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Abstract

In this paper, we formulate six different resolutions of a continuous-time approxima-
tion of the Wright-Fisher sample genealogical process. We derive Markov chains for the
six different approximations in the spirit of J.F.C. Kingman. These Markov chains are
essential for inference methods. One of the resolutions is the well-known n-coalescent
due to Kingman. The second resolution was mentioned by Tajima, but never explicitly
formalized. The other resolutions are novel, and embed the objects of Kingman and
Tajima into a general framework via the theory of lumped Markov chains. We show
that any sample genealogical Markov chain is amenable to Kingman’s n-coalescent ap-
proximation if it has the lineage death chain as its lumped Markov chain. We formulate
a lumped n-coalescents graph that embodies multiple n-coalescent resolutions of the
underlying sample genealogical process and leads to computationally efficient inference.
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1 Introduction

Kingman’s n-coalescent [8,[7] is a continuous-time Markov chain formulation for a limiting
approximation of the genealogical history of a labeled sample of size n from a Wright-
Fisher population [3 [I7] of a large and constant size N. Every sequence of states visited
by the embedded discrete-time chain on C,,, the set of all set partitions of the label set
£={1,2,...,n}, is an element of C,, the set of n-coalescent sequences or c-sequences. A
c-sequence induces a ranked, rooted, binary tree with leaves labeled by £ [I4) Section 2.3].

There is another resolution for the sample genealogical history due to Tajima [15].
Tajima’s evolutionary relationships [15, Figures 1-4] are a representation of genealogical
histories as ranked, rooted, binary tree shapes [14, extending the definition of Section 2.4].
So the evolutionary relationships are obtained by omitting the labels from the ranked,
rooted, binary trees induced by the sequence of states visited by the chain on C,. In the
spirit of Kingman’s n-coalescent, we formulate a continuous-time Markov chain on the
vertices of the unit hypercube G,, = {0,1}"~! such that the sequence of states visited by
this chain are Tajima’s evolutionary relationships. This Markov chain called the vintaged
and shaped n-coalescent shares some features with another Markov chain known as the
label-killed n-coalescent [8, (5.2)] or unlabeled n-coalescent [13] or family-size process [6} [16,
p. 136-137] on F,,, the integer partitions of n.

Figure 1: State spaces B,,,C,,,D,, F,, G,,H,, and the lumpings between them.

Using the theory of lumped Markov chains [5, § 6.3, p. 123], we show that a Markov chain
on B,,, which is an augmentation of C,, with coalescent vintage tags, called (i) the vintaged



1 INTRODUCTION 3

and labeled n-coalescent of § can be lumped into (ii) Kingman’s labeled n-coalescent
or the unvintaged and labeled n-coalescent of § on C,, (iii) Kingman’s unlabeled n-
coalescent or the unvintaged and sized n-coalescent of § on F, and (iv) the vintaged
and shaped n-coalescent of § on Gy,. The latter two Markov lumpings are mediated via
another Markov chain called (v) the vintaged and sized n-coalescent of § on D,, an
ordered integer partition state space. Finally, all these Markov chains are built from the
coarsest resolution of (vi) the pure death process of § on Hl,, that gives the number
of ancestral lineages of our sample. Figure [1| depicts the six state spaces and the Markov
lumpings between them.

Here we focus on specific algebraic representations of these six Markov chains and
derive their backward-transition, sequence-specific, state-specific and forward-transition
probabilities. These derivations are novel for all but Kingman’s labeled n-coalescent and
the pure death process [8,[7]. Our motivation for this study is two-fold. The first is historical
and the second is statistical as outlined in the next two paragraphs, respectively.
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Figure 2: Realizations of 3-coalescent trees in the space of such trees is plotted on the three
rectangles as colored points in middle panel. The lines on the rectangles are the contours
of the independent exponentially distributed epoch times for each c-sequence. Each of
the three coalescent trees, with two branch lengths (t3,t2), representing a realization in
the corresponding rectangle and the transition probability diagram of the Markov chain
{CT(k)} ke{3,2,1} on Cg are shown counter clock-wise in the four corner panels, respectively.
See Proposition [3.7] for details.

Kingman and Tajima independently described the genealogical or evolutionary rela-
tionship of a sample of size n from a Wright-Fisher population in the early 1980s. It is
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wrongly believed that the objects described by Kingman and Tajima are essentially the
same. We make the first formalization that relates the two distinct sample genealogical de-
scriptions of Kingman and Tajima via the theory of lumped Markov chains. The vintaged
and shaped n-coalescent is the first Markov description of Tajima’s evolutionary relation-
ship in the spirit of Kingman’s n-coalescent. This Tajima’s n-coalescent requires temporal
information about the extant sample lineages (such temporal information is not required
for Kingman’s n-coalescent). The other resolutions of the sample genealogy studied in this
paper make the Markov lumping relations among the n-coalescents, that are naturally
spanned by the n-coalescents of Kingman and Tajima, explicit.

The n-coalescents provide the basic probability models underlying statistical exper-
iments of interest in population genetics. They arise as prior mixtures over T, the
partially observed genealogical space of binary coalescent trees with branch-lengths:

CnTy i= Cp @ Ty i= {t 1= (“"tp, M1, ...,%ty) : ¢ € Cpyt € Ty}

that one needs to integrate over, in order to obtain the likelihood of a parameter ¢ € 4
on the basis of some observed data xqps:

Plawlo) =30 [ Plawnlt0)P(tio) 91).

where O (°t) is the dominating measure on “»T,, (given as a product of counting measure on
discrete-valued trees in C,, and Lebesgue measure on the continuous-valued coalescent times
in R’}r_l =: T,) and P(“t|¢) is an n-coalescent induced, possibly ¢-specific, prior density
over ¢ T,,. The integration space is depicted for n = 3 in Figure [2 Markov lumping can
be powerful in inference if the observed data or statistic of interest z.ps only depends on
the original chain through the lumping. This can reduce large summations over excessively
fine state spaces as noted in [5]. For instance, in [13], the sufficiency of the unvintaged and
sized n-coalescent for the likelihood of a popular statistic called the site frequency spectrum
or SFS is exploited. Computationally efficient inference based on SFS as well as its linear
combinations [I2] is possible due to the invariance of the sampling distribution of SFS up
to the equivalence class induced in the hidden space C,, by the sequence of states visited
by the lumped Markov chain that is obtained from the Markov lumping .% : C, — F,, of
the state space of the unvintaged and labeled n-coalescent to that of the unvintaged and
sized n-coalescent. In this paper, we formally describe lumped Markov processes at more
resolutions of the hidden genealogy space. These descriptions, especially at the coarser
resolutions, are a prerequisite for subsequent computationally efficient inference in the
spirit of [I3] on the basis of other appropriate population genetic statistics.

The rest of this paper is organized as follows. In § [2, we review the conditions under
which a lumped process is Markov, describe the basic population genetic model and the n-
coalescent approximation of any sample genealogical Markov chain. In §[3] we introduce and
discuss six mn-coalescent resolutions of the genealogical space. Examples and applications
are given in § [
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2 Preliminaries

Let N := {1,2,3,...} denote the set of natural numbers. Let Z, := {0,1,2,...} and
Z_ :={0,—1,-2,...} denote the set of non-negative and non-positive integers, respectively.
For any set A, let |A| denote its cardinality or the number of elements in it. Let [n :
n'l- :={n,n—1,...,n' +1,n'} denote the linearly ordered descending index set from n
to n’ < n, where n,n’ € Z and let [n]_ := [n : 1] = {n,n —1,...,2,1}. Similarly, let
[0 :n]y:={n',n"+1,...,n—1,n} denote the linearly ordered ascending index set from
n’ ton >n', where n,n’ € Z and let [n]; :=[1:n] ={1,2,...,n—1,n}.

The n-coalescent resolutions (with exception of the unvintaged and sized n-coalescent
and the vintaged and shaped n-coalescent) induce trees on n leaves. We will formally define
the trees we will observe throughout this paper.

Definition 2.1. A ranked, labeled tree on n leaves is a rooted binary tree with unique leaf
labels from the label set £. The interior vertices have a total order < assigned, such that
the root is the minimum in this order, and for any interior vertex v which is on the path
from an interior vertex w to a leaf, we have w < v. We assign to the root of the tree the
rank 1, to the second smallest element in this total order the rank 2, etc.

A labeled tree on n leaves is a ranked, labeled tree where the total order with the ranks
are omitted.

A ranked tree shape on n leaves is a ranked, labeled tree where the leaf labels are
omitted.

