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Abstract In this paper we analyze the isolation-with-migration model in a continuous-
time Markov chain framework, and derive analytical expressions for the probability
densities of gene tree topologies with an arbitrary number of lineages. We combine
these densities with both nucleotide-substitution and infinite sites mutation models
and derive probabilities for use in maximum likelihood estimation. We demonstrate
how to apply lumpability of continuous-time Markov chains to achieve a significant
reduction in the size of the state-space under consideration. We use matrix exponen-
tiation and spectral decomposition to derive explicit expressions for the case of two
diploid individuals in two populations, when the data is given as alignment columns.
We implement these expressions in order to carry out a maximum likelihood analysis
and provide a simulation study to examine the performance of our method in terms of
our ability to recover true parameters. Finally, we show how the performance depends
on the parameters in the model.
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1424 L. N. Andersen et al.

1 Introduction

The study of how speciation occurs is a central theme in population genetics. One
aspect of the speciation process, which has been particularly scrutinized is the presence
of gene flow. Recent advances in DNA sequencing technology have made available a
large number of new alignments of whole-genome sequence data, which may poten-
tially aid in this study, provided that we are able to describe models of such data
and implement associated estimation methods. Traditional methods based on Markov
Chain Monte Carlo (MCMC) algorithms (e.g. Hey and Nielsen 2004) are often very
computationally demanding. An alternative to MCMC methods is to use maximum
likelihood (ML) estimation, and this approach has been considered in recent papers
(Wang and Hey 2010; Lohse et al. 2011; Zhu and Yang 2012). However, a drawback
of such methods is that they are limited to few (two or three) lineages. In this paper
we derive analytical expressions in a model with an arbitrary number of lineages in
an arbitrary number of populations. This extension causes an explosion in the size of
the state-space under consideration. We quantify this state-space explosion, and show
how it can be reduced by using lumpability.

Lumpability of Markov chains was introduced in Kemeny and Snell (1960) and
has found applications within queueing networks, stochastic Petri nets and stochastic
process algebras but appears to be largely unnoticed within coalescent theory (but see
Tian and Lin 2009). A further drawback of typical ML methods is that by way of con-
sidering loci of substantial length (typically ~ 100 bp) these methods are potentially
vulnerable to bias due to intra-locus recombination. In this paper we consider two
possible mutation models, a time-reversible model and an infinite sites model. In the
time-reversible case, our data is alignment columns and we are therefore able to avoid
intra-locus recombination. In both cases we assume free recombination between loci.
There is a potential loss of power when considering only alignment columns, and we
provide a simulation study which shows how well we are able to recover parameters in
the case of two diploid individuals in two populations. The true parameters of our sim-
ulation study are taken from Scally et al. (2012) where our method was used to provide
a likelihood surface for migration and split time parameters between the Eastern and
the Western Gorilla, and the simulation study also serves the purpose of examining
the accuracy and sensitivity of the method in the part of the parameter-space, which
is relevant when considering this data. The isolation-with-migration (IM) model we
consider describes a single ancestral panmictic population with effective population
size N4 which splits into P populations/demes at time 74 in the past. Migration is
possible between populations, and in each generation we expect a proportion of M;_, ;
of the lineages in population i to migrate to population j (looking back in time, since
the present is time ¢ = (). This model has been considered in Nielsen and Wakeley
(2001) and Wang and Hey (2010) and is based on the classical theory of Kingman
(1982).

2 The Wang-Hey model

Before introducing the general model, we consider the description of the IM model in
Wang and Hey (2010) and Hobolth et al. (2011). The purpose of this is to introduce
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Fig. 1 The five states of the IM model with two lineages and two populations, prior to 74. Each lineage is
represented by a dot and a barrier separates the two populations. The states are S11, S12, S22 (upper row)
and S1, S> (lower row)

our framework by means of a concrete example, and demonstrate how this can be
used to give explicit expressions for the densities and probabilities of interest. We use
the matrix notation presented in Sect. 8.1 in the Appendix. The given expressions are
simplified versions of those derived for the general model in later sections.

In Wang and Hey (2010) the IM-model is given as a continuous-time Markov chain
(CTMC) where, prior to the split time T4, five states S11, S12, S22, S1, S> describe how
many lineages is in each population, with S1; and Sy, being two lineages in population
1 and 2 respectively, S1» being one lineage in each population and S; and S, being
states, where the lineages have coalesced and are in population 1 and 2 respectively
(see Fig. 1). Migration rates are denoted m_,, for migration from population 1 to
population 2 and mj_, in the reverse direction, and coalescence rates are denoted
¢i, i = 1, 2. The rate matrix is then given by

S11 Si2 S22 S S,

St [ —c1 —2mi_» 2mi_o 0 c1 0

NP mo—1 —M12 — M2 mi—2 0 0

0= 5» 0 2mo_s —cy —2my_sq 0 )
S1 0 0 0 —mij-2 M2
Y 0 0 0 mo_1 —mor_i

After the split T4, there are two states, S44 corresponding to two ancestral lineages
and S4, which corresponds to a single ancestral lineage. The transition rate from S4 4
to S4 is c4, and O in the reverse direction. The coalescence time 7 is an absolutely
continuous random variable, and in Hobolth et al. (2011) the formula for the coalescent
density (the probability density of T'), when the starting state is s, is given by

(69, 5, 1+ (%)
((e0™)

(o) for t < Ty
+ (eQTA) )cAe_CA(’_TA) for t>Tq,

5,822

o= 1 (e2™)

e))

5,811 5,812 $,822
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where e? = > 2o B"/n!is the matrix exponential of B. To provide a simplification
of (1) we proceed by defining the set T = {S]1, S12, S22} of states as well as merging
states S1 and S, together in a dummy absorbing state A and considering the rate matrix

St S12 So» A
Si1 [ —c1 —2mi2 2mi2 0 c1
S mo_ | —Mi) — M2 mi—2 0
Ovua = ,
AY)) 0 2mo—s1 —c2 —2ma1
A 0 0 0 0

where we use the notation (31) in the Appendix.
The matrix Q4 may be written succinctly in terms of the submatrix Q1 and the

vector ¢ = (c1, 0, ¢2):
c*
Orua = (QOT O)'

We observe that the coalescence time T for r < T4 is simply the absorption time in
A of the CTMC with rate matrix Qyua and hence has a Phase-type distribution with
density

f0) = aeT'e ©)
for initial vector & (see Asmussen 2003 Prop. 4.1 Chap. III). For t > T4 we have
F(1) = P(Ty < T)cpecat=Ta) — (aeQ”Al*) cae—eAt=Ta) 3)

where 1 = (1, 1, 1).
Note, that if we assume the starting state is s (i.e the sth entry of « is 1), (2) may
be written

F0 =3 (97)  (@ruapa *)

BeT

that is, we sum over all possible states from which coalescence is possible and multiply
with the appropriate rate.

We can use the formulas above to calculate the likelihood for a single locus given
a mutation model, if they are combined with the fact that Qy is diagonalizable (see
Sect. 8.2 in the Appendix) so we may write Qy = VDV ™! where V is a matrix
of eigenvectors of Qr, and D = diag()) is a diagonal matrix with the associated
eigenvalues A of Qr, and we have efr! = yelty -1 If, for example, we assume a
Jukes-Cantor model of substitution, the probability of observing the starting nucleotide
after time ¢ is 1/4 4+ (3/4)e~*/3 and hence the probability of homozygosity is
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If we prefer, we can make the matrix-products above explicit by using the notation
V = (0)a,p, vl = (v_l)a,ﬂ, for @, B € T to denote the entries of V and its inverse
respectively, and letting A = (X, ), er denote the eigenvalues of Q. Then, assuming
the starting state is s, we have:

N 8

| 3 ‘ . eTA}\.y —-1 3 eTA()Wfi) —1
/ (Z + Ze 3 ) f(dt = E § Us,yVy 8 (QTUA)ﬁ‘A( 4x, +4

0

_8
BET yeT Ay 3

87,
1 3e e
Ay T, —l A

BET yeT

In Fig. 2 we show how the probability of homozygosity depends on the split time
and migration rate in models where we assume symmetric migration rates and identical
coalescence rates in the extant populations. The ancestral coalescence rate takes the
values 0.75, 1 and 1.25.

Alternatively, we could use an infinite sites substitution model. In this case the
number of mutations conditional on the coalescence time 7" = t is PO (2t, k) =
(21)ke=% / k!, so that the probability of observing k mutations is

o
21
/P0(2t,k)f(t)dt > vavyﬁ(QmA)ﬁA ( ) e e Mgy
0 BeY yeT
21)k
3 S et [ O e ro

BeY yeT Ta
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Probability of homozogozity

Migration

Fig. 2 Contour plots of the probability of homozygosity in models with identical coalescence rates
(black, solid) and with ancestral coalescence rate 0.75 (blue, dotted) and 1.25 (red, dashed) times the
coalescence rates of the extant populations, which are assumed identical and equal to 1

2k 1
-1
=D D v (0Oruasa 5 Lk + 1L Ta + 2)))
BEY yeT (2+)“V) k!
k
> vs,yeﬂymv;;ﬁ%F(kJr 1, Ta 24 ca))
BEY yeT 2+2y) ;

where we use the lower and upper incomplete gamma functions I"(n,x) :=
Jo " tetdrand T (n, x) := [ 1" e ~'dr.

3 The general model

When defining the general model, we first need to define the state-space of the CTMC.
We want the state-space to reflect which lineages are present, and to which popu-
lation each lineage belongs. We do this by labeling each lineage with a subset of
[L]:={1,2,..., L}, and combining the lineage with an integer indicating the pop-
ulation. The two form a tuple, and a state of the CTMC is a set of such tuples. The
extant lineages are labeled with the singleton sets, and a coalescent event between
two lineages is modeled by taking the union of the involved sets. An example of a
state is the starting state in a situation where we consider two diploid individuals in
two populations, that is with two lineages in each of the two populations—this state is
{(1, {1}, (1, {2}, (2, {3}), (2, {4})}. From this state, both migration and coalescence
is possible. For example, the lineage {2} may migrate from population 1 to population
2, so that the state becomes {(1, {1}), (2, {2}), (2, {3}), (2, {4})}. Another possibility
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Fig.3 Two different genealogies, which resultin the same coalescent tree. Even though the two genealogies
do not share migration events, and coalescence events in the extant populations take place in different
populations, both genealogies belong to the coalescent tree to the right

is coalescence between the lineages {1} and {2}, which means that the state changes
to {(1, {1,2}), (2, {3D). 2, {4D}.

The example in Sect. 2 captures many of the elements of the general case: The
density of the coalescence time is derived as an absorption time in a CTMC, and the
likelihood for a single locus is in turn derived by combining the coalescence time
with a mutation model and integrating explicitly using matrix exponentiation and
diagonalization. One aspect of the general case is missing in the previous example,
however, namely the role of the genealogy of the sample. We take “genealogy” to mean
the whole history of the sample, including any migration events, and an important
observation is that mutation probabilities are unaffected by migration. This motivates
the mapping F'(-) defined in (7) below, which simply removes any information about
the populations from the states, so that if we continue our example with two diploid
individuals in two populations we have:

F({(L A1), (1, 2D, 2, {3D), 2, (4D}) = {1}, {2}, (3}, (4}}
F{(, {1, 2, (2D, (2, (3D, (2, {4D}) = ({1}, {2}, {3}, {4}}
F({(1,{1,2]), 2, (3D, 2, {4D)}) = ({1, 2}, {3}, {4}}.

Note that F in this case takes its values in the partitions of {1, 2, 3, 4}. The mapping F'
allows us to define the so-called coalescent trees. Intuitively, the coalescent trees are
unions of those genealogies that are identical when information about the population
is removed. In Fig. 3 we have two different genealogies, which belong to the same
coalescent tree.

We represent coalescent trees using a vector t of coalescent times and a vector Y,
which represents the lineages present at the time of the coalescent event. Figure 4
shows two such coalescent trees with different topologies. A main result of this paper
is the derivation of the probability density for the coalescent trees in (8), which plays
the same role in the general case, as the coalescent density did in the example in Sect. 2.

3.1 Formal definition of the IM-model

The IM-model is a CTMC {X (#)};>0 pieced together from two time-homogeneous
CTMCs, one for 0 < t < T4 and one for T4 < t. Each state is a set {(j;, ;) | i =
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1430 L. N. Andersen et al.

Fig. 4 Two topologically different coalescent trees ¢'(t, Y{) and €(t, Yp) where Y| = ({{1}, {2},
(31, (411 {11,2). (3). (411, 1(1. 2. 3). (41]) (1) and Yy = ({1}, (2}, (3). (4. {{1,2). (3). (41}, (1. 2),
{3, 4}}) (right)—(see text)

1,...,m} where j; € [P] denotes the population, and the lineages /; € [L] form a
partition of [L]. We denote the set of states &. The parameters of the IM-model are
the migration rates, m; _, ;, the coalescent rates c;, c4 and the split time 7'4. For states
a # B € Gand 0 <t < Ty, the entries of the rate matrix of the CTMC are given by

misj ifa=.U{GD}, B=SU{(, D}
Qup = \ci ifo=.2U{G1)YU{G L)Y, B=SU{G 1L UL} (5)
0 otherwise ,

where . is of the form U; {(j;, [;)}, and for Ty <t

_— [cA ifa=7U{G)UIG, L)}, B= U1 UbL))
ro, B = .
0 otherwise

where i, j € [P]. In both cases the entries on the diagonal (« = ) are determined
by the requirement that the row sums are 0. Before T4, lineages can only coalesce if
they are in the same population, but migration is possible between populations. After
Tx, we allow any pair of lineages to coalesce regardless of population, and no longer
have migration events, so that {X;},~7, behaves as a standard coalescent process. The
probability of being in state 8 at time ¢ given that the CTMC is in state « at time s is
straightforward to compute, but depends on whether ¢ and s are before or after T4:

(eQ(’_S))a p s <t <Ty
POX, =B | Xy =a) = 12, (€2T179) (eQ(z—TA))Vﬁ s<Ta<t (6
(GQ(I_S)) Ty <s <t.
a’ﬁ

The IM model allows us to assign a probability density to a genealogy, by which
we mean the sample path traversed in the CTMC from the starting state s, until a
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common ancestor is reached, meaning that we consider any migration events part of
the genealogy. In order to define the coalescent trees, we introduce the mapping F
defined on the states of the CTMC, &, and taking values in the partitions of [L]:

F i {(Gi, DY = Ui {l;}, @)

that is, F strips away population information from the states. Using F' we define an
equivalence relation on the sample paths of X by defining two sample paths {X (¢)};>0
and {X'(¢)};>0 to be equivalent if {F(X (#))};>0 = {F(X'(t))};>0 and we call each
equivalence class a coalescent tree. Coalescent trees are uniquely determined by the
time of coalescence events and the set of lineages before and after these coalescences,
and we represent a coalescent tree as € (t, Y) where t = (t,-)f;ll is the vector of
coalescence times with #; denoting the i’th coalescent event and Y = (Y,-)f;l1 is a
vector such that Y; are the lineages present immediately prior to #;. Setting 7y = 0, we
have:

(X(O}is0€ €, Y) & F(X(@) =Y fort;1 <t<t.

We wish to calculate the probability density of a coalescent tree ' (t,Y), for Y =
(Y1, Y>...,Yr_1). To do this, we sum over pairs of tuples of states (a', &%) where
al = (oe{,oz%, e, ai_l)is atuple suchthatoz{ = s is the starting state, andail, i>1,
are the possible states immediately after the (i — 1)th coalescent event, and since
these are the same as those immediately prior to the ith coalescent event we have
Oll-l € F~1(Y;). The tuple o’ = (a%, a%, R a%_l) are the possible states immediately
prior to the i’th coalescent event, that is aiz e F~L(y)).

Thus we can compute the probability density of a coalescent tree, implicitly inte-
grating over all elements in the equivalence class

fECRY)Y= > P ed)g @ o) ®)
(txl,ocz):
al=s Fa})=Y
F(a))=F (@)=Y,

where

L-1
IP’(t, (oe‘,az)) =[P, = 1 X1, =)
i=1
using the transition probability calculated in (6), and
L2

8(t, (al’ a2)) = H (Q’f)a,-z,ail+1 H (QIL—l)az—lsﬁ
i=1 B:F(B)=[L]
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where

Ox.,y ifs < Ty

9
Qx,y ifTA SS. ( )

(Qs)x,y = [

Note that (8) is a generalization of (3) and (4), and by way of being a sum over
transition probabilities multiplied with coalescent rates, it has the same form. Not
all vectors t and Y correspond to well-defined coalescent trees €(t, Y). For t the
requirement is that t € R witht; < < ...11._1, and for Y, the requirement
isthat Y1 = {{i} | 1 <i < L} and fori > 1, Y¥; is obtained by taking union of
exactly two sets in Y;_1. We use the notation ) for the set of Y, which correspond to
well-defined coalescent trees.

3.2 Adding mutations

Next, we consider mutation models. We consider both an infinite sites model and a
CTMC for nucleotide substitutions. First, we note that a given coalescent tree €(t, Y)
induces a binary weighted graph in an obvious way by taking as nodes the singleton
sets {i}, i = 1, ..., L, and the lineages (as sets) formed at each coalescent event. The
singleton sets are the leaf nodes, and whenever a coalescent event forms a lineage ¢
from £ and £,, we put an edge between ¢ and ¢;, i = 1, 2. Hence, there are 2L — 1
nodes, which we denote V = (v,')izifl. We label v; = {i} for 1 < i < L and for
L < i < 2L — 1, we label v; with the lineage formed at the (i — L)’th coalescent
event. In particular vo; 1 = [L]. We define the age of each node to be the time of the
corresponding coalescent event, so that the age of v;, 1 <i < L, is 0 and the age of
v; L <i <2L—1list;_r. The weight of each edge is then the age of the parent, minus
that of the child. Thus, we may write € (t,Y) = (V, E, W) where V, E and W are
the nodes, edges and edge-weights respectively, of the induced graph, and we let w,
denote the weight of the edge e. Below, we discuss two mutation models: A Markov
model for nucleotide substitutions and an infinite sites model. Since the former is
not generally time-reversible, we will in this case consider the induced graph to be
directed, with each edge going from parent to child. In the latter case, we consider the
induced graph to be undirected.

3.2.1 Nucleotide substitutions

Suppose we wish to assign nucleotides to the nodes of a given coalescent tree. We
assume that nucleotide substitutions follow a time-homogeneous Markov process with
rate matrix given by (A),. y s X,y € {A, C, G, T}, and stationary distribution 7 =
(A, e, G, 7). For a node v; € V and nucleotide y; € {A, C, G, T} we use the
notation v; = y; to mean the event that we observe y; at v;. Using this notation, the
probability of observing a particular assignment of nucleotides y; to nodes v; of a
given coalescent tree is:
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Efficient computation in the IM model 1433

P =y, 1<i<2L-1|2CY)=my,,_, [] (eﬂwf)vj’yk . (10
ecE ’
e=(vj,vx)

When we wish to do parameter estimation, we face the problem that we cannot actually
observe any of the nucleotide assignments in the past, so we sum these out:

Pi =y, 1 <i<L|EEY)= D P =y, 1<i<2L—1[FtY)).
{A,é:i,g,T}
L<i<2L—1

(1)
We combine (11) with (8) to obtain an unconditional formula:
Pvi=y,1<i<L)=
> / D Pi=yl<i<2L—1]FY)f (£t Y)dt, (12)

YDier (4 G
L<i<2l—1

where the domain of integrationis T = {t RV <th <o <trq).
3.2.2 Infinite sites model

Next, we consider an infinite sites model, and here we wish to assign a number of
mutations to each edge of €' (t,Y) = (V, E, W), which we take to be undirected
since in this section, we wish to consider paths between leaves. In this case there is
only one parameter in the mutation model, namely the mutation rate y, and if we
define PO, (x, k) = (yx)¥e™7*/k!, the probability of having k., mutations on edge
eis POy, (we, ko). We let k = (ke, e € E) denote a vector of non-negative integers
indexed by the edges in the given coalescent tree. These integers correspond to a
particular assignment of mutations on the branches of the tree. Then the probability
of observing a particular assignment k is:

Pk |€(tY)) = H POy, (we, ke). (13)

eckE

Similarly to the previous section, we need to consider what is actually observable from
the present. Here it is the total number of mutations on the path from node {i} to node
{7}, and we denote this number d (i, j). Let E (i, j) denote the set of edges on the path
from {i} to {j} so that

di.jy= > ke. (14)

ecE(,])

and let d denote the vector (d(i, j) | i < j). We will call d differences, since for actual
data it will be the count of nucleotide differences between genetic segments. At this
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point, we have to deal with the identifiability issue, arising from the fact that mapping
¢ which maps k to d through Eq. (14) is not injective. When we wish to calculate the
probability of observing a particular vector d, we need to sum over the assignments
of mutations which give rise to the observed differences:

Pd| %t Y)) = Z Pk | €(t,Y)). (15)
k:p(k)=d

We may combine (15) with (8) to obtain an unconditional formula for observed dif-
ferences:

IP(d):Z/ > Pk Y)f(F(LY)dt, (16)

Ye teT kip(k)=d

where, asin (12), T={t e RV |y <t < -+ <171}

4 State-space explosion and lumpability

We wish to count the number of states |S|. We do this by considering the elements
in the image of F, which is the set of all partitions of [L], and then counting |G|
by counting the number of elements in the pre-image of each element in F(S). The
number of partitions p € F (&) with |p| = k for 1 < k < L is the Stirling Number of
the second kind S>(L, k) (Stanley 2012). Since there are P populations, the number
of elements in the pre-image of a partition with |p| = k is |[F~!(p)| = P*. Hence, we
have

L

L
Sl=> > P=> S P =BpL),

k=1 peF(S) k=1
lol=k

where By, (-) is the n’th Bell polynomial. In Table 1 we give B>(-) and B3(-) evaluated
at L. =2,3,4,5,6.

It is evident from Table 1 that simplifications are needed, in order for formulas
such as (6) and (8), and in turn those in Sect. 3.2 to be useful for maximum likelihood
estimation.

We present a simplification based on the concept of exact lumpability, and for ease
of presentation, we restrict ourselves to the case P = 2, and sketch a generalization at

Table 1 The top two rows give

the number of states in the full P/L 2 3 4 > 6
state-sp.ace forP =2,3 2 6 20 94 454 2.430
populations and

L =2,3,4,5,6. The bottom 3 12 57 309 1,866 12,351
rows give the number of states in 5 17 39 67 17
the reduced state-space for two

and three populations 3 15 70 205 529 1,341
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the end of the section. Intuitively, the simplification is based on the observation that
for given states o, 8 with the same lineages (possibly distributed differently among
populations), the probability of going from « to 8 in some time ¢ only depends on the
number of lineages switching populations, and not specifically which lineages switch
populations. This means that we may calculate the desired probabilities by labeling
the lineages with 1’s or 2’s and considering the new state-space &, which consists of
the relabeled states. Formally, we relabel the lineages by defining a map f mapping
the lineages to the set {1, 2}. This map then induces a map f from & to S by

f:63a=U{(i,lD} — U; {(ji,f(li))}.

Suppose that we wish to calculate a probability involving the density of a coalescent
tree. It is evident from (8) that we need only consider probabilities of the form P(X, =
Bl Xg=a) = ( Q’) for states o, B € S, where B € &S :={y € & | F(a) =

F(y)} Note that the states in & contain the same lineages. A first observation is
that because « and 8 are transient states P(X; = B | Xo = «) can be calculated
by exponentiating the matrix Q|éu 4» and a second observation, which is proved in
Theorem 1 in the Appendix, is that this matrix is exactly lumpable. This implies—as
it is proved in Corollary 1—that under the additional assumption | f~'(f())| = 1
we have

ot _ _ — ) — 1 Q1@&)t )

(e )a,ﬂ =FO= 1% =0 = Ferg) (e e
where Q is defined in (32) in the Appendix.

As an example of relabelling, let « = {(1, {1}), (1, {2}), (2, {3}), (2, {4})} be the
starting state in the case of two diploid individuals in two populations, which was also
considered in Sect. 3, and let 8 = {(1, {1}), (2, {2}), (1, {3}), (2, {4})} be the state
where lineages {2} and {3} have migrated to population 2 and 1 respectively. In order
to apply formula (17) we need to find f such that | f~'(f(«))| = 1. This is achieved
by setting

fdip =1 f@2p=1 f@3H=2 f{4p=2.

As noted, we need only consider exponentiation of the matrix Q‘ & S0 we do not

need to define f on any of the other possible linages, e.g., {1, 2}. With this choice
of f we have f(B) = {(1,{1}), (2, {1}, (1, {2}), (2, {2})}, which is one of 9 states
in f(&) C S. The remaining states are found by distributing the 2 1 s and the 22’s
among the 2 populations. For arbitrary « and g, the condition | f~'(f(a))| = 1 is
fulfilled by letting f assign 1’s to the lineages in the population with the most lineages
in o and 2’s to the lineages in the other population. If the two populations contain
the same number of lineages, we assign 1’s to the lineages in population 1 and 2’s to
those in population 2. We can now count the number of elements in the state-space
S, which consists of the union of states found, when applying the labelling scheme
described above. To do this, we start by noticing that the number of ways m 2’s and n
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I’s can be divided among the 2 populations is (m 4 1)(n 4 1), so if we wish to count
Ha € S | |&| = k}|, we have to count the number of assignments of m 2’s and n
I’s where 0 < m < n and m + n = k. This implies that we get two expressions for
{& € & | |a| = k}| depending on the parity of k:

faee&llal=kl= D m+Dhr+1)

0<m=<n:
m+n=k
k/2
Sm+Dk—m+1) = 2—14(2 + k)4 +k)(3+2k) fork even
=1
S (m+Dk—m+1)= ﬁ(l + k)2 +k)(3+ k) fork odd.
m=0

Hence, |é| depends on the parity of L and assuming L is even we find:

L L/2—1
Sl=> Hae&|lal=kl= D> ae&|lal=2k+1}
k=2 k=1
L/2 1
5 e & _ L 2 3 4
+;|a66||a|_2k}|_48( 96 + 76L + 4412 + 111 +L)

and similarly, we find the expression ﬁ(—l 144+ 61L4+4L%> 4+ 11L% + L*) when L is

odd. Tn Table 1 we list the number of elements of & for P = 2,3and L =2,3,4,5,6.
We see that the our lumping procedure does not reduce the size of the state-space under
consideration in the case of two lineages, but that |S| is of the order L*/48 and by
comparing to the first rows of the same table (which increases super-exponentially),
we note a very significant reduction in the number of states as L increases.
Generalizing the lumpability framework beyond the case of two populations is
achievable, and can be treated by generalizing Theorem 1 to allow for P populations
as well as the relabelling mapping f to take values in an arbitrary set. That such a
generalization is possible is reasonable in light of the fact that the proof of Theorem
I relies on the rates of coalescence and migration being dependent only on the distri-
bution of lineages among populations and not on which specific lineages are present
in which populations. Let us consider the case of three populations: In this case the
requirement that | f~!'(f(«))| = 1 may be fulfilled similarly to the two population
case by labelling the linages in « in descending order with respect to the number of
lineages in each population, so that lineages in the population with most lineages get
the label 1, lineages in the population with second-most lineages (if any) get the label
2, and the lineages in the remaining population (if any) get the label 3. The size of
the induced state-space, can be calculated in a manner similar to the two population
case: We first calculate the number of states @ with |&| = k by noting that the number
of ways, say, the n 1’s can be distributed among the three populations is (":2), SO
if we assume we have n 1’s, m 2’sand [ 3’swithl < m <nand!/+n+m = k,

l+23(m+2) (”+2) over the set

then the number of such states is found by summing ( ! ” M
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(a) Topology A with branch lengths and  (b) Topology B with branch lengths and nucleotide as-
nucleotide assignments signments

Fig. 5 The two topologies with branch lengths and nucleotide assignments corresponding to Y; =
({1, 23, 33, {4}, {1, 2, 31, (41D (lefr) and Yo = ({{1, 2}, {3}, {4}}, {{1, 2}, {3. 4}}) (right) — (see text)

0<l<m<n,0<Il+n+m = k. The size of the state-space is then found by sum-
ming the number of & with |&| = k from 2 to L. We refrain from performing the explicit
calculation, but provide the sizes of the reduced state-space for L = 2,3,4,5,6 in
Table 1, and we note, as in the two population case, a polynomial order of increase.

5 Two diploid individuals in two populations

The aim of the this section is to derive an explicit expression for the log-likelihood
function for data 2~ given as alignment columns from two diploid individuals in
two populations, where we assume a time-reversible nucleotide substitution model.
We further assume free recombination between loci, and hence computing the log-
likelihood of a given data set amounts to computing the probabilities of the 256 possible
genotype combinations. This means expanding on the formulas (10), (11) and (12).
The expressions derived here were implemented and applied in Scally et al. (2012).
The extant lineages are labeled {1}, {2} for the lineages in population 1 and {3}, {4} for
the lineages in population 2. It follows from the definition of coalescent trees that there
are H,‘Lzz (’2) well-defined coalescent trees for fixed branch lengths, and for L = 4 this
means that |Z)| = 18. Each coalescent tree induces a weighted graph which belongs to
one of two topologies, shown in Fig. 4. In Fig. 5 we name the two topologies A and B
and label the nodes v; as described in Sect. 3.2. We wish to calculate the probability of
observing y; € {A, C, G, T} atnode v;, 1 <i < 4. This probability was calculated
in (12), and we have

Py =y1,v2=y2,v3 = y3,04 = y4) =
o131
> ///]P’ (i=y1, v2=Yy2, v3=y3, =4 [€(t, Y)) [ (€(t,Y)) drydrpds3.
YeD 000
(18)
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We calculate the inner probability for the two coalescent trees €'(t, Yj),i = 1,2
shown in Fig. 5, where

Y1 = ({1, 2}, {3}, {4}}, {{1. 2, 3}, {4}D)
Yo = ({1, 2}, {3}, {43}, ({1, 2}. (3. 4}}) .

and t = (#1, 12, 13). The expressions for the remaining 16 are found by permuting the
nucleotide assignments on the leaves in each topology. Using formula (10) we find:

Pvi=yi,i=1...7]%(tY}))

= [”w (eAts)y%m (eAm)ymya (eAlz)yﬁ,ys (eAtS)yﬁ,ys (eAtl)YS»)’l (eAtl)ys,yz it j=1

Ty (eAm)Y%yﬁ (eAtS)yv,ys (eAtz)ys,m (eAtz)ys,ya (eAtl)ys,yz (eAtl)ys,yz if j=2.

We continue our calculations for Y. We can only observe extant lineages so we sum
over ys, Ve, y7 in the expression above:

> Pi=yi.i=1...7]%(tY))

¥5:Y6:¥7€
{A.C.G.T}
- Z n-W(em})y7,y4(em4)y7,ye(em2)yﬁ,ys(em5)yé,ys(em])ys,yl(em])ys,yz
¥s:Y6,)7€
{A,C.G.T}
(19)
- Z ny“(em})y4,y7(em4)y7,ya(em2)yo,y3(em5)yﬁ,ys(em])ys,yl(em])ys,yz
¥s:Y6,)7€
{A.C.G,T}
(20)
B Ze nm(eA(t3+[4))y4,y6(emz)ys,y3(ems)y6,ys(eml)ys,yl(eml)ys,yz @D
(A.E6)

where we use the assumption of time-reversibility in the step from Egs. (19) to
(20). The assumption of time-reversibility also ensures that A is diagonalizable (see
Keilson 1979). This implies that we can write e = Ve’ V! where V = (Dx,y »
x,y € {A, C, G, T} is a matrix of eigenvectors, vl = (ﬁ_l)x,y its inverse, and D
is a diagonalmatrix containing the corresponding eigenvalues of A, which we denote
Ai,i € {A,C,G,T). This gives us:

At _ =1 Xt
(e )x,y - Z vx’lvi»)’e B
ie{A,C,G.T}
and using this, we may continue our calculation of (21):
— s s=l i) s s—1 A
@D = DT DL (b Oy et

V5. Y6€ i, j.k,l,me
{A,C,G,T}{A,C,G, T}

= =—1 _Aits = =1 = =1 L(A+Amty
Uy k Vg ys €7 Vys 10 3 Uys.mUpy. 3, € mn ) (22)
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Defining
C = T T ) N T Ts [y (23)
1= Ty4Vy4,i V; yo V6,7V j, y3 Ure.k Vi, ys Vys.l Vg y, Vysm Uy,
¥5,Y6€
{A,C.G.T}

and using that ¢4 = 13 — tp and t5 = tp — 1 we find:

(22) = Z C et 1) g (hj+ht o Cutim =2t . Z Cifi(t, 1, 13)
i,j.k,l,me i,j.k,l,me
{A,C,G.T} {A,C,G.T}
24

where we define function fi to be

filt, b, 13) == eii (2[3—fZ)e(ij“‘)_hk)TZe()_\l'f')_hm—Xk)ll. (25)
Similarly, we can find an expression when we condition on topology B:

Pwj=y,i=1...4|€,Y2)) =

> Cpetieh bt i = N Oy fa (01,12, 13)  (26)
i,j,k,l,me i,j,k,l,me
{A,C,G,T} {A,C,G,T}
where
Cy = Ty Oye iU Ly 07 By k0L Dy 107 L Dy v L (27)
2= V5 Uys.i Vi 3 Vys. iV v Vys.k Uk yy Vy6,lV) y3 Vys.m U, y,
Y5,Y6€
{A.C.G,T)

and similar to f; we define:
fZ(tla t, l3) — e)»,'Zt3e()\_,'+)»k—k,-)tze()»/-l—)»m—)ni)tl ) (28)

The calculation of the conditional probabilities for the remaining 16 trees consists of
permuting y; i = 1, 2, 3, 4 in the definitions (23) and (27) of C; and C,. Next, we turn
our attention to f (%' (t, Y)). This is given by formula (8) and we divide the formula
into cases depending on how many coalescent events take place before 74.

f(E(,Y))
_ ot O(nn—t1) 0(3—12)
=20 (e2), 2 (25) o (27), 2 it Ct

®),0) 3:93

if 13 < Ty

on O(n—t1) O(Ta—12) —ca(Ta—13)
DD ) I ) B G BT Qut 0} Qud afs

BeS 9r,%) a3,

if Hh<Ty<t
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Z z ( Qll) (eQ(TA*’I)) 1 ef3cA(t27TA)ech(t3712)Qa%’a%3ci
vccl az»ﬂ

BeS

if 1 <Tq<nt

Z Z ( Qll) *6CA(t1*TA)e*CA(13*t2)1802

BeS
if Ta <t.

where the outer sum in all cases is over the set
(@ e®) |af =5 F) =Y F)=F@}) =Y

(asin (8)) and Cy2 = Ci if has a% has both its lineages in population i and O otherwise.
Each of the matrix exponentials above is further simplified using (17), and since all
the involved matrices are diagonalizable (see Sect. 8.2 in the Appendix) we apply the
spectral decomposition to rewrite the expression above to

> Cshyi(ti,0,13) 13 < Ty
2. Csha(t1,0,13) b <Ta<t3
2. Cshy(ti,,13) t1 <Ta<t
> Cehy(ti,10,13) Ta <11,

fEtY)) = (29)

where the constants C3, C4, Cs, Cg depend only on the eigenvectors of the lumped
matrices Q and the coalescent rates cy, c». The h; functions are given by:

hi(t, b, 13) i= erritghs(2=11) hi (3—12)

ha(ti, 2, 13) :=¢

h3(ti, 1, 13) :==e
ha(ty, b, 13) i= eArTACie—6cA(11—TA)6—3CA(fZ—fl)e—CA(B—lZ) ;

Mt ghs (2=11) o1 (Ta—12) —ca(t13—Ta)

cae
Aty qghs (Ta—11) .2 . —=3ca(ta—Ta) a—ca(t3—12)
righs cse e

where A. are the eigenvalues of the lumped matrix. We may now finish the calculation of
(18) by combining (29) with (24) and (26). We see that the resulting integral involves
only regular exponential functions, which, although notationally cumbersome, are
easily integrated explicitly by dividing the integral into the cases 13 < T4, th < T4 <
13, 11 < T4 < trand T4 < t1. The involved integrals are calculated in Sect. 8.4 in the
Appendix.

6 Simulation study

In this section we provide a simulation study, in order to examine how well our method
is able to recover parameters in the case considered in Sect. 5. Time is scaled by the
neutral mutation rate u, so that we expect one mutation during one unit of time, and
we let g denote the generation length. This scaling implies that coalescence occurs
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in population i with rates ¢; = 1/(2N;jug) fori = 1,2 and c4 = 1/(2Nang) for
the ancestral population. The migration rates are scaled so that m_.o» = M1_2/(ug)
and my 1 = M>,1/(ug) where M;_, ; is the proportion of population i expected to
migrate to population j per generation. We performed simulation experiments with
nine different sets of parameter values in a model where c; = c4 and m|_» = my_, 1.
Our parameters are chosen to resemble those of the Eastern and Western Gorilla found
in Scally et al. (2012), which means that N = N4 = 35, 000, N, = 16,000, g = 20
years and & = 0.6 - 10~ expected mutations pr. year. The migration rate mj_,, =
mo_1 = m belongs to the set {125, 250, 500} and T4 belongs the set the set {10_4, 3.
107*, 6-107*}. The parameters m = 250 and T4 = 3-10~* correspond to those found
by maximum likelihood estimation in Scally et al. (2012), and hence we examine the
performance of our method in a neighborhood of these parameters. The substitution
matrix was estimated from the data of Scally et al. (2012). For each of the 9 sets of
parameter values we performed 5 simulations, each containing 107 loci, where each
locus is an alignment column i.e. one basepair long. When maximizing the likelihood
function we used the Nelder-Mead simplex method with five different starting values
chosen uniformly in the interval [0.57, 1.57] where t is the true parameter. The results
of the simulation study is displayed in Figs. 6 and 7 and Table 2.

Figure 6 shows likelihood surfaces for migration and split time parameters from
one of the five experiments (the remaining parameters are fixed at their true values).
We see that for a small split time (T4 = 10™#), we are unable to recover the migration
rate, while the split time itself is easily recovered. For the split time (T4 = 3 - 10™%)
we are able to recover both migration rates and split times reasonably well, and for
the large split time (T4 = 6 - 10~%), we are able to recover both migration rate and
split time very well.

The likelihood surfaces in Fig. 6 are made under the assumption that the true
population sizes are known. If we wish to estimate all four parameters of the model
we see the flat likelihood makes parameter estimation of migration rates difficult for
small values of T4. In Table 2 we give the standardized biases (E[t — t]/t) and
standardized root-mean-square errors (v/E[(f — 7)2]/7). We see that the coalescence
rates are very well estimated for all parameters, and that the split times are reasonably
well estimated. We also note that for the smaller values of migration, the estimate of
T4 when Ty = 1074 is actually better than the estimate when T4 = 3 - 10_4, while
this is not the case for the large value of the migration rate. Finally we note that we
are unable to recover the migration rate when 74 = 10*, and the estimates are still
quite poor when T4 = 3 - 10~*. Only for the large value of the split time are we able
to properly recover the migration rate.

7 Discussion

In this paper we have considered an IM model in which a panmictic ancestral popula-
tion splitinto P subpopulations at some time 74 in the past, and we have shown how to
deal with the issues which arise, when one wants to incorporate an arbitrary number of
lineages and an arbitrary number of populations. We have shown how to define unions
of genealogies — so-called coalescent trees — which are relevant for combination with
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Fig. 6 log-likelihood surfaces—the true split times are: 10_4,3 . 10_4,6 1074 (columns from
left to right). The true migration rates are (rows from bottom to top) 125, 250, 500

different mutation models, and we have derived analytical explicit expressions for the
probability densities of such unions. Furthermore, we have combined these expres-
sions with mutation models and derived analytical expressions, which are relevant
for maximum likelihood estimation. The derived expressions are generalizations to
an arbitrary number of lineages of expressions found in the literature (e.g. Takahata
et al. 1995 and Wilkinson-Herbots 2008). We have implemented these expressions
in the case of four lineages in two populations. Extension beyond 4 lineages is pos-
sible, but is made difficult by the inherent complexity of the involved expressions
(see Sect. 8.4) as well as fact the number of unlabeled topologies increases. In our
case there were 2 unlabeled topologies (see Fig. 5). For five lineages there are three
unlabeled topologies, for six lineages there are six topologies and for seven there
are eleven (see Rosenberg 2007), so the number of different expressions one needs
to consider increases considerably. In Sect. 2 we derived an explicit expression for
the probability of observing k mutations in the case of 2 lineages with an infinite
sites model, and we saw that these expressions involve the lower and upper incom-
plete Gamma functions. Extension beyond two lineages is in this case made difficult
by the need to consider more complicated special functions, namely the confluent

@ Springer



Efficient computation in the IM model 1443

o
s . o o =
S
-
o (o) [te) o 0
21 [ < o [ < re
=
s| - L = |, = [~ I
0 —_
o 0 O 0
Q1 o [~ re
o
2 - F o [¢] I © P
0 0 0
51 B < o
O T
o
- |- - | B = |
= ©
0 n w0
& r 3 o P2 P
a N
Q o~ © o
N 0 0
51 P2 o F < )
*
-
. e}
w0 |
&€ ! - [ R E = o
1 1 1
© £ 1 |
4 Yo} [ e}
7 I o " [~ -+ re
T=1e-4 T=3e-4 T =6e-4

Fig. 7 Boxplots for maximum likelihood estimates of the migration rate (green, axis on left of each
subplot) and the split time (blue, axis on right of each subplot, which is labeled in units of 10~%). The true
split times are: 1074,3-107%, 6. 107% (columns from left to right). The true migration rates are (rows
[from bottom to top) 125, 250, 500

hypergeometric function | | (Abramowitz and Stegun 1984). Extensions to our model
is also possible. In particular, it is relatively easy to extend our model to a situation
where P extant populations have split from ancestral populations at different split
times in the past. This can be achieved by defining the appropriate number of rate
matrices like (5) and then changing formula (6) accordingly. By setting the appropri-
ate migration rates to 0 this will also allow us to extend our model to the “isolation
with an initial period of migration” model considered in Wilkinson-Herbots (2012).
Furthermore, it is easy to define other models of divergence, e.g. the time-dependent
migration rates of Innan and Watanabe (2006), as a CTMC on the state-space con-
sidered in this paper, although explicit expressions are only available in the case of
piecewise constant rates considered in this paper.
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Table 2 standardized biases and root-mean-square errors. The 9 values of each subtable correspond to the
true split times: 10~4 , 3 10~4 , 6 10—4 (columns from left to right), and true migration rates (rows from
bottom to top) 125, 250, 500

Empirical standardized biases

c] m
—0.0005 0.01132 0.01133 0.18149 0.14711 0.07229
0.00182 0.00010 0.00578 —0.02725 —0.06350 0.04417
0.01073 0.01621 —0.00194 1.68154 0.78169 —0.05321
[e5) Ta
0.01642 0.00191 0.00461 0.09536 0.10925 0.06488
—0.00566 0.00532 0.00916 0.00627 0.00336 0.020046
—0.04709 —0.00233 0.00266 0.09230 0.11894 —0.00917

Empirical standardized root-mean-square errors

cq m
0.01723 0.02642 0.02558 1.18510 0.36274 0.09507
0.00738 0.01895 0.01861 0.87655 0.55347 0.16563
0.01612 0.03071 0.01600 2.82947 1.47540 0.29252

(o) Ta
0.10623 0.015978 0.01847 0.28313 0.22908 0.10532
0.05253 0.020269 0.01280 0.07927 0.12194 0.06407
0.06348 0.02109 0.01011 0.13028 0.23995 0.06464

8 Appendix
8.1 Notation

For a vector or matrix x we let x* denote the transpose of x. For a set A we let |A|
denote the number of elements in A, and we use the notation [n] := {1, 2, ...,n} to
mean the natural numbers less than or equal to n, excluding 0. A partition of a set £2
is a set of non-empty, disjoint subsets of £2, whose union is £2. We let / () denote the
indicator function. For a vector v we let diag(v) denote the diagonal matrix with the
entries of v on the diagonal.

Let M = {my ¢}, s,8' € S be a matrix indexed by a set S and let Sp C S be a
subset of S. We let M|, denote the submatrix of M indexed by the elements of Sy i.e.

(M|SO)S,S/ =My gt S, s’ e So. (30)

Occasionally, we wish to consider matrices, which are not proper submatrices of M,
because they include an absorbing dummy state A which is not an element of S, so
that §1 = Sy U A. In this case:

My g s, 8" €8y
(M|Sl)s,s’ =10 s = A7 S/ € SO (31)
- ZSNGSO Mg g7 NS S(), S/ = A.
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8.2 On diagonalization of rate matrices

First, consider a tridiagonal matrix Q:

q11qi2 0 0 ... O 0
@192923 0 ... 0 0
o=| 0 @2azgza... 0 0

0 0 0 O ...9um-19mm
and assume ¢;+1.;, gi.i+1 > 0. Note that QO in Sect. 2 is of this form. Such a matrix
is diagonalizable. This is seen by defining the vector d to have entries d; = 1 and
. _ |4+l g,
di1 = qi,i+1d" Then
qii if i=j
. | . C%qz' i+1 = /qi+1,i,i+1 if j=i+1
(diag@ ™" - - diag@) =14 ™" S
i | an i = Vi nigiier 1 j=i—1

0 otherwise

We see that Q is similar to a symmetric matrix and hence it is diagonalizable. More
generally we see that a tri-diagonal block matrix

011012 0 0 ... 0 0 0
021 022023 0 ... 0 0 0

0 032033 034... 0 0 0

0 0 0 0 ... Qm—l,m—Z Qm—l,m—l Qm—l,m
0 0 0 0o ... 0 Qm,m—l Qm,m

where each Q;; is an n; x n; diagonal matrix, and the off-diagonal blocks Q; ;
have entries which are either O or g; ; for some ¢g; ; > 0 and furthermore fulfill

*
7 1+1 Qii+1 = (q-il - Q,~+1’,-) ,1s similar to a diagonal matrix, .This is seen by defining
the numbers d; recursively as before and then let d be the vector where d; is repeated
n; times. Finally, we notice that if we are given a lumpable CTMC where the rate

matrix is of the form

where Q a tri-diagonal block matrix then the rate matrix of lumped process Q will be
diagonalizable. To see this, assume Q is an n X n matrix and Q in an m X m matrix.
By assumption, we may write Q = U QV where the j-th column vector of V is 1 in
the entries corresponding to the jth-partition and O otherwise (see Kemeny and Snell
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1960 together with the uniformization argument in Buchholz 1994). We note that Q
is diagonalizable and hence the matrix C whose rows are the left eigenvectors of Q
has rank n. Now, if we combine the observation in Barr and Thomas (1977) that if x is
a left eigenvector of Q then xV is a left eigenvector of Q if xV is not the null vector
with Sylvester’s inequality for rank of the product of two matrices (inequality 0.4.5 (c)
p. 13 in Horn and Johnson 1985), we can see that the matrix CV has rank m and hence
there are m linearly independent vectors in the set {xV | x is a left eigenvector of Q}
SO Q is diagonalizable.

8.3 The lumped state-space

We define the state-space S to consist of states of the form [Gi, ) li=1,...,m]
Wh§re Ji € {1,2}and [; € {1, 2}. Note that, as is implied by that notation [-], the states
of G are multisets i.e. identical elements of each state are allowed to appear more than
once, but, unlike vectors, the order of elements is not important. We use the notation
#(i, j) € & to mean the multiplicity of (i, j) and let the notation #(i, -) € & mean the
number of elements in population / in the state &. We let A be a dummy absorbing
state and define a rate matrix indexed by the states of S U A:

mioo-#(1,0) €a ifa=.2U,0), =702,
o, .= Mo #2heq  ifa=SUQD, B=.7U(,1D 32)
a,p (#(l,z-)ea)cl + (#(2,2~)ea)c2 if,B —A
0 otherwise ,

where the diagonal entries are defined by the requirement that Q is a rate matrix, i.e.
the rows sum to 0.

Theorem 1 Letw, f € Gwith F(a) = F(B) and set S = {ly eS| F(a) = F(y)}U
A. Let f be any mapping from the set of lineages to 1,2 and let f : GU A — SUA
be the mapping induced by f, with f(A) = A. Then Q & is exactly lumpable with
respect to the partition generated by f and the transition matrix of the lumped process

is given by Qlf(é)

Corollary 1 Under the conditions from Theorem I and the additional assumption

[ f~(f (@) = 1 we have

1 _
PX, = B Xo—o) = —— (Q5&)
(X;=B1Xo=0a) |f_1(f(:3))| (e >f(ot),f(f3)

Proof First, we prove exact lumpability. Formally, the partition generated by f is the
quotient set (‘_B/Nf where a ~¢ B ‘g fla) = f(,B) é/Nf is naturally identified

with the image of & under f and since f (&) C S, we will label the elements of
S/~ r with the elements of & € SUA.In partlcular for& € & we write “a € &” if

a € {y | f(y) = &}. We need to check that for &, ,B S 6/~f UA:
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BB b3 (28),,=2(28),, (33)

aEed aEQ

That is, the column sums must be equal for all partitions.

First, we note that (33) is fulfilled if either @ = A or ,3 = A since in the former case
all column sums are 0 (since A is absorbing) and in the latter there is only one column.
Let &, /§ € G_S/Nf be given. Write & = (al,ag),,é = (b1, bp) where aj, ap € Ny are
respectively the number of 1’s and 2’s in population 1 in &, and similarly by, b are
the number of 1’s and 2’s in population 1 in B. Note that this notation unambiguously
identifies & since e.g. the number of 1°s in population 2 in & is | f~'(1)| — a;. We
check that (33) holds in the three exhaustive cases |a; — by| + |ap — bz| = 0, |a; —
byl +lay — bzl = land |a; — by| + |az — b| = 2.

lag — b1| +laz —by| =0

This condition implies @ = /§ . We rewrite (33) by isolating the diagonal elements:

(2¢),,+ 2 (28),,=(28),,+ > (2¢),, ©
[3”6,3 ﬁ//eﬁ
B"#p B"#p

Note that f preserves number of elements in each population so for any y, y' € & :
f(y) = f(y') implies that y and y’ have the same number of lineages in population
1 and 2 respectively. This in turn implies

vv' eBE ron=ro) = (

so that the sums in (34) are equal.
lai — b1l + laa — b2| =1

This case covers the four sub-casesay — by =1, by —a; =1, ap — by = 1 and
by — ap = 1. We treat the first, as the rest are similar. The condition a; — b; = 1
means § is obtained from & by moving a 1 from population 1 to population 2. Writing
o = (A1, A2) where A} € f1(1) and A» € f~1(2) are the lineages in population 1
and similarly for 8 = (Bj, B»), the assumed condition translates into |A1| — |B1| =
1, |A2| = |B>| and we rewrite the sum >, .4 (Q‘é) 5 in terms of the A;’s B;’s:

o,

Z (Qlé)a,ﬁ =mi-2 - Z 1 ((Qlé)a 5 > 0) (35)
A1 ST =1 ’

|A2]|=|Ba|
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1448 L. N. Andersen et al.

The condition |A1| — |B1| = 1 implies that at least one lineage switches populations,
and by the definition of Q given in (5) entries in Q‘é will be 0 if they correspond
to states where more than one lineage switches population. This will be the case if
Ay # By or By ¢ A; Hence:

GS)=mis - > 1((Q|@)M >0) (36)

aed,a=(A1,A2)
B1CALL|A1|-|B1|=1
Ar=B;

Finally, observe that each summand in (36) is positive and that there are | f ' (1)| — | By |
such summands, so that

(36) = (1 "D — |Bihmi2. (37)

By combining the equations above, we see that the right hand side of (35) depends
on B through |B1| and by the remark that f preserves the number of elements in a
given population this implies that the sum is unchanged if we replace 8 with 8’, which
proves (33) in this case.

Finally, in the case |a; — b1| + |aa — b2| > 2 both sides (35) are 0 by the remark
that f preserves the number of element in each population.

This proves exact lumpability. According to Proposition 7 of Baarir etal. (2011) the

entries of the transition matrix of the lumped process are given by Zaea (Q|G) s’
The number of elements of a partition & = (ay, a2) is

- If 'Dla
loe] = (
1/ @)la
so in the case a; — by = 1, a; = b, discussed above we have
Iﬂl
il 2 (2o,

:ff:ﬂf (D] = |Bi)ymia

(If 1(1)|) (|f—‘(z)|)
B by b
(If‘l(l)l)(lf (2)|)
aj an
(|f-1<1>|)
B a; — 1
(|f—1<1>|)
ai
ai

T Dl =@ -1

(f~ D = [Bihmia

(W = 1B )ymi 2

(D = |Bi)mis2 = aymi—a
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which is the first case in (32). The rest of the sub-cases of |a; — b |+ |a; —by| = 1 are
identical, and the remaining two cases (|a; —b1|+|az—ba2| = 0, |a1 —b1|+|ax —b2| >
2) are trivial. O

Proof of corollary 1 To obtain the corollary we observe that exact lumpability implies
that the CTMC remains equiprobable with respect to the partition generated by f if the
starting distribution is equiprobable, and that the condition | f “1(f(a))| = 1 ensures
that this is case for the starting distribution P(Xo = o) = 1. Hence

1

|fHF B
1

= (e _
TR0 () s

PX; =B Xo=0) P(X; € [N (f(B) | Xo=0)

8.4 The explicit integrals of Sect. 5

Tats 1y
/fl (t1, 12, 3)h1 (11, 12, 13)dt A dr3
000
oTAGui+Aj+h+hm+r)
i A A A A (A At A A — A (A A A+ o+ Ay — Ay)
eTa (it j+r+hs)
+
i + Aj + A+ A) ke — A — Ay — A + A (A + )\j + A+ Ay —A)
1
i + A5+ 2+ A+ 2 (A + Aj + A + Ag) A + Ar)
oTAQhi+10)
(=M A+ Ajt A+ A+ A —A)CAi + )R —Aj — Ak — Ay + Ap)
o0oTs ty

fi(t, 12, 13)ha (1, 1, t3)dty drdt3

740 0
1 eTai+2j+7+hm+Ar)
= b —2x,-9“((—/\k F M A Do+ Ay = ) (—Ai + Aj M+ o+ Ay — Ar)
eTa(i+hj+hi+hs)
+ A=A = — A+ ) (A +Aj + A + Ay — )
T4 @i+
(A FAj+ A+ A A — A — A — A — A +)\z))
o003 Ty

f1(t1, 12, 3)h3 (11, 12, 13)dt1drrd13

TaT4 0
eTaGitaj) (eTaGuthmtar) _ oTa(hitis) 93

- (=04 +22)(=360, + 2; + )\j F A (A F A+ A A — Ay)
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1450 L. N. Andersen et al.

o013 Iy
f1(t1, 12, 3)h4a(ty, 2, 13)dt1d1rd13

TATAT A
_eTA (hithj+Ai+Am +)»,)03

T (00 + 2000 (=300 + At + A + A0 (=600 + At + A+ At + )

Tats 1o
fa(t1, b2, 3)h (1, 1, 13)dt dirdts
000
eTaOj+htritim+ir)
T O kA A ) (i A D+ Ay — Ao ) (=2 A bk A A Ay — h)
eTaGitrj+heths)
i A A A G = A — A — Ay A (G — Aj — Ak — A 4 Ar)
1
gkt A A i+ A Ak AR+ Ar)
TAQhi+h)
(20 A M+ A A+ A = A @A+ ) O — A — hk — A + Ap)
ooTaty

///fz(tl,tz,%)hz(ll,tz,l3)d11dt2dt3

Ta0 0
B4 eTaCjthtri+hm+2r)
N Oa = 2X)(hi — A — A — Ap + Ay) (_ —2A; +)\j + A+ A A A — Ay
eTa(hi+Aj+he+hs) elTa@hi+hi)
— +
Ai—Aj—de—As+A  =2h A+ A A+ A+ Ay A — A
eTahi+n)
+
Ai —)\.j — A —As + At
ootz Ta
fa(ty, o, 13)h3(t, 12, 13)dt1dirdrs
TaT4 0

eTaCH10) (T4 Gt ) _ Ta i+ )g2

(B4 +20) (=300 + hi 2 M+ L+ o+ Ay = )

oo

// f2(t1, 12, 13)ha(t1, 12, t3)dt1dtrdis

Ta T"A Ta

eTA (A j+rk+Ai+Am +)»r)93

T (Oa = 20) (=300 + A + ) + ) (=604 + Aj + Ak AL+ Do)
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