) a subset of - or equal to - the state space
of the diffusion) then

ult, x) = / p(t, 2, y)u(0, y)dy = Efu(0, X,)] (12)

yields a solution to (11). If 4 and o2 are sufficiently regular that the forwards equation makes sense,
then there is a unique minimal function p(¢,z,-) such that (12) yields a solution to (11). The catch
is that for fixed t,z, the kernel p(¢,z,-) may represent a defective distribution, that is it may not
integrate to one. (The backward equation also has minimal solution p(t,-,y).) The backward equation
only determines the process uniquely when the minimal solution is not defective. In all other cases, the
nature of the process is determined by additional boundary conditions. These are most easily thought
of in the context of simple random walk on Z,. If you think of ‘gambler’s ruin’ in which a player
repeatedly plays a game in which he wins £1 with probability p and loses £1 with probability 1 — p,
independently on each play, with the rule that he must stop playing when his fortune reaches £ 0, then
0 is an absorbing barrier for the Markov process which tracks his fortune. If instead the random walk
is instantaneously returned to position 1 when it hits zero and the process continues forever, then 0 is
a reflecting barrier.

Boundary conditions appear if and only if a boundary point can be reached - a well defined concept in
diffusion processes because of continuity of sample paths. In some diffusion processes, with probability
one, no boundary point is ever reached (this is the case for Brownian motion on R). Then the minimal
solution stands for a proper probability distribution and no other solutions exist. In all other cases,
the minimal solution regulates the process until a boundary is reached. It corresponds to absorbing
barriers, that is it describes a process that stops when a boundary point is reached. This is the most
important type of process, not only because all other processes are extensions of it, but even more
because all first passage probabilities can be calculated by artificially imposing absorbing barriers.

Here is the sort of question that we might want to solve in genetics: Suppose that our population
has two alleles, a and A, with the initial frequency of a alleles given by p. What is the probability that
the frequency of a alleles hits zero before it hits one? In other words, assuming that there are no new
a alleles being produced by mutation, what is the probability that the a allele is eventually lost from
the population?

We assume that the frequency of a alleles follows a diffusion process with absorbing barriers at zero
and one. Write Py(p) for the probability of absorption at X = 0 if initially X¢ = p and P;(p) for the
corresponding probability of absorption at X = 1.

Let’s write

F(t,p,x) = /0 p(t, z,y)dy.

Integrating the backwards equation gives

o T _ z 9 1 5 T 92
5 | pternay =) [ Sottpdy+ 5o%w) [ vt

that is
2

0 0 1 0
—_F = —F Zo(p)=—F .
5L (1P, ) u(p)ap (t.p,2) + 50 (p)8p2 (t,p,x)

Now we let x = 0+.

F(t,p,0+) = P[at time ¢, X has been absorbed at 0] = Py(¢,p).
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In this notation,
2

3} 0 1 0

— Pyt —P(t, Py(t,

g Lo(t:p) = mm%o<m+a<520<m
Now letting ¢t — oo, Py(t,p) — Po(p) and %Po(t,p) — 0 and, at least formally,
ar,
dp

d’P,
@ﬂm,

o*(p)

0= pu(p) (m+§

with boundary conditions Py(0) = 1 and FPy(1) = 0. The solution is easily obtained: we have a first
order equation for dd%(p) with solution

dcgo( ) = Const exp (‘2 /p :2((2)) dz>

and using the boundary conditions, provided that the denominator is finite we have
1
fpexp( 2fy“ dz)dy

fol exp (—2 Y ;;2((2)) dz) dy

Po(p) =

Similarly for P;(p) we obtain

JPexp (=2 [V H2dz) a
fol exp (—2 v U’é((zz)) dz) d

Notice in particular that if fol exp( 2 Y :2(2) dz) dy is finite then Py(p) + P1(p) = 1. That is, the
probability of going on for ever, never reaching 0 or 1 is zero.

Pi(p) =

Definition 4.1 For a diffusion X; on (a,b) with drift and variance u and o2, the scale function is

defined by N
S(z) = / e <— /n ! 3‘58 dz) dy,

where xg, n are points fized (arbitrarily) in (a,b).

Lemma 4.2 If a < ag < Xg < bg < b then the probability of X; hitting ag before by is

S(bo) — S(Xo)
S(bo) — S(CLQ) ’

Proof. Mimic what we did above but with ag, by ‘artificial’ absorbing boundaries. O
Remark 4.3 Notice that n cancels in the ratio and xq in the difference.

This tells us the probability that we exit (a,b) for the first time through a, but can we glean some
information about how long we must wait for X; to exit the interval (a, b) (either through a or b) or, more
generally, writing 7 for the first exit time of (a, b), can we say anything about E| fOT* 9(Xs)ds| Xy = p]?
(Putting g = 1 this gives the mean exit time.) Let us write

N
w(p) = E[ /0 9(X5)ds| Xo = p)



Diffusion process models in mathematical genetics. AME

and we’ll derive the differential equation satisfied by w.

20

We assume that g is continuous. First note that w(a) = w(b) = 0. Now consider a small interval of
time of length h. We're going to split the integral into the contribution up to time h and after time h.

Because X; has no memory, (more mathematically, because {X;};>0 has the Markov property),

E[/hT 9(X,)ds|X), = 2] = E[/OT 9(X,)ds|Xo = 2] = w(2)
and so fora <p < b ,
wp) =Bl 9(X0)dslXo =] + Blw(Xy) Xo = 1L
Since g is continuous and the paths of X are continuous we have the approximation
B[ 006610 = 51 = hatp) + 00
and just as in our derivation of the backward equation
Elw(Xp)[Xo=p] = Elw(p+ AX)[Xo=p]
= Efw(p) + AXw'(p) + %(AX)Qw”(p) + O(AX?)]
= wlp) + plp)!(p) + S0 ()’ () + O(R2).

Combining (15) and (14) with (13) we see that

u(p)w'(p) + %02(29)10"(10) +9(p) = O(h),

so that letting h — 0, w satisfies

pp)w'(p) + %UZ(P)M”(Z)) =—9(p), w(a)=0=w(b)

Let us now turn to solving this equation.

(15)

(16)

As in our derivation of the scale function it is convenient to fix € (a,b). Then using an integrating

factor, we rewrite (16) as

£ o[ 2 t0) ([ 20
() = [ e - / 2z ) dy

Now recall that

and let us write

1
m@) = )
that is m(x) _ 1 exp </a7 2#(2) dZ)
o?(x) n 02(2) ’
then
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and so
R LN
S @) = =2 [ a©mie)dc+

where (3 is a constant. Multiplying by S’(p) and integrating gives

D £
w(p) = —2 / 5'(6) / g(mym(n)dndé + B(S(p) — 5(a)) + a

a

for constants «, 3. Since w(a) = 0, we immediately have that a = 0. Reversing the order of integration,
P[P
wp) = =2 [ [ S ©dcglmmnin+5(5(r) - S(@)
a Jn
P
(S

- / (p) — S(m)g(mym(n)dn + B(S(p) — S(a))

and w(b) = 0 now gives

Finally then

b
o) = g (S0 = 5@) [ (56— smatmmnar

P
H(S(0) = S) [ (S = S(a)glnmln)dn}

where the last line is obtained by splitting the first integral into fab = fpb + [

Now recall that P,(p), the probability of exit through a, is given by SO=50) 4nd Py(p), the

S(0)—5(a) 5(b)—5(a)
probability of exit through b, is S(i)_ 5(a) and so

b D
w(p) = 2Py(p) / (S(6) — S(m))g(mym(n)dn + 2Pa(p) / (S() — S(a))g(nym(n)dn.

Notice that this expression was found without ever explicitly calculating the transition densities for
X;. We have proved the following;:

Theorem 4.4 For a continuous function g,

Tx b
E| /0 9(X.)ds| Xo = p] = / Glp, €)9(€)de,

where for a < p < b we have

G(p, &) = { 2W(S(b) —S())m(§), forp<&<b
(

(a))m(), fora <& <p,

==
N
—~
mn
N~—
|
nn

with S the scale function given in Definition 4.1 and m(€) = —ecrs

a?(§)S'(§)”
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Definition 4.5 The function G(p,§) is called the Green’s function of the process X;.

By taking g to approximate 1;, », we see that f;f’ G(p, £)d¢ is the mean time spent by the process in
(1, x2) before exiting (a,b) if initially Xg = p. Sometimes, the Green’s function is called the sojourn
density.

If a process has linear scale function, S(£) = £ + Const, then its exit probabilities are exactly as for
driftless Brownian motion. The function m(§) = W reduces to a%(f) and can be thought of as a
measure of the ‘speed’ of the process - by a random time change such a process becomes a Brownian
motion and the time change is determined precisely by this a%(g) which tells us how fast the clock

should run. To see this heuristically, notice first that since

d
£f(x) = SEL(X)|Xo = ]
if we perform the timechange ¢t — «at for some constant « then by the chain rule, £L — af. So if

a process is in natural scale, since its generator is of the form %02(30)%, the timechange that will
transform this into Brownian motion (whose generator is %j—z) should locally look like ——.

x o?(x)
Definition 4.6 The function m(§) =
of the process X;.

7021(5) is the density of the speed measure or just the speed density

(Some textbooks define the speed measure to be twice this. We have followed Karlin & Taylor.) A
fundamental fact about one-dimensional diffusions is that by first transforming space using the scale
function, so considering S(X;) and then changing time via the speed density, we obtain a Brownian
motion. Conversely, we can obtain a copy of the diffusion from Brownian motion by first changing time
and then applying the inverse of the scale function.

Now that we are able to calculate quantities for the diffusion, let’s check that in our genetic context
it makes good predictions about our population models - at least for large populations.

Example 4.7 Consider the Wright-Fisher diffusion with generator

LFp) = o0~ )" ().

Notice that since it has no drift term (u = 0) it is already in natural scale, S(x) = x + Const.. What
about E[T*|?

Using Theorem 4.4 with g = 1 we have

T 1
BT = E[ /0 1ds| Xy = p] = /0 Glp. &)de

! 1 P 1
= 2 [ -9+ [ 0 peg e

' Pl
= o | gier20-p) [F e

= —2{plogp+ (1 —p)log(l—p)}

exactly as in Example 1.8. O
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5 Selection and Mutation

The genetic models that we have considered so far have been very simple - all individuals in the
population are equally fit and each individual passes on its exact genetic type to its offspring. Of
course reality is not quite so straightforward. In this section we're going to increase the biological
sophistication. The role of our Wright-Fisher and Moran models will now be to identify the appropriate
diffusion approximation for large populations. Once we have obtained the diffusion approximation we
can use the technology developed in the last section to make statements about the behaviour of the
diffusion and hence about the approximate behaviour of large finite populations. Once we introduce
these more realistic biological features the calculations become impossible in the Wright-Fisher model
and although we can sometimes obtain expressions from the Moran model, these tend to be so complex
as to obscure the real effects of the different genetic processes.

Any biologist would start from a Wright-Fisher model, so let’s do the same thing here. For simplicity
we’re going to model N haploid individuals, that is each individual in our population carries exactly one
copy of each chromosome so that an allele can be identified with a single unique parent in the previous
generation. The extension to diploid populations like our own in which chromosomes are carried in
pairs is discussed on the problem sheet. The extra ingredient is that the reproductive success of an
allele - which is how we measure its fitness - can depend on which allelic type it is paired with in the
diploid individual.

We are going to assume that the a alleles and A alleles have relative fitnesses 1 + s : 1. What do
we mean by this?

The basis of the Wright-Fisher model is that during reproduction each individual produces an
essentially infinite number of offspring and it is from these offspring that the new generation is sampled.
The proportion of types in the effectively infinite pool of offspring in the neutral world is exactly the
same as in the parental generation, but in the selective world, if there are i a alleles and N —i A alleles
in the parental generation then the pool of potential offspring will have a proportion

(1+s)i
(1+s)i+N—1

of a alleles.

This accounts for selection, but we should also like to take into account mutation between types.
So suppose that during the reproductive step each type a individual from the pool mutates to a type
A with probability v and each type A mutates to a type a with probability v. then the proportion of
the pool of potential offspring which is type a after selection and mutation is

(1+s)i N —i
1- .
it S Al s prape rpry vt

i =

From this pool of potential offspring we sample the next generation. So if the current number of a
alleles is 4 (in our population of size N), then the next generation will contain exactly j a alleles with
probability

N\ . A
pij = (j >¢f-(1 — i)V

Looking at the form of ¢; and p;; it is already clear that it is going to be hopeless to try to find explicit
formulae for quantities of interest for this chain. So we’re going to look for a diffusion approximation,
valid at least for large V.

Now in many interesting cases s, u and v are all O(1/N) and so we’re going to write

a=DNs, pp=2Nu, pus=2Nv.
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The 2’s are convention which lead to the % in Bob’s /2 mutation rate along the branches of his
coalescent tree. [Often you'll see the equivalent rescalings with N replaced by 2N. This corresponds
to modelling a population of N diploid individuals as though they were 2N haploids.]

So what will the diffusion approximation look like? We will model the proportion of individuals
of type a rather than absolute numbers - because we want to pass to the infinite population limit.
Moreover, as usual - going right back to our discussion of Kingman’s coalescent - we’ll measure time
in units of N generations.

To identify the appropriate diffusion we need to establish E[Ap] and E[(Ap)?] where Ap is the change
in the proportion over a time interval of length At as At — 0. Just as in Example 3.8, our example of a
diffusion approximation to a population growth model, we take At = %, i.e. one generation. Since the
number of type a individuals in the new generation is binomial with N trials and success probability
i, we have

E[Ap] = (Nt — i) = AH(N; — i)

Substituting
Ni(1+ )1 - 5% N —i)&2
oy = MR g (=08
N+ 4 N+ ¢
_ Ni+ai—%i+%(]\f—g)—m—%f—azf;y
N+ %
1 i2 p1 1 L2 1
= —_ |-y = —
O‘(N N2) 2N+2< N)+O(N)
H1 H2 1
= 1—p)—Ep 4+ 221 — il
ap(l—p) = o+ 5 (1 -p)+0(5)
(where we have used that 0 < i < N).
Similarly,
1
E[(Ap)] — (E[Ap])? = 3z Nei(1 — i)
and since )
Y= 5 +0(3)
"N N

(where again we have used that 0 <17 < N) we have
1 7 1 1
var(Ap) = N <N(1 — N) + O(N)>
1
= Atp(l—p)+ O(N)At.

As N — oo then we see that the limiting diffusion has drift

u(p) = ap(l —p) — %er %(1 -p),

and diffusion coeflicient
a*(p) = p(1 - p).
We are now in a position to calculate exactly as before.
Example 5.1 Suppose that there is no mutation. If the initial proportion of type a alleles is p, what

1s the probability that eventually the a-allele fixes in the population, that is the proportion of a alleles
s absorbed in the boundary point p =179
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Solution. Using Lemma 4.2 (or rather the work immediately preceding it)

J3 exp (—2 [ Hdz) dy
fol exp ( 2 (fQ(é) dz)

Pi(p) =

where 7 is some fixed point in (0, 1).
In this example p = ap(1 — p) and 02 = p(1 — p), so

fé) exp (—2 fny adz) dy

fol exp (—2 fny adz) dy
11_—6;1;((_—220;1))) if a0
D if a=0.

Pi(p)

O
Now typically we think of the a-allele as arising from a new mutation and we ask about its probability
of fixation. Then taking p = % we have

Pl(%) = {

Recalling that a = Ns, we have

exp( 2) . .
(o) N (ep(czay A #0

2‘,_”—‘ =

if « = o.

1 2s
PR~ T apcane))

Now consider the population growth model of Example 3.8 where we now take j = ap, 0> = p. For
p small, p(1 — p) = p and so we might hope that this should be a good approximation to the Fisher-
Wright diffusion for small gene frequencies. Notice in particular, that if we consider our population
growth model only on (0,1) and put an absorbing barrier at 1, then the scale function for the two
processes is the same - it depends only on the ratio i—’; They differ only in their speed measure - so
only through a local time change. For p small, the ratio of the speed measures is close to one and so
the time change makes only little difference. For this reason one often approximates the Fisher-Wright
diffusion for small values of p by a population growth model.

If « is large, the new mutant a has a reasonably good chance of fixing in the population. If it does
so, then we call the process whereby it increases to fixation a selective sweep. A great deal of work has
gone into trying to understand selective sweeps and it is still a ‘hot topic’ in research. As we’ve said in
the early stages, when the allele is at low frequencies, we can approximate its evolution by a population
growth model (which turns out to be much easier to study than the full Fisher-Wright diffusion). Once
established, its probability of fixation is close to one and as you’ll see on the problem sheet it increases
extremely rapidly until it is close to fixation - in fact it behaves quasi-deterministically and during
this middle phase of the sweep it is often approximated by a deterministic logistic growth model. As
it nears fixation, stochastic effects once again become important, but we can approximate 1 — p by a
population ‘growth’ model with a negative drift - so really a model for population decline.

We now turn to the case of non-zero mutation rates. In that case, the diffusion has a stationary
distribution. As we calculated from the forward Kolmogorov equation of §3, the density of the stationary

distribution will be given by
c < / Y 2p(2) >
ply) = exp dz
W=\, @6




Diffusion process models in mathematical genetics. AME 26

Where the constant is chosen so that fo y)dy = 1. Substituting u = ap(l — p) — %p %(1 0.
o = p(1 — p) gives
p(y) = Const.e?®¥(1 — y)1~1yr2=1,

Armed with the stationary distribution we can calculate various ‘summary statistics’ for the population.
A popular one is the homozygosity.

Definition 5.2 Take a sample of size two from the population. The probability F' that they are of the
same allelic type (so both a or both A) is called the homozygosity.

Example 5.3 In the selectively neutral case, at stationarity the homozygosity is given by

_ m(p + 1)+ pa(p2+1)
(1 4 p2) (1 + p2 +1)

A4+p

In particular, if p1 = po = p we have F = 1+2u

Proof. When s = 0 the stationary distribution has density
p(y) = Const.y"> (1 —y)1 1.

This is a beta-distribution and the constant is

I'(p1 + p2)
L(p1)T(p2)

where I' is the usual Gamma function defined by

F(z):/ t*~Le~tdt.
0

(The Gamma function generalises the notion of factorial. In particular, I'(n + 1) = n! and I'(a + 1) =

al'(a).)

If X is the proportion of a alleles at stationarity, then X has probability density function p and

F=E[X?+(1-X)3.

So
Dl tpe) [ - -
~ Dlm+pe) ) - - 2)-
- r(ml)r(uZ)/o {yle L (L =yt gt (1 - ) Dy
_ D+ o) {F(m) (2 +2)  T(u+ 2)F(mU2)}
C(p)D(p2) \ Ty +p2+2)  D(py + po +2)

pa(p2 +1) + pa(pn +1)
(1 + p2) (1 + p2 +1)

O

Notice in this example that if g1 = o = u — oo then the probability of drawing two alleles of the
same type tends to % - just like flipping a fair coin twice.

If one of the diffusions that we are considering in our genetics world admits a stationary distribution

then at stationarity it also has an extremely useful time reversal property: the probability of seeing
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a path from z at time 0 to y at time ¢ is the same as that of seeing the ‘mirror image’ path from y
at time —t to x at time 0. This allows us (at stationarity) to say things about past behaviour of the
diffusion by studying its future behaviour.

To see the role of the stationary distribution in this, let’s concentrate for a moment on Markov
chains. Then if we are trying to trace backwards in time we are trying to evaluate P[Xo = z|X; = y].
Now using Bayes’ rule,

P[XO =T, Xt = y]
P[X: = y]

P[XO = JJ]

PXo=z|X;=y|= PX; =y

= P[X; = y|Xo = 7]

Now if the chain has reached a stationary distribution 7 the right hand side can be evaluated - it is
p(t,z,y)m(x)/m(y). To say that the chain is reversible is to say that
m(x)
p(taxay)i :p(taya :E)v (17)
m(y)
that is, the backwards transitions have the same probabilities as the forwards ones. In the case of
Markov chains, equation (17) is called a detailed balance equation. We should like something similar
to hold in the diffusion setting. To see why it might, we consider the approximating Moran models.
Not all Markov chains are reversible, but the Moran model is just a birth and death process and if
a birth and death process admits a stationary distribution then it is reversible. Let’s check this.
Recall that a birth and death process on {0,1,..., N} is a continuous time Markov process in which
if the current state of the process is i, then after the next transition of the chain its state will be either
i—1 or i+ 1. More precisely,

P[X, 5 =i+ 1|X; =] = biot + O(6t?), i=0,...,N —1,

P[X; 5 =i — 1| X; =] = diot + O@6t?), i=1,...,N,

and
]P)[Xt-i-ét = ]|Xt = Z] = 0(5t2)7 J ¢ {Z -1+ 1}

Lemma 5.4 Suppose that {X;}1>0 is a birth and death process. In the notation above, if {b; fif)l and
{d;}N.| are all non-zero, then {X;}i>0 has a unique stationary distribution 7 given by

_borbirbig

77(1) - dl dgdl W(O)v

where 7(0) is determined by Eﬁio 7(i) = 1. Moreover, {X;}+>0 is reversible.

Proof. To check that this is indeed the unique stationary distribution is on the problem sheet. To see
that {X;}+>0 is reversible, check detailed balance (infinitesimally),

m(i+1) dis16t b;

Sti+1,0) =
p( ) g i

= b;0t = p(dt,i,i+ 1).

O

Unfortunately, time reversal is not immediately useful for several questions of interest in population
genetics because often we are interested in processes for which 0 and/or 1 are absorbing states. In such
cases there is not a reversible stationary distribution, but nonetheless we can sometimes make progress.

Example 5.5 Suppose that in a neutral two-allele model, the a-allele arose as a mutation from an
otherwise pure population of A-alleles. If the current frequency of a-alleles is x, how long is it since
the mutation first appeared in the population?
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Solution. Since there is just the unique mutation that gave rise to our a population and no further
mutation in the model, 0 and 1 are both absorbing states for the frequency of a-alleles. We circumvent
this is two ways. Let’s think about the Moran model. First, whenever the frequency, p of a-alleles hits
zero, we return it to % and start a new process. Backwards in time we’re still just looking for the time
to hit zero. Let’s write € for the rate of transitions 0 — % Now 1 is also an absorbing state and so we
introduce a transition rate dy = €. The new chain is reversible and so we’re looking for the forwards
(equals backwards) time until the frequency of a-alleles is reduced from z to zero. We then let ¢ — 0
to recover the age distribution of the a-allele. The only catch is that we know that p does hit zero, so
we want the conditional distribution of this time if we know that 1 is never reached.

There are two things to calculate. First, what is the reversed diffusion and second how do we
calculate the conditioned diffusion’s hitting times?

The time reversal can be shown to be equivalent to reversing with respect to the speed measure (so
replace m by m in the detailed balance equation). You’ll justify this on the problem sheet.

So how do we condition the diffusion to exit [0,1] at 0 rather than 17

Suppose that the reversed diffusion has generator

1, d*f

£f(x) = 2o?(@) &

a2 P

and let’s write p(t, x,y) for the transition density. It turns out that the process conditioned to hit zero
before one is also a diffusion. Let’s write p*(¢,x,y) for its transition density and work out what the
corresponding generator must be. By Bayes’ rule and the Markov property

. _ p(t,z,y)Plexit at 0 started from y]
prtzy) = .
Plexit at 0 started from x]

B S(1) —S(y)
= plhn) <s<1>—s<>)

and so
S1) =Sy

at a(t)
pUER) S(1) — S(x) ) ot Y

We rewrite the right hand side in terms of %p*(t, x,y) and me *(t,x,y). First note that

(9)’:9’_9f
f [
(where ’ denotes differentiation in x) and

<g>" _9" 2 29(f)* gt

f

;R T pE T

Substituting then

9\ _ Lla(9" 241 2 N2 gf” g gf
‘(f> -9 (f_ [EERE ‘f2)+“(f—f2>
_ 1 *f [ g gf}
= Lo @t + {.f+f2
B l B 2f/ g>/
= Lo L= <f'
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Now set g to be p(t,z,y) and
S(1) — S(=)
@) = o<
S(1) —S(y)
As a function of z, f is just a constant times one minus the scale function and so, in particular, Lf = 0
and of course p* = % and %p* = %Eg. Thus

J B g\ , 2f (g
e = £(7)+ 7 (5)

1 2 82 * * 8 *
- 50- @p (ta$7y) +u % (tax7y)
where
a’f' 2 S'(x)

S N GO R )

We now have the parameters of our reversed diffusion conditioned to exit [0,1] at 0 and all the in-
gredients that we need to calculate the expected age of the allele using our results of §4. The final
substitutions are left as an exercise. O

6 More than two types

So far we have considered only a very special case in which our population is classified into just two
types. The frequencies are then characterised by a one-dimensional diffusion and one dimensional
diffusions are, at least in principle, relatively straightforward to study.

More generally, suppose that our population occurs in K different types. We're not going to
develop the general theory of multidimensional diffusions, but let’s see what happens in a special case.
In particular for the rest of the course all alleles are selectively neutral.

Our starting point is a K-allele version of the Wright-Fisher model. the population configuration
at any time can be described by a vector (X1, Xa,..., Xg) where X; is the number of genes of allelic
type A; and we assume that X1 + -+ 4+ Xxg = N. (Although only K — 1 components are necessary to
specify the vector (X;)X,, it is sometimes convenient to retain all K.)

In the simplest case when all the alleles are selectively neutral and there is no mutation, we have

P[Y; genes of type A; at t + 1|.X; genes of type Aj at ¢, j=1,..., K]

N! Yy, Ya Y
= v VK
where 1); = 31 and S°K Vi = N (the probability is zero if this condition is not satisfied).
If we write p; = % and Jp; for the change in p; from one generation to the next, then given

pP1,---3PK-1,

1 1 ..
E[op;] =0, wvar(dp;) = Npi(l —pi), cov(dp;,opj) = —sz'pj(l #J)

By analogy with what we did in the two-allele case, if we write f(¢,p1,...,px—1;D},.-.,Pk_4) for the
joint transition density function we obtain the Kolomogorov backward equation

of 1 o2 f o
or ~ 2 2P g~ 2 g,

1<j
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Suppose now that A; mutates to A; at the positive rate w;;. Write §;; = 2Nu;; (c.f. §5). Now we have

Elop;] = —pi Z uij + ijuji
j J

11
== iﬁmi(ph"ﬂpf(—l%

where

mi(p1, ..., PK-1) = _pzZ/BU +Zpgﬁgz

and the multi-allelic diffusion has generator

2f >’f 1 df
P i - iPj + —-m; .
Z Pi{ pZQ ; PiPi op, dp; 2 Op;

If each w;; > 0 for i # j then the joint frequency of Ay,..., Ax_; has a stationary distribution but no
closed form for this has been found in general. Just as in the two-allele case the stationary distribution
must satisfy the (forward) equation

1 9?
= 2;%? (pi(L=p) f(p1,- - PE1)) = Y 2 8p2 pzpy fp1s-- - pr-1))

1<J
10
2 8p¢

(mi(p1,...,px-1)f(P1,-..,pr-1)). (18)

In one special case (18) can be solved explicitly.

Suppose that u;; = %5 so that the total mutation rate per gene is just u and a gene is equally
likely to mutate to any of the other types (this is a special case of parent-independent mutation).
Then (18) becomes

2
Z (pi(1 = pa) f(p1, - - - PK-1)) Zaa (pzpjf(ph---,px 1))

1<j

- (2Nu(1 = 2pi) f(p1, .-, pK-1)), (19)

and this can be solved explicitly to give

I'(K
f(p1,.. . pr—1) = (I’((e))?{ (pr-pr) " (20)
where € = %(N“ and pg =1—p1 — ... — pr_1.
Notice that when K = 2, (19) becomes
10 16°
0=—355, W1 =22)f) + 5575 (1 =p)f(P)
where ;1 = 2Nwu and (20) becomes
1) = 28 (o1~
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which is precisely the solution we found before.
The density (20) is called the Dirichlet distribution. It is usual to rearrange it and to consider the
sequence of gene frequencies in decreasing order

Py ZP@) = - 2 DPk) = 0.

these frequencies are the order statistics of py, ..., px and their joint distribution can be read off directly
from (20):
KIT'(Ke) 6_
fpays - P(r—1)) = W(?u) cp)) (21)

The limiting case as K — oo is of special interest. Kingman proved that the distribution of the first j
order statistics converges as K — oo for any j (even though we can’t just let K — oo in the Dirichlet
distribution) and he called the limit the Poisson-Dirichlet distribution. It describes the order statistics
of the frequencies in the infinitely many alleles model in which every mutation leads to a new type.

Let’s try to understand why such a limit might exist. Direct manipulation of the Dirichlet distri-
bution is difficult because of the linear dependence between the variables. However, it turns out that
it can be represented in terms of independent I'-random variables as follows.

Let Y1,..., Yk be independent positive random variables with probability density function
—1,—y
_ye
e (y) - I‘\(e)

Then writing Y = Y7 + - -+ + Yk, the vector p with components p; = % has the Dirichlet distribution
and Y has a I'-distribution with parameter Ke. Moreover, p is independent of Y.
The proof of this claim is via a change of variables according to the function RX — RX given by

(Y17' . 7YK) = (p17' -~7PK—1>Y)-

Now we can use this representation and in the limit obtain the following representation of the Poisson-
Dirichlet distribution.

Take the points of a Poisson process with intensity
is Poisson distributed with mean f; B eu_“ du. Then writing y(;) for the ordered points and Y = y 1) +

Y(2)+- - we have that Y has a Gamma distribution with parameter 3 (and recall that # = lim . Ke)

Be

u

, so the number of points in the interval (a, b)

and the points z(;) = @ have the Poisson-Dirichlet distribution.

[To see that the convergence really works, we use probability generating functionals. These are
a natural extension of the probability generating functions that you learnt about in Mods. So for
a random number of randomly positioned points {Y;};c; with each Y; € [0,00) (say) we define the
probability generating functional of {Y;};cr by

G(&) =E[JJ¢v)]

el

for any function ¢ : [0, 00) — R for which the expectation exists. (To recover the probability generating
function of |I|, just choose £ to be a constant.)

Now choose the Y;’s to be independent Gamma random variables with parameter ¢ and consider
the generating functional of Y7, ..., Yx. By independence,

Gie(€) = [/Ooo»sw)“}zf)"du "
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Now rewrite the term in square brackets using that

ooue—le—u € 1
/0 NG N () RV ()

to obtain
00 u€_1 K
g 1 — — 1 7ud
Gx(0) = 1= ¢ [ etw) ~ Ve v
[e.e]
— exp <—ﬁ/ (&(u) — l)u_le_“du) as K — oo
0

and this is the probability generating functional of our Poisson points.]

The finite dimensional distributions of the z(; are complicated, but those of the y(;) are relatively
straightforward. The density function of y ;) is

Be ¥ [BE1(y)]"
y @@=

where E1(y) = fyoo €~ du. Thus, for example,

1
e PELW)  for y >0,

Elyw] = Elzy)Y] = Elz)|E[Y] = BE[z(4)

gives

i—1 00 )
Blog) = gy [ B0y

which can be evaluated numerically.
In the Dirichlet distribution with K points, the probability that there are points in (x1,x; +
dzi),...,(zr, xr + dz,) is

r

K ['(Ke) ez 1 = ST g e E-r)=1 g, .
<T>F(€)TP((K—T)6)( 1 7’) (1 ; z) dry...dz,

r

— B (x1 - -xr)_l(l — in)ﬁ_ld:rl ...dz, as K — o0
1

(ﬂ = limK_wo KE).
In particular, taking » = 1, the probability that there is a point in (x,z + dz) for the limiting
Poisson-Dirichlet process is h(x)dx where

h(z) = Bz~ 1(1 — z)P~1

is called the frequency spectrum of {z;}.
This allows us to calculate

00 1
B fap) = [ [@ha)ds
1
(provided this is finite). For example, taking f(x(;)) = a:%) we calculate the expected homozygosity

i

1

1
F= 260711 — 2)P e = ——.
/Oa:ﬁ:c (1—-=x) x 115
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Similarly, the expected number of alleles with frequencies in (a,b) is

o0 b
B " Lap(2a)] —/ Bzt — z)’ tdx
1 a

and so on.
Which allele is oldest?

Let’s look at two related questions in this setting:

Question 1. What is the probability that an allele of frequency z in the population is the oldest?

By the reversibility arguments that we used in the two-allele setting (where now we bundle all other
types into a single allelic class), this is the same as the probability that it will be the longest lived in
the future, which is the probability that our two-allele model will exit (0,1) at 1, that is x.

So the probability that an allele of frequency x in the population is the oldest is simply x.
Question 2. Let X be the frequency of the oldest allele. What is its probability density function?

PX € (z,x +dx)] = ZIP’[X = x(;), Z(j) € (z,7 + dz)]
j=1
= Y PIX =gl = 2IPlag) € (z, 2 + dx)]
j=1

= Zx]?[a:(j) € (z,x + dz)]
j=1
7 ) i
= B(1-2)""da.
This can be extended to order the entire population of frequencies by age. This leads to a distribution
71,291 = Z1),Z3(1 — Z3)(1 — Z1), ... (22)

where Z; are independent identically distributed random variables with density f(1—z)%~1, 0 < z < 1.
For example the expected frequency of the jth oldest allele is

1 B\
B0 2 (-2 = 5 (1og) L d=1ae

The distribution (22) is called the GEM distribution. ‘G’ is Bob Griffiths, E and M are Engen and
McCloskey.

7 Ewens Sampling formula revisited

Recall the Ewens sampling formula from Bob’s lectures. If we take a sample of size n from the infinitely
many alleles model, the probability that the sample falls into k distinct allelic types (families) with n;
individuals of type ¢ for each i (where we have imposed some arbitrary order on those types) is

nl gk
ny-npBB+1)-- (B4+n—1)
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We can also obtain this directly from the Poisson-Dirichlet distribution. Recall that the probability
that there are points of the Poisson-Dirichlet process in (z1,z1 + dx1), ..., (xk, Tk + dxg) is

k

ﬂk(l'l oo l'k)fl(l — in)ﬁildxl ... dxy.
1

Now the probability that we see family sizes nq, . .., ng when we sample from the corresponding partition
of (0,1) (which describes the frequencies in the infinitely many alleles model at stationarity) is the
number of ways of assigning the n individuals in our sample to k classes of sizes ni,ns,...,n; times
the probability that the first n; are from class 1, the next ns from class 2 and so on where class ¢ has
frequency z; times the probability that the are k points (corresponding to frequencies) in our Poisson-
Dirichlet in (z1,z; + dx1),. .., (z, x) + dxy) integrated over all choices of xy,...,x with 0 < z; <1
and Zle z; < 1. That is
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as required. O