A tree shape on n leaves is a labeled tree where the leaf labels are omitted. For examples
see Figure

ST &1 ST s1 0

1 2

Figure 3: Example for a ranked, labeled tree with leaf label set £ = {1,2,3,4,5}, a labeled
tree with £ = {1,2,3,4,5}, a ranked tree shape and a tree shape (from left to right).

2.1 The lumped chain

In the following we define a lumped chain of a Markov chain as in [5, § 6.3, p. 123].
Assume we are given a discrete time Markov chain {S(n)},cz, on a finite state space
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S = {s1,82,..., 85/} Suppose that for an initial distribution 7, the values
{Pr(sjlsi) == P(S(n+1) = s5;|S(n) = si) }i je(s|

are the time-homogeneous 1-step transition probabilities for our Markov chain.
Let the map
M S — M= {mqy,ma,...,mpuy}

induce a partition of S into M| non-empty elements via its inverse .# 1. We denote this
M -partition or A -lumping of S by
S = {t T (i), M (ma), . M () -

Next, we define the lumped chain {S?(n)}nez, on S from the original Markov chain
{S(n)}nez, on S. The state visited by the k-th step in the lumped chain is the set that
contains the state visited by the k-th step in the original chain, i.e. with m; := .#(s;),

S(k)=sy €S = S 58 (k) =M (M (s)) = M (m;) D sy
At the first level we assign, for the lumped chain,
P (5(0) € .t~ (my)) .

The probability of the sequence (e//lfl(mk), ooy 7 (my), ://lfl(mj)) of n states visited
by the lumped chain is defined to be:

Py (S(n—1) € . (my) | S(n—2) € . (my), ..., S(0) € A (my)) .

The lumped chain can replace a Markov chain on a vast state space with a chain on fewer
states. Such coarser .#Z-lumpings when statistically sufficient for the considered problem
can be advantageous, especially when the lumped chain is also Markov.

The proof of the next proposition is given in [5, Thm. 6.3.2, p. 124]. As this proposition
is frequently applied throughout the paper, we give a proof using our terminology.

Proposition 2.2. A necessary and sufficient condition for the lumped chain {S (k)}rez,
to be a Markov chain on S and not depending on the initial distribution 7 is:

For every pair of sets .4~ (m;) and .4~ (m;) in S, the probability of moving from
a state sy € M~ (m;) to the set M~ (m;),

Pt my)lss)i= Y Plsylsy),

sy €M~ (my)

is identical for every sy € .4 ~1(m;), and thus depends on sy only through .4 ~'(m;).
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We refer to these common probabilities by
Pt ()|t~ (my)) = P(my|mi),

and use them to define transition probabilities between sets of states A~ (m;), A4~ (m;)
for the lumped Markov chain {S‘//(k)}kez+ on S or equivalently the transition probabili-
ties P(mj|m;) between states m;, m; for a Markov chain {M(k)}rez., over M.

Proof. As the transition probability of the lumped chain does not depend on the initial
distribution 7, we have,

P (S(1) € A~ (my) | S(0) € A~ (ms))

being the same for all 7. In particular, this also holds for 7 having a 1 in the #’-th component,
for state sy € .#~1(m;), i.e. when the initial state in the original chain is s;. We denote
this probability by

pij =Py (S(1) € .~ (m;)) = P (A" (my)]sy)

for every sy € .#~'(m;). So the condition given in the proposition is necessary.
To prove that it is sufficient, we must show that, if the condition is satisfied, the
probability

P (Sn—1) e (mj) | S(n—2) € " (m;),...,S(0) € 4" (my)) (1)
only depends on . ! (m;) and .#~'(m;). We rewrite the probability (1) in the form
P (S(1) € .t~ (my))

where 7' is a vector with non-zero components only on the states contained in
AM~1(m;). The vector 7' depends on 7 and the first n — 1 outcomes. However,
if Py(S(1)e.#"1(m;)) = py for all sy € .4 '(m;), then it is also clear that
P (5(1) € 4~ (m;)) = pij. Thus the probability in only depends on .# ~!(m;) and
///_l(mj). ]

Remark 2.3. The continuous-time Markov chains we encounter in this paper are con-
structed by composing independent and exponentially distributed waiting times with the
discrete-time embedded Markov chain. We are primarily concerned with the lumped chains
of the discrete-time Markov chains, since the independent waiting times can be composed
with the lumped discrete-time Markov chains to obtain their continuous-time versions as

we will see in §[2.2.3]
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2.2 The Standard Neutral Wright-Fisher Model

In the Wright-Fisher model [3| [I7] of selectively neutral reproduction within a finite pop-
ulation of constant size N, there are discrete, non-overlapping generations labeled by in-
tegers ..., —k,—k+1,—-k+2,...,—-2,—-1,0,+41,42,... as we go forward in time. The
current generation is labeled 0. Each individual in generation —k + 1 is the child of ex-
actly one individual in the previous generation —k and the number of offspring born to the
15t ond o gth o N*Mindividual of generation —k is the symmetric multinomial random
vector V := (V1, Va, ..., VN), such that:

al N 1\~
j;vj =N, P(Vi=ulo=u. Vy =vy) = oo (N> )

This reproduction scheme is independently and identically enforced in each generation
to obtain the standard neutral Wright-Fisher model as we go forward in time. This model
has a simple structure as we go back in time. The forward-time offspring distribution of
is equivalent to the scheme where each individual in generation —k + 1 chooses its parent
uniformly at random from among the N individuals in the previous generation —k. This
simple scheme as we go back in time is at the foundation of the n-coalescent approximation
to the Wright-Fisher model.

We can choose to track the sample genealogy (see Fig. , i.e. the sub-genealogy of
our sample of size n with label set £ = {1,2,...,n}, within the population genealogy of a
Wright-Fisher population of constant size N, at some resolution of interest over an appro-
priate time-scale. In § we simply track the number of lineages that are ancestral to
our sample in the time-scale of the discrete Wright-Fisher model. The sample genealogical
description of § is the coarsest resolution and contrasts with the finest studied reso-
lution of the sample genealogy in § The finest resolution is depicted in Figure {| for a
small example.

2.2.1 Number of Ancestral Lineages of a Wright-Fisher Sample

In the simple Wright-Fisher discrete generation model with a constant population size
N the offspring “choose” their parents uniformly and independently at random from the
previous generation due to the symmetric multinomial sampling of N offspring from the
N parents in the previous generation. Let Si(J ) denote the Stirling number of the second
kind, i.e. Si(] ) is the number of set partitions of a set of size ¢ into j blocks. Note that the
following ratio can be approximated:
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Figure 4: Genealogy of a sample of size n = 3 with label set £ = {1, 2,3} within a Wright-
Fisher population of constant size N = 5. The vintage tags / in the labeled lineages are
assigned as follows. The n sampled individuals at generation 0 have vintage tag ") assigned.
Now, going back in time, the first coalescent event has vintage tag "~ assigned, the next
coalescent event has "2 assigned, and so on. Finally, the most recent common ancestor
of the sample on n individuals has vintage tag (') assigned (see § .

Thus, the N-specific probability of ¢ extant sample lineages in the current generation
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becoming j extant lineages in the previous generation is:

SO (NgN=) =1 (NgN~) =1— (JN"1+0 (N~?) ifj =
SV (Np—y N™7) = () (N "INy N=6-D) =

HN T (L-N) O (N 2)) = (N O (N2 i =il

N
Pi,' = i— i— ; (3)
TS (Mg N = ST (NN g N6 =
STONT (1= N 40 (NR)) =0 (N72) if j=i—¢,
0 otherwise .
where, 1 < ¢ < ¢ —1. Let Z_ := {0,—1,-2,...} be the ordered and countably infinite

discrete time index set. The discrete time Markov chain {V¥H'(k)}rez_ over the state
space H,, := {n,n —1,...,1} with 1-step transition probabilities is termed the death
chain of the number of ancestral sample lineages within the Wright-Fisher population of
constant size N. The initial state and the final absorbing state of this chain are n and 1,
respectively.

2.2.2 Death process of the number of lineages

Let us first obtain a coalescent approximation of {N H'(k)}rez_, the death chain of the
number of ancestral sample lineages within the Wright-Fisher population of constant size
N from § [2.2.1] This is the coarsest of the six coalescent resolutions we study here and
forms the foundation for a continuous time approximation of any discrete time sample
genealogical Markov chain {VA'"(k)}rez_ that has {NAT%(k:)}k627 = {(NH"(k)}rez_ as
its lumped chain via the lumping 57 : A, — H,, that reports the number of ancestral
lineages of our sample (see §.

Let us rescale time in the discrete time Markov chain {VH T( )}kez_ over the state
space H,, := {n,n — ., 1} with 1-step transition probabilities (3. Let the rescaled time
t be g in units of N generatlons i.e. g = [ Nt]. In words, the probablhty that any specific
pair of lineages, among the (;) many pairs of the currently extant ¢ ancestors of the n
sampled lineages, coalesces in one generation is 1/N and that this pair remains distinct for
more than g generations is (1 —1/N)Y. Then, the probability that a pair of lineages remain
distinct for more than ¢ units of the rescaled time is: (1—1/N )Vt N=90 o=t The | N't|-step
transition probabilities, N P; ;(| N't]), of the discrete time death chain {N HT(|Nt|)} n¢jez_

converge to the transition probabilities P; ;(t) of the pure death process { H'(t)}1er, , in the
rescaled time ¢, over the state space Hl,, as the population size N tends to infinity. The
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instantaneous transition rates for this pure death or epoch-time process is [7, (1.9)]:

N —(3) if j=i
NP j(INt]) = Pj(t) =exp(Q1), aqij=q(jli) =4 (}) if j=i—-1 . (4
0 otherwise

The matrix @ is called the instantaneous rate matrix of the death process Markov chain
{H(t) }ter, and its (4, j)-th entry is ¢; ; = q(j|¢). Thus, the i-th holding time or epoch-time
random variable T; during which time there are ¢ distinct ancestral lineages of our sample
is approximately exponentially distributed with rate parameter (;) and is independent of
other epoch-times. In other words, for large N, the random vector T' = (1%, T3, ...,T},) of
epoch-times, corresponding to the epoch times of the pure death process {H T (t) }ter, on

the state space H,, has the product exponential density @);", (;) e~ ()t over its support
T, := R"'. Note that the initial state of {H(¢)};cr, is n and the final absorbing state is
1.

Let [n]— :={n,n—1,...,2,1} denote the ordered discrete time index set of the jump
chain. The embedded discrete time jump chain {H(k)}4ep, of this death process, termed
the embedded death chain, moves from state i to state ¢ — 1 with probability 1, as follows:

m - L ] S

We keep track of the discrete time in terms of the extant number of lineages for convenience.
The discrete time steps k € [n]— := {n,n—1,...,2,1} of the embedded chain {HT(k‘)}ke[n},
of the death process { H' (t)}scr . are referred to as coalescent epochs or epochs as they mark
the beginning of a lineage death or coalescence event. Note however that the embedded
discrete time jump chain of {VH'(k)}1ez_ denoted by {NHT(k)}ke[n:nqi can reach the
absorbing state in merely n —n’ jumps where 1 < n’ < n.

2.2.3 Coalescent approximation of any sample genealogy Markov chain

If the desired Markov description of our sample genealogy within a Wright-Fisher popu-
lation, as we go back in time, at a possibly finer resolution than that of the death chain
{NHT(k)}rez_, is seen in an appropriate time-scale involving the population size N, then it
can be approximated in the large population limit by a simpler one called the n-coalescent
of the desired resolution. This is a natural extension of the basic approximation idea in
Kingman’s n-coalescent [8], 2.7-2.10].

Let {NAT(k)}rez_ be any discrete time sample genealogical Markov chain that has
{NAT%(k)}kGA = {VH"(k)}rez_ — the Wright-Fisher death chain over H,, := {n,n —
1,...,1} with 1-step transition probabilities in — as its lumped Markov chain, via the
lumping map #(a;) : A, — H,. We show that {N¥AT(k)}rez_ can be approximated by
{A(t)}1er, , the n-coalescent of the desired resolution.
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Let A, be the state space of {NAT(k)}rez_. Let ay <Y a; denote the immediate
precedence relation between states a;,a; € A,, in the one-step state transition diagram of

{NAT(k)}kezi, 1.e.
Apsay <Naeh, — PNANk-1)=ay|VAT (k) =a;) >0,Vk€Z_ .

For some n/, such that, 1 < n’ < n, let a := (an,an-1,...,a,_1,a,) be a sequence of
distinct states visited by {V AT (k) rez_, i.e.

(NAT(kn = 0) = Qp, NAT(kn—l) =An—1,---, NAT(kn’—l) = ap'—1, NAT(kn’) = an’) )
k;j € Z_ for every j € [n: n/]_ and the set of such a-sequences be A,, i.e.,
Ay ={a:a;i 1 <N a,Vie{nn—1,...,n  —2,n —1},1 <n’ <n}.

Thus, A, contains all sequential realizations of the genealogy of our sample of size n
within the discrete time Wright-Fisher population of constant size N at the resolution
of a-sequences obtained by the sequence of distinct states visited by the jump chain
{NVAT(k)} pepnm embedded in {NAT(k)}pez_. Let NPy, 4, := ¥ P(ay|a;) denote the time-
homogeneous transition probability from state a; to state a; in one time-step or one Wright-
Fisher generation as we go back in time. Let 7 (a;) = i and 5 (a;) =i’ =i — £, i.e. there
are 7 and ¢’ lineages in a; and a;, respectively. Then,

NPai’ai/ =P (NA(k +1)=ay | NA(k) = a;)
=P (NA(k+1) = ap, YAk +1) € (A (ar)) | VA(k) = ;)
PNAk+1)=ay,NA(k+1) € 571 (i — 0),NA(k) = a;)
a P(NA(k) = ;)
=P(NAk+1)=ay | YAk +1) € 27H(), N A(k) = @)
x P(NA(k+1) e 271(i) | NA(K) = a;)
=Np (ai | ay € 7({), a;) Np (710 | ;) . (5)

Let the conditional transition probability of the jump chain {V AT(k)} ke[nm']_ De
P(ay | ai) :="P(ay | ay € A7 (A (ar)), ;) (6)

If the lumped chain {NAT%(k)}kGZ_ of {NAT(k)}rez_ is the Markov chain {N H'(k)}rez_
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then the last probability term in simplifies:
PNAk+1) e 7)) | VA(k) = a;)
= > PMAMk+1) =ay | VAk) = a;)
ay € 1)

= NP (i) | @)

=Np(#7") | # Ya;)) - of Proposition

=Np (i i) =S") (NgyN~) - of @) (7)
Combining with @, and we get

1 Sz‘(i) (N[z']N_i) =1- (;)N_l + O (N_Z) if a; = ay and
H(a;) = H(ay) =1,
P(ai | a;) Si(iil) (N[z 1] _i) = if a; <flv a; and
NPaay = Plar | ) ())N"1+0 (N72) i— ) = Hlar)+1, (8)
P(ay | a;)) S (Ny_gN=) =0 (N72) if ay <Y a; and
i = H(a;) = H(ar) + ¢,

0 otherwise

\

where, 1 < £ < i — 1. Let us define the more restrictive immediate precedence relation on
Ay D ag, a4

ap <q @i = ay <Y a;,i = H(a;) = H(ay)+1 .
The | Nt]-step transition probabilities, ¥ Py, o, ([ Nt]), of {NV AT(| Nt )} Nt|ez_ converge to
the transition probabilities P,, o, (t) of the n-coalescent {A'(t)}icr, , in the rescaled time
t, over the state space A, as the population size N tends to infinity. The instantaneous

transition rates for this continuous-time Markov chain, {A'(t)}ier, , generalizes [, (2.10)]
to the sample genealogical resolution of a-sequences in A,. More formally,

N—
NPai7ai,(|_NtJ) —>OO Paz a;r (t) = €xp (Qt)v Q = {qai,(li/ }Gi,ai/EAna and

- (;) if ay =a;
Qas,ay = q(airlai) = P (ai | a;) (;) it ay <4 ai,1=9(a;) - (9)
0 otherwise

This establishes the following proposition.

Proposition 2.4. Let {NAT(k)}rez_ be any discrete time sample genealogical Markov

chain that has {NAT%)(k)}kez_ = {NH"(k)}rez_ — the Wright-Fisher death chain over
H,, :={n,n —1,...,1} with 1-step transition probabilities in — as its lumped Markov
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chain, via the lumping map H(a;) : A, — H,. Then {NAT(k)}rez_ can be approzimated
by {AT(t)}teR+, the n-coalescent of the desired resolution.

Further, the Markov chain {Al(t)}er, has two independent components: (I) the
death chain over {H!(t)}ier, with waiting times (;), and (II) the simpler jump chain
{AV(k)} ey that only looses one lineage at each jump with transition probabili-
ties P(ay | a;) (as opposed to complicated jump chain {NAT(k:)}kE[n:n/]J embedded in
{NAT(k)Yrez_ ). Note that {AT(k‘)}kE[n}i is our refinement or delumping of the embedded
death chain {H"(k)} e -

3 Six coalescent resolutions

{H T(k‘)}ke[n},, the embedded discrete time jump chain of the death chain introduced and
discussed in § is the coarsest of our coalescent resolutions. In this Section, we intro-
duce n-coalescent approximations of five refined resolutions of the sample genealogy. One of
them (§ was completely developed as Markov processes by Kingman. Another (§ [3.5])
was pointed out by Kingman and yet another (§ by Tajima without a full Markov
description. The remaining two (§ § , including the finest resolution of § are
novel. Figure [I] depicts the six state spaces and the Markov lumpings between them.

As derived in the previous section, we can decompose the coalescent process: we have a
continuous time process describing the time between a jump from k to k—1 lineages and we
have an embedded jump process describing the state of the genealogy at each jump at the
given resolution. When the chain makes a jump we have a resolution-specific coalescence
event. In the following, we will describe this embedded jump process at different resolutions.

3.1 Vintaged and labeled n-coalescent

We introduce the finest coalescent resolution in this study. At this resolution, in each epoch,
we keep track of the descendants of each existing lineage as well as the epoch at which this
lineage was created as we follow the genealogy of our sample back through continuous time.
We will see that this genealogical process, {B'(t)}ier ., called the vintaged and labeled n-
coalescent, is a continuous time Markov chain and that each each sequence of distinct
states visited by {BT(kz)}ke[n]J the jump Markov chain of {B'(¢)}icr, , induces a unique
ranked, labeled tree, i.e. there is a bijection between the set of sequential realizations of the
jump chain of the vintaged and labeled n-coalescent and the set of ranked, labeled trees.
Furthermore, this process can be lumped to any other process we will introduce below.
Next we derive the state space, By, of {B!(k)}ren)_ and {B'(t)}ier, - Let Cy, be the
set of all set partitions of the label set £ = {1,2,...,n} of n samples. Let |¢,| denote the
number of elements in ¢, € C,. Denote by C?, the set of all set partitions with i blocks, i.e.,
Cn =U", Ci. Let ¢; :== {ci1,¢i9,--.,cii} € Ci denote the i elements of ¢;. The partial
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ordering <. on C,, is based on the immediate precedence relation <.:
Cit <¢ Ci = Cir = G \ Cij \Ci,k U (Ci,j U c@k), J 75 k:,j, ke {1, 2,..., |Cl|}

In words, ¢;; <. ¢;, read as ¢ immediately precedes ¢;, means that ¢;; can be obtained from
¢; by coalescing any distinct pair of elements in ¢;. Thus, ¢; <. ¢; implies || = |¢;| — 1.
Let the coalescent epochs be labeled n,n —1,...,1 as we go back in time. Thus, there
are k lineages during epoch k. We say that a lineage identified by ¢; ; in the i-th epoch,
i.e. the lineage that subtends the sample labels in the set ¢; ;, is of m;; vintage if ¢; ;
originated in epoch m; ;. We also say that m; ; is the coalescent-epoch vintage or simply the
vintage of ¢; ;. We notate such lineage-vintage pairs, 1ineage<"intage>, or vintaged lineages

(mis) and let

by bi,j = ci,j

bi = {bi1,big, ..., bi} = {cﬁi,m’cgm? . C<m>} |

denote the 7 vintaged lineages in epoch ¢ formed by pairing the j-th element ¢; ; € ¢; € C,
with its respective vintage m;; € {n,n —1,...,i}, for each j € {1,2,...,4}. Let the set
of such b;’s be B!, and let B, := JI, BY,. Thus, B,, is a vintage augmentation of C,,. The
partial ordering <, on B, is inherited from the immediate precedence relation <y:

bir < bi & by = b\ e\ | (i i) B0 G # kG k € (1,2, (bl

In words, by <3 b;, read as by immediately precedes b;, means that b, can be obtained
from b; by coalescing any distinct pair of lineages in b; and updating the coalesced lineage’s
vintage tag to that of the new epoch label. Let b = (b, b,—1,...,b1) be a sequence of states
in B,, that consecutively satisfy the immediate precedence relation <; and the set of such
b-sequences be B,, i.e.,

b= (bp,bn_1,...,b01) €Bp:={b:b; € B b1 < b;,Vi € {n,n—1,...,3,2}} .

The initial state and the final absorbing state of {BT(k)}ke[n]i, the jump chain on B,,
are b, = {{1} {23 . {n}™ .} and b = {{1,2,...,n}V}, respectively. The three
b-sequences when n = 3 are given in Table [3] Next we give the transition probabilities of
{BT(k)}ke[n], on B,,.

Proposition 3.1 (Backward transition probabilities of a b-sequence). The transition prob-
abilities of the jump Markov chain {B1(k)}y, with discrete time k = n,n —1,...,2,1 and
finite state space B,, are:

0 otherwise

i1 ;
P(b171|bz) — { (2) Zf bi—l '<b bz,bz c Bn (10)
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Proof. When there are i vintaged lineages in the i-th coalescent epoch, a coalescence event
can reduce the number of lineages to 7 — 1 by coalescing one of (;) many pairs of vintaged

lineages uniformly at random. Hence, the inverse (;)_1 appears in the transition probabil-
ities. The conditions that b;_1 <j b; and b; € BY for each i € {n,n —1,...,3,2} ensure
that our b-sequence b = (by,...,b1) remains in B, as we go backwards in time from the
i-th coalescent epoch with ¢ samples to the (i — 1)-th coalescent epoch. O

Proposition 3.2 (Probabilities of a b-sequence). The probability of a b-sequence b :=
(bp, bn—1,-..,b1) € By, is:

2n71

P(8) = Pbu1[ba) Pbu-albn-r) - Plbalee) = Sy

(11)
Proof. The first equality in is a consequence of Markov property and the second equal-
ity results from a telescoping cancellation when applying to the product components

of the second term in . ]

Therefore the probability of a b-sequence in is constant for all b-sequences, i.e. it
is uniformly distributed over B,, with

) = - — |5, = =0

= B (12)

2n—1

Proposition 3.3 (Bijection between ranked, labeled trees and b-sequences). There is a
bijection between the set of ranked, labeled trees on n leaves and By, the set of b-sequences.

Proof. 1t is easy to see that each ranked, labeled tree induces a distinct b-sequence and
any two distinct b-sequences induce two distinct ranked, labeled trees. ]

The next proposition gives the probability of visiting a particular state b; with ¢ blocks.
Proposition 3.4 (Probability of b; € BY).

PG — i — 1) [Tz leiglM(eigl = Dleingl =5 = 1= mij +)! (13)
! n‘(n — 1)' H;';ll(yci,lzj’ —j — mi7j+1 + Z)‘ ’

mi 1)  (m;2)

where, ¢; 1.5 := ¢;1Uc; 2U- - -Ug; ; from by = {cl< N S ,C§Ti’i>} that is chronologically

listed without loss of generality, such that, m;1 < mj2 < --- < my;.
Proof. For a b-sequence b € B,, define by,.; :== (b, bp—1,- .., bi+1,b;). Then by and ,

2n =41 (3 — 1)!

Plbes) = P((bns - b)) = Ploncalbn) . P(blbinn) = =y
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In particular, each sequence b is equally likely Let N; be the number of b,.;-sequences

which lead to b; = {c {ms, 1>, cggi’2>, e fT’ /1. Determining N; establishes the probability
for b;, since each bn,i—sequence is equally likely, i.e.
P(b;) = P(bn:i)N;. (14)

Without loss of generality, we can assume for a given b;, we have m; 1 < m;o <--- <my,.
Thus, we assume that each b; is chronologically listed. Let ¢ = max{j : m; ; < n}. Further
define caUcioU---Ucg -1 =!¢j1,5-1-

(mij)

;5 0 in epoch 4, the number of possible b-sequences in

For a v1ntaged lineage b; ; = c;

B, ;| using is:

B, || = i gl' (il = 1)!
Ici,jl 2|Ci,]'|—1

(15)

Let N; ; be the number of b-sequences on the label set ¢; 1.; stopped at the i-th epoch,
respecting the fixed b-sequences on the label set ¢;1.;—1 and label set ¢; j, j < i'. We have

Nz = ‘B‘CHM X ’B|C12|| X N@Q X |B|ci73|‘ X Ni73 X o X ’B‘Ci/,1|| X Ni,i’- (16)

We will now determine N; ;. Note that there are |¢;1.j—1] — (j — 1) coalescent events on
¢i1:j—1 up to epoch i. There are |¢; j| — 1 coalescent events on ¢; j. The coalescent events
in epoch ¢,2+1,...,m;; — 1 happen on ¢; 1.;_1, coalescent event m; ; happens on ¢; ;. The
remaining elements are shuffled together arbitrary, the number of possible shuffles equals
Ni,ja which iS,

lcitj—1] — (J — 1) — (myj — 1) + |eij] — 2
N’] — 1 ] 1, ) | 7'.7| . (17)
lcigl —
So overall, using Equations 7, we obtain,
P(b;) = P(bn:s)N;
_ e Mlei] = D 11 (leing—al = G = 1) = (mi g =) + leig| - 2
= 2 H 72|CL Jf 1 H < ’ |C7;,‘7| — 2J ’ )

i=2

. ol — + (eigl = D(Jeiiyl =5 = 1 = (mi; —i))!
1:[ ul'> (leia] = 1)! (H [ —— )

i’ Ty (leiig] — 4 — 1 — (my; — D)
leiI! | Geanl = DU | T (leigl = 1) i
’ ) 1 (3112 ’ ) ( S (eisgl = 5 = (miga —4))! )

(U
= , (ﬁ lei, 1 11( |Clj|_1)) (Hjllfczlj 1_m13+z))

[I=0 (el — 5 — ma e +9)!

1,

kvs

1|Cw|' ‘CL]|_1)(|011J|_]_1_mLJ +1)!
|Cz 1] =3 — mi g1 +9)!

IT= 1|ng|(\cu\ D(leiizgl =3 —1—mq; + 1)
)

1,21 (eingl =3 = mi e +0)!
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which completes the proof. O

Next we study the jump Markov chain on B,, forward in time. This chain is denoted
by {Bl(k:)}k,e[n]+ over the ordered time index set [n]4 := {1,2,...,n} that denotes the
epochs.

Proposition 3.5 (Forward transition probabilities of a b—sequence). The transition prob-
ability from state b;—y to state b;, such that, b;—1 <p b; € BY, in the forward jump chain

n’
{B'(k )Y kepn), > denoted by P(bi|bi—1) is
2 [T leisl(leigl = Dleinyl =5 = 1= mij +19) H |Cim1,155] = — Miz1j41 +1— 1)
-1
i1
H(|Czlj‘ = mi i1+ leim1j |1 (leimryl = D(lei—15] = 5 — 2 = mi—1; +0)! ., (18)
j=1
where, ¢; 1.5 = ci1UciaU---Ucj from b; = {c {mi,1) , gg”‘2>, ol ZT” } that is chronolog-

ically listed without loss of generality, such that, m%l <mio <o <y

Proof. By Bayes’ rule, we have,

P(bi—1|b;) P(b;)
P(bj—1)

P(bilbi—1) =

Upon substitution for P(b;_1), P(b;) and P(b;_1|b;), where b; € B! and b;_1 € Bi !, the
above expression yields:

il(i—1)! (1_[;':1 |Ci,j\!(lcz',j\*1)(|Ci,1:jI*jflfmz‘,jJri)!)

Plbiy) = L nl(n=1)! 1525 (ei1sgl—d—mi, g1 +0)!
1 10i—1 - ~iN - . X
o (3) G=1)G—2)! TTE27 leim1 j1Meim 51— 1) (eim1 1.5l —j—2—m; 1 ;49!
nl(n—1)! H;;?(‘Ci—l,lzj|_j_mi—1,j+1+i—1)!
20Ty leigltensl = Dleissl =5 =1 —ma g + ) T2 (leim1a] =5 = miz1ggn +i— 1)
[T 25 (einssl = 3 = migen + D)leim 1M (leim1,5] = D(lci—1,15] — 5 = 2 = mi—1,5 +9)!
which completes the proof. O

Let {VB'"(k)}rez_ be the discrete time sample genealogical Markov chain of n vintaged
sample lineages labeled by £ = {1,2,...,n} and taken at random from the present gener-
ation of a Wright-Fisher population of constant size N over the state space B,,. We derive
an approximation of this chain in rescaled time next.

Proposition 3.6 (Vintaged and labeled n-coalescent). The | Nt|-step transition probabil-
ities, N Py, ([ INt]), of the chain {N B (k)}rez_, converge to the transition probabilities of
the continuous-time Markov chain {B'(t)}er, with rate matriz Q, i.e.

N By, (INE]) 250 Py, (1) = exp (Q1),



3 SIX COALESCENT RESOLUTIONS 19

where, the entries of Q, q(by|b;),bir,b; € By, specifying the transition rate from b; to by,
are:

—() if by = b;,b; € BL,
q(bilbi) = { Pbalbi) () = (5) () =1 if by <o by : (19)
0 otherwise

We call this continuous-time Markov chain as the wvintaged and labeled n-coalescent.
The initial state is b, = {{1}{™ {2 . {n}™ .} and the final absorbing state is
by ={{1,2,...,n}V}.

Proof. The proof is merely a consequence of substituting the backward transition proba-
bilities at in the general n-coalescent approximation of (9) since {NH'(k)}rez_ is a
lumped Markov chain of {N¥B'(k)}rez_. O

We call this vintaged and labeled n-coalescent as the Kingman-Tajima n-coalescent.
We will see that Kingman’s n-coalescent of §[3.2] as well Tajima’s n-coalescent of § are
lumped Markov processes of the Kingman-Tajima n-coalescent.

3.2 Unvintaged and labeled n-coalescent

We will obtain {C'(t)}cr,, the Markov chain called the unvintaged and labeled n-
coalescent over C,, by a Markov lumping of {B'(t)};cr,, the vintaged and labeled n-
coalescent over B,,, that omits the epoch vintages from the states in B,,. Each sequence of
distinct states visited by the jump chain {CT(k)}ef,_ that is embedded in {CT(t)}ier,
once again induces a ranked, labeled tree, i.e. there is a bijection between the set of se-
quential realizations of the jump chain of the unvintaged and labeled n-coalescent and the
set of ranked, labeled trees. Note that we already established a bijection between the set
of sequential realizations of the jump chain of the vintaged and labeled n-coalescent and
the set of ranked, labeled trees. However, the state space of the unvintaged and labeled
n-coalescent is significantly smaller than that of the vintaged and labeled n-coalescent.
In our nomenclature, the unvintaged and labeled n-coalescent is Kingman’s n-coalescent
[8, 7). The number of elements in C,, is the number of set partitions of a set of size n which
is Bell(n), the n-th Bell number

|Cn| = Bell(n) := > SY) (20)
=0

where, 57(3 ) is the Stirling number of the second kind.
Consider the jump Markov chain {CT(k)} ke on Cn with initial state c,
{{1},{2},...,{n}} and final absorbing state ¢; = {{1,2,...,n}}, with the following tran-
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sition probabilities [7, (2.2)]:

in—1 . i
dif ey < ¢, ¢ € C
P(Ci’|Ci) — (2) 7 c 1y “1 no (21)
0 : otherwise
Now, let ¢ := (¢p,cp—1,...,¢1) be a c-sequence or coalescent sequence obtained from the

sequence of states visited by a sequential realization of {CT(k)} kefn)_» and denote the set
of such c-sequences by

Cpn = {C:: (cn,cn_l,...,cl):ci E(C;, Ci—1 =¢ Ciy 1 € {n,n—l,...,2}}

The probability that ¢; € C!, is visited by the chain [7, (2.3)] is:

Pla) = o Tl e
' =l

and the probability of a c-sequence is uniformly distributed over C, with

= gn—1 1
P(c) = [[ Pleialer) = T CED TR (23)

i=n

Let {N¥CT(k)}rez_ be the discrete time sample genealogical Markov chain of n samples
labeled by £ = {1,2,...,n} and taken at random from the present generation of a Wright-
Fisher population of constant size N over the state space C,,. We derive a continuous-time
Markov chain that approximates {¥CT(k)}rez_ next.

Proposition 3.7 (Unvintaged and labeled n-coalescent [8, (2.10)]). The | Nt|-step tran-
sition probabilities, N Pe, ., (INt]), of the chain {NC"(k)}rez_, converge to the transition
probabilities of the continuous-time Markov chain {C(t)}er, with rate matriz Q, i.e.

N—oo

NPCi,Ci/ (INt)) — Pci,ci/ (t) = exp (Q1),

where, the entries of Q, q(cir|ci),cir,c;i € Cy, specifying the transition rate from c; to ¢y,
are:

—(;) if cy = ¢i,0 € (C%
dlerled = Plerle) ) = ()7 () =1 Hew<eer en
0 otherwise

We call this continuous-time Markov chain as the unvintaged and labeled n-coalescent. The
initial state is ¢, = {{1},{2},...,{n}} and the final absorbing state is c; = {{1,2,...,n}}.

Proof. The proof is merely a consequence of substituting the backward transition proba-
bilities at (2I) in the general n-coalescent approximation of (9) since {VH'(k)}rez_ is a
lumped Markov chain of {NCT(k)}rez_ . O
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The unvintaged and labeled n-coalescent is Kingman’s n-coalescent [8| [7] specifically
constructed in [7, (Sections 1, 2)]. We retain our nomenclature to emphasize the particu-
larities of the sample genealogical resolution of Kingman’s n-coalescent. Figure [2] depicts
the coalescent tree space 3Ty = C3 x [0, 00)? for the label set £ = {1,2,3} with sample size
n = 3. Thus, elements of ©T3 are the sequence of states and their waiting-times visited by
the continuous time Markov chain {C(t)}icr, on C,.

Remark 3.8. We can show that P(c;) can also be obtained from P(b;) in (13). Since we
are not interested in the coalescent vintage of any of our lineages, Equation becomes
(ICm:y’ll ==+ eyl - 1)
lcigl =1
as we allow any shuffle of the |¢; 1.—1|—(j—1) coalescent events with the |¢; j|—1 coalescent

events. Let ' = max{j : m; ; < n} We have,

Ll = D) 1 legl! (el — DT (leing—il — (G — 1) + leig] — 1
Plc: — 9on—t J 5] Y] 5]
(<) I(n— 1) H e 11 i — 1

=2

-/

-1 [+ i (leiss] — 9)!
= a0 [T leislt | (einl = 1) H(,Ci,l:j_llyj_ G—1)!

J=1 Jj=2

IR Iy [Ty (lei] = 5)!

21 (leingl =

ai—1) [ ,
— m H|Cl’]" (n—z)!
! P\

since (|¢;1.| — ') = (n — (i — ') — ¢’)!. Therefore, P(¢;) can be obtained from P(b;), the
probability that a vintaged and labeled n-coalescent visits a particular vintaged partition
b; in BY.

Proposition 3.9 (Bijection between ranked, labeled trees and c-sequences). There is a
bijection between ranked, labeled trees on n leaves and Cy, the set of c-sequences.

Proof. 1t is easy to see that each ranked, labeled tree induces a different c-sequence. Vice
versa, any two different c-sequences induce two different ranked, labeled trees. ]

Proposition 3.10 (Forward transition probabilities of a c-sequence). The transition prob-
ability of the forward jump chain {Cl(k)}ke[n]+ from ¢y € Ci7t to ¢; € Ci), where,
Ci—1 =c ¢i, and j,5', 7" are indices such that ¢; j U c; jy = ¢i—1 v, is

2

(n i+ 1)(‘Ci,j|+‘ci,j")

lei,l

P(ci|ci_1) = (25)
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Proof. For the forward jump chain {C’l(k:)}ke[nh, first consider the case when ¢;—1 <. ¢;
with ¢; € C, and j, ', 5" such that ¢; ; Uc; y = ¢;—1 j» € ¢;_1. Then with Bayes’ rule,

P(Cifl ‘Cz)P(CZ)

P(cilei—1) = Plei 1)
(n—@)til (i — Ty leiglint (n —1)!
(3)n! (n = Dn—i+ 1) — D! = 22 e gl!
_ 2115 leil! _ 2 el Jes !
(n—i+ DI eiglt =i+ Dlein
B 2 Jeig|! e ! B 2
=it Dlegl eyt i ()
If we do not have ¢;—1 <. ¢;, then P(¢;|ci—1) = 0. H

Note that we can also obtain the relationship in from the forward transition prob-

abilities in :

n—1 2n—1 1 2n—1
P(c) = P(c¢; ) = = . 26
(C) 13 Contlei) = G20 Geagl + Jeag !~ (- Diwd (26)

Remark 3.11. Observe that the forward-time Markov chain {Cl(k)}k:e[nbr on C,, is dif-
ferent from Aldous’ beta-splitting model [1]. Aldous’ beta-splitting model also produces
bipartitions of a label set forward in time as a Markov branching model. The distinguish-
ing feature of the beta-splitting model is its recursive repetition of the same bipartitioning
or splitting process anew on elements of a partition of the label set. Therefore the beta-
splitting model only induces labeled trees, but no ranking. When the parameter 5 = 0, the
beta-splitting model induces the same distribution on labeled trees (without ranking) as
the vintaged /unvintaged and labeled n-coalescent.

Proposition 3.12 (Markov lumping from B,, to C,, via €). Let the vintage-dropping map
€ (bj) = cj : B, — C,, be the following:
C(by) 1= 6 (s, b h) = CUGT o) = {ejas e -

The lumped chain, {BT%(i)}ie[n]_, of {BT(i)}ie[n]_, the jump Markov chain of the vintaged
and labeled n-coalescent on By, is Markov and equivalent to {C' (1) }iepn)_ » the jump Markov
chain of the unvintaged and labeled n-coalescent on C,,.
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Proof. Let ¢;,c; be any two states in C,, and ¢ ~1(¢;), ¢! (c;) be their respective inverse
images in B,,. Then, the probability of moving from a state by € ¢! (¢;) to the set €1 (c;):

()" i by < by, by € B

0 otherwise

P& ep)lor) = > Plbylb) = {

by€C—1(c;)

only depends on by through 4 ~!(c;) and more specifically through i = |¢;|. The Proposi-
tion follows from Proposition dJ

3.3 Vintaged and sized n-coalescent

Under {D'(t)}ier ., the vintaged and sized n-coalescent, in each state d; € D, we keep
track of the number of descendants of each lineage along with its vintage. Each sequence of
visited states or sequential realization of the jump chain, {D'(k)} e[, embedded within
{D'(t)}+er, , induces a ranked tree shape. We will see that there is a bijection between
the set of sequential realizations of {DT(k)} ke[n) and the set of ranked tree shapes. Next,
we develop the n-coalescent approximation of the sample genealogy at the resolution of
ranked tree shapes.

Consider the coalescent epoch ¢ during which there are 7 lineages. Let d; ; denote the
number of leaves subtended by a lineage during the i-th epoch with coalescent vintage
j =1,2,...,n—1. Let d;, represent the number of leaf lineages (i.e. the number of
lineages with coalescent vintage n) during the i-th epoch:

n—1
di,n =n— E di,j .
7j=1

Let the number of leaves subtended by the non-leaf lineages during the i-th epoch be
vintage-specifically represented by d; := (d;1,di2,...,din—1). The state space of such
vintaged and sized ancestral sample lineages during the i-th epoch can be defined by,

n—1

i—1 n—1
]D):il = {di S 2171 : Zdi’j =0, Z In(ds,j) + (n - Z di,j) =i, din#L,dig#1,...,din-1# 1} )
j=1 j=1 j=1

with D, := U?:ﬂD)fy
Let e; be the i-th unit vector of length n. The partial ordering <4 of interest on D, is
based on the immediate precedence relation <4. We say dy <g d; € D?, if and only if:

d; + (di,j + d,;7k)e,~_1 — d@j@j — di,kek ifi < ] < k <n, d@j 75 0, dz‘,k 75 0
dy = < d; + (dm‘ + 1)ej—1 — d; jej — en ifi<j<n, di; #0,djp, > 1
d; + 2e,_1 — 2e, if di,n >2
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A d-sequence d := (dp,dp—1,...,d1) is an n x (n — 1) matrix:
dy di,1 di2 din—1
d2 da,1 da,2 e d2,n—1
d:= = s
dn—1 dn-11 dn—12 -+ dn-1mn-1
dn dn,l dn,2 o dn,n—l

that is obtained from a sequence of immediately preceding states in D,,. Let D,, be the set
of such d-sequences,

de Dy, :={d:=(dp,dpn_1,...,d1) :d; €D} d;_1 <4d;,i €{2,3,...,n}}.

The initial state and the final absorbing state of the jump chain {D'(k)}ef,  are
dy = (dn1,dn2,...,dppn-1) = (0,0,...,0) € Dy and dy = (di1,d12,...,din-1) =
(n,0,0,...,0) € DL, respectively, and D, is the set of d-sequences or sequential realizations
of this chain on I,,.

Proposition 3.13 (Backward transition probabilities of a d-sequence). The transition
probabilities of the jump Markov chain {DT(k’)}ke[n], on D, is:

. o —1 .
P(dy|dy) = {(di’”dzg“’g LA (27)
0 otherwise
Proof. The number of leaf lineages that coalesced at the end of epoch i is d; ,, — dyr ,,, Where
Dt 5 dy <4 d; € Di. Note that (din—dir ) € {0,1,2}, forany i € {2,3,...,n}. Therefore,
three type of coalescent events need to be discriminated among the (;) many pairs from 1
distinct lineages during epoch i. First, when (d;, — dir,) = 0 we have a coalescent event
between two specific non-leaf lineages, each with coalescent vintage smaller than n. Thus,
there is exactly (did") = 1 such event among (;) possibilities. Second, when (d;,, —dy ) = 1
we have a coalescent event between one specific non-leaf lineage and any one of d; ,, many
leaf lineages. Thus, there are exactly (dil’") = d; , many events among (;) possibilities of
the second type. Third, when (d;, —dy ) = 2 we have a coalescent event between any two
of d; , many leaf lineages. Thus, there are exactly (dié”) many events among (;) possibilities
of the third type. All three types of events are accounted for in . O

Proposition 3.14 (Probability of a d-sequence). The probability of a d-sequence can be

obtained as follows:
gn—1(d)-1

P(d)—ma

where, 1(g) is the number of cherries in d, i.e. the number of times that we have d; ,, —
di—1.n = 2 as i varies from n to 2. More formally,

(28)

I(d) =) 1pop(din — di1n) -
1=2
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Note that P(d) has been established in [15, Eqn. 1].
Proof.

P) = f[P(d“rdi)zﬁ[%(d f§1n> @_1

2 d; ! i\t 2 i\t
= Rl =d,.
gdi—l,n!(di,n—di_m)!(2) " 11 —di—15)'\2

2 Z
= nl (H ((din — di—lv”)!)1> ( (2 )

2
= n! UhH~ 22 1y (din—di-1,n) H<;)

§=0,1,2 i=n

2
= n'(1><1><2 Yo 1y (din—di-1,n) H(;)

ol ﬁ AN O
S 2@ \2) T (n—1)

O]

Proposition 3.15 (Bijection between ranked tree shapes and d-sequences). There is a
bijection between ranked tree shapes on n leaves and D,,, the set of d-sequences.

Proof. 1t is easy to see that each ranked tree shape induces a different d-sequence. Vice
versa, any two different d-sequences induce two different ranked tree shapes. O

Let {¥D'(k)}rez_ be the discrete time sample genealogical Markov chain of n vintaged
and unlabeled samples taken at random from the present generation of a Wright-Fisher
population of constant size N over the state space D,,. We derive a continuous-time Markov
chain that approximates {¥ DT(k)}rez_ on D, next.

Proposition 3.16 (Vintaged and sized n-coalescent). The | Nt|-step transition probabili-
ties, N Py, q, ([Nt]), of the chain {" D1(k)}rez_, converge to the transition probabilities of
the continuous-time Markov chain {D'(t)}ier, with rate matriz Q, i.e.

N P, (INE]) 230 Py g, () = exp (Q1),
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where, the entries of Q, q(dy|d;),dy,d; € Dy, specifying the transition rate from d; to dy,
are:

-3 if dy=d; €D
q(dyldi) = $ (4 ™5, ) if di <y di €D, (29)
0 otherwise

The initial state of the chain is dn, = (0,0,...,0) € DI and the final absorbing state is
di = (1,0,0,...,0) € DL. This continuous time Markov chain {D'(t)};er, on D, is called
the vintaged and sized n-coalescent.

Proof. The proof is merely a consequence of substituting the backward transition proba-
bilities at in the general n-coalescent approximation of (9) since {NH'(k)}rez_ is a
lumped Markov chain of {¥DT(k)}rez_ . O

The vintaged and sized n-coalescent gives a novel n-coalescent resolution. Our nomen-
clature emphasizes the particularities of the sample genealogical resolution of this n-
coalescent. In subsequent sections we will see that the vintaged and sized n-coalescent
can be lumped into the vintaged and shaped n-coalescent of Tajima as well as to the un-
vintaged and sized n-coalescent of Kingman. Next we show that the lumping & from B,
to D, is Markov.

Proposition 3.17 (Markov lumping from B,, to D,, via &). We define the lumping map
PD(by) =d; : B, — D, by

k k
D(b) =9 ({c,ﬁ’“‘),...,cfﬁ’“”“)}) = (Z|Ck,j|1{1}(mk,j),~-~,Z|Ck,j|1{n—1}(mk,j)> ~
j=1 =1
The lumped chain, {BTg(i)}ie[n]i, of {B'(i)}ien)_ » the jump Markov chain embedded
in {B'(t)}er, , the n-coalescent on B, is Markov and equivalent to {D'(i)}iep, . the
jump Markov chain embedded in {D!(t)}icr, , the vintaged and sized n-coalescent on D,.

Proof. Let d;,d; be any two states in D,, and 271(d;), 271(d;) be their respective inverse
images in B,,. Then, the probability of moving from a state by € 271(d;) to the set 271(d;):

(% V@) i dy <ad; €D

i,n_dj,n
0 otherwise

P@ @) = Y P(bj/rbz-o:{

bye7-1(d;)

only depends on b; through 271(d;) and specifically through d; ,,. Propositioncompletes
the proof. O
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Proposition 3.18 (Probability of d; € D!). The probability that the Markov chain
{D"(k)}pepn)_ visits a state d; € D, is

71 . i
it(i — 1) (1510, 50(dij — D(ding — 2 — 1+14)!

-1 . . )
(n o 1)' H?:l,di’j>0(di,1:j -] m;,] + Z)'

P(d;) = (30)

where, d; 1.5 1= Zizl d; and m;] =min{k > j : d;, > 0}.

Proof. We exploit the Markov lumping from B,, to D, (Proposition 3.17) and derive P(d;)
from P(b;) (Proposition , where d; € D! and b; € B!, such that dropping the labels
in each subset of b; (but retaining the size and vintage) yields d; = Z(b;). We count the

number of possible labelings of an element d;. This is #d, We have,
j=1%i,j5"

P(dy) n!

P(b;)

n o
j=1,d; ;>0 di,j!

G- (H?f,dipo dij"dij —D)(din —3—1 -5+ i)!> n!

n—1 . . L
nl(n —1)! j:l,diyj>0(di71:j —J—mj;+i)! H;‘:l,d,;‘j>0 di ;!

il — 1) (H;'l_ll,di'j>0(di7j = D(di1y—2j -1+ i)!)

—1 . .
(n—1)! 54, >0(dig =5 —mj ; +9)!
O

Proposition 3.19 (Forward transition probabilities of a d-sequence). The transition prob-
ability of the forward jump chain {Dl(k)}ke[n]+ from d;_1 to d; is:

n—1 . .
(szl,di7j>0(di7j1)(di71:j2g1+z)!>

n—1 i ™
szladi7j>0<dl’1zj J 7”1-,]-4‘1)-

(31)

n—1 X 7 .
I 5>0(dim1,1:5 =3 =y jHi= D!

d
2 T,M
P(d;|d;—) (di,n—di_Ln) (H?ﬂl’di’jw(diu1)(di1,1:j2j2+i)!
j=1.d;,

) Zf di_1 <qd; € ]D)%

0 otherwise

where, d; 1.j 1= Zi:l d; . and m;] =min{k > j : d; > 0}.

Proof. P(d;|d;_;), the probability of transition from d; 1 € Di~! to d; € D!, where, d;_1 <4
d;, is obtained as follows from and using Bayes’ rule,
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PUldin) = Pldictld) i
ili—1)! <H?11,dl-,j>o(diwj—1>(di,1:j—2ﬂ'—1+i)!>
dipn — di—1,n/ \2 (i—1i—2) [ =14, ;>0(di—1,5=D(di—1,1:5 =2 =2—+0)!
(n—1)! < H?;llydilj>O(di,1‘1:j—j—mgilyj+i—l)! )
<H;1{di'j>o(di’j1>(di,11j2j1+¢)!>
_ 2( din H;Lgll,di,j>o(di,1:j*j*m;,j“)! .
dijn —di—1,n (H}Lllydi,j>0(di—1,j1)(di—1,1:j212+i)5>
70 g, so(dimt i —i—m) g j+i=1)!
And if di—l 74d dz then P(dlldz_z) = 0. ]

3.4 Vintaged and shaped n-coalescent

We have seen that there is a bijection between the set of c-sequences and the set of ranked,
labeled trees. Another set of interest is that of the evolutionary relationships of Tajima
[15, Figures 1-3], which are ranked tree shapes in our terms. In this section, we develop
{G'(t)}ter, , the vintaged and shaped n-coalescent of Tajima via {G'(k)}yep,_, its em-
bedded jump chain. We will see that there is a bijection between G,,, the set of sequential
realizations of {GT(k‘)}ke[n}J and the set of ranked tree shapes or Tajima’s evolutionary
relationships. Note that we already established a bijection from the set of sequential realiza-
tions of {DT(k)}ke[n]f, the jump chain of the vintaged and sized n-coalescent, to the set of
ranked tree shapes. However, G,,, the state space of {GT(k)}ke[n}i, is significantly smaller
than D, the state space of {D1(k)}xef,_- Therefore, it is preferable to use the vintaged
and shaped n-coalescent for inference if it adequately describes the hidden genealogical
space up to equivalence classes of ranked tree shapes.

Consider the coalescent epoch i during which there are 7 lineages. Let g; ; denote the
presence (g;; = 1) or absence (g; ; = 0) of a lineage during the i-th epoch with coalescent
vintage 7 = 1,2,...,n — 1. Define the set of such vintaged and shaped ancestral lineages
of our unlabeled sample of size n, during the i-th coalescent epoch by,

i—1 n—1
Gy =S €{0,1}" gy = 1,29@]’ = Oazgi,j <ip ,
Jj=1 Jj=1

with G,, := U, G!. We interpret the vector g; € G, in the i-th epoch as follows. The
component g;; = 1 represents the lineage that just arose at the beginning of the i-th
epoch. The component with g; ; = 1, for i < j < n, represents the presence of the lineage
with coalescent vintage j. The vertices of the unit (n — 1)-dimensional hyper-cube contain
G- We count the elements in G, and G,, next.
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Proposition 3.20. The number of elements in G', is, for i < n,
S —i—1
G- (") (32)
k=0
For i =n, we have |G| = 1.

Proof. For i = n, we only have one element, a sequence of only 0s, i.e. |G]!| = 1. Now let
i < n. Let g; € G!. Since we have i lineages in epoch i, we have at the most i non-zero
entries in g;. In g;, we have g; ; = 0 for j = 1,...,7 — 1. Further, g;; = 1. The remaining

n — 1 — ¢ elements are 0 or 1. For k£ non-zero entries in the remaining elements, we have

("_,i_i) possibilities to assign the Os and 1s. Summing over all possible k-values yields

(2. 0
Proposition 3.21. The number of elements in Gy, is

|G| = Fibo(n + 1) (33)
where Fibo(n) is the n-th Fibonacci number.
Proof. From Proposition [3.20] we have, by summing over all 7,

n—11:1—1 _i_1
Gul = ZW\—Z (")
0

=1 k=

By basic properties of the binomial coefficient, we get,

S () () )
i=1 k=0 k=0 j=k k=0 k+1
n—1 n—k
:Z( L > =Fibo(n+1) -1 (34)
=1
which proves the proposition. O

Let e; be the i-th unit vector of length n. The partial ordering <, of interest on G,, is
based on the immediate precedence <,. We say gy <4 g; € Gy, if and only if

gitei1—ej—e ifi<j<k<n, gij=gix=1
gir = gi+€i—1_€j_en 1f’L<]<n 9i5 = 1gzn21
gi +ei—1 — 2ey if gin > 2
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A g-sequence g := (gn,gn—1,---,91) is an n x (n — 1) matrix:
91 91,1 g1,2 ce g1,n—1
92 92,1 92,2 ce 92,n—1
g = =
In—1 In—-1,1 Gn-—-1,2 *** Gn—-1n-—1
In 9n,1 9n,2 ce In,n—1

that is obtained from a sequence of immediately preceding states in G,,. Examples of g-
sequences when n = 3 and 4 are depicted in Table[2] Let G,, be the set of such g-sequences:

9€G:={9:=(gnsGn-1,---,91) : G € G, gi 1 <4 gi,i €{2,3,...,n}} .

Proposition 3.22 (Backward transition probabilities of a g-sequence). The transition
probability of the jump Markov chain {G1(k)}repm)_ on Gy is

{(gi,ngi,;i/’n) (;)_1 Zf gir =g i € G%

P(gi|gi) = ) (35)

otherwise

where, g;n s the number of leaves that have not coalesced by epoch i, as derived in of
Lemma . The initial state of the chain is g, = (0,0,...,0) € GI' and the final absorbing
state is g1 = (1,0,0,...,0) € GL.

Proof. 1t is identical to that of d-sequence transition probabilities in . ]

Lemma 3.23. Let the jump Markov chain {G'(k)}yepm)_ be at state g;. Then the number
of leaves mot having coalesced by epoch i is

n—1
Gim =1 — Zgi,j : (36)
=1

Proof. The proof is by induction on 4. In epoch ¢ = n — 1, two leaves are coalescing, i.e. we
have n — 2 remaining leaves. Due to , we get, gn—1, =n—1 —Z;:ll gn-1j=n—1-1=
n—2.
Now assume that holds for all ¢ > k. Then, for g ,, we have to consider three cases:
(i) gx is the result of the coalescence of two leaves in gj1. By the induction assumption,
we have gpy1, = kK +1— Z?:_ll Jk+1,j- Since two leaves are coalescing, we have gy, =
Jk+1,n — 2. Further, gpx = 1, gry1x = 0 and g ; = gr+1,; for k < j < n. So,

n—1 n—1 n—1

gk,n:gk+1,n_2:k+1_zgk+l,j_2:k_1_zgk,j+1:k_zgk,j-
=1 =1 =1



3 SIX COALESCENT RESOLUTIONS 31

(ii) g is the result of the coalescence of one leaf and a non-leaf component in g11. By
the induction assumption, we have g1, = k+1—2?:_11 Jk+1,;- Since one leaf is coalescing,
we have g, = gr+1,n — 1. Further, grx = 1, gr+11 = 0. Assume that component which
evolved in epoch j* is coalescing with the leaf. Then gy ; = gr41; for k < j < n,j # j*
and g ;+ = 0. So,

n—1 n—1
9km = Gk+1n — 2=k+1- ng—l-l,j —1=k— ng,j'
Jj=1 Jj=1

(iii) g is the result of the coalescence of two non-leaf component in ggi1. By the
induction assumption, we have gg41, = k+1— Z;‘:—ll Jk+1,5- Since no leaf is coalescing, we

—1 —1
have g = gk+1,n- Further, gi x = 1, gr1,6 = 0. Further, 3707, ) gry15 = D200 gk +1.
So,

n—1 n—1
Gk =Gkt —2=k+1= ger1j=k— Y grj
s =1

O]

Proposition 3.24 (Probability of a g-sequence). The probability of a g-sequence can be
obtained as follows:

P(g) = §P<gi1|gi> (" () - 2?(')1:1 () =220 e

i—n —Gi—1,n

where, 1(g) is the number of cherries in g, i.e. the number of times that we have g;, —
Gi—1.n = 2 as i varies from n to 2. More formally,

:l(g) = Z 1{2}(91',11 - gi—l,n) .

=2
Note that P(g) has been established in [15, Eqn. 1].
Proof. The proof is similar to that of Proposition [3.14] O

Proposition 3.25 (Bijection between ranked, labeled trees and g-sequences). There is a
bijection between the set of ranked tree shapes on n leaves and G,, the set of g-sequences.

Proof. 1t is easy to see that each ranked tree shape induces a different g-sequence. Vice
versa, any two different g-sequences induce two different ranked tree shapes. O

Let {¥GT(k)}rez_ be the discrete time sample genealogical Markov chain of n vintaged
and unlabeled samples taken at random from the present generation of a Wright-Fisher
population of constant size N over the state space G,,. We derive a continuous-time Markov
chain that approximates {VG'(k)}rez_ on G, next.
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Proposition 3.26 (Vintaged and shaped n-coalescent). The | Nt|-step transition proba-
bilities, NPgi,gi/(LNtJ), of the chain {NG"(k)}rez_, converge to the transition probabilities
of the continuous-time Markov chain {GT(t)}teR+ with rate matriz @, t.e.

N—oo
N Pyigs (LNt]) =57 Py g, (£) = exp (Q1),

where, the entries of Q, q(gi'|g:), 97, 9i € Gy, specifying the transition rate from g; to g,
are:

—(3) if gr=gi€G
a(gvlgi) = { (g2, ) i gv <9 6i € G, (38)
0 otherwise

The initial state of the chain is g, = (0,0,...,0) € G]! and the final absorbing state is
g1 =(1,0,0,...,0) € GL. This continuous time Markov chain {GT(t)}te]R+ on Gy, is called
the vintaged and shaped n-coalescent.

Proof. The proof is merely a consequence of substituting the backward transition proba-
bilities at in the general n-coalescent approximation of (9) since {NH'(k)}rez_ is a
lumped Markov chain of {NGT(k)}rez_ . O

The genealogical resolution of the vintaged and shaped n-coalescent is Tajima’s evolu-
tionary relationships. We sometimes call the vintaged and shaped n-coalescent as Tajima’s
n-coalescent. Next we show that the lumping ¢4 from D,, to G,, is Markov.

Proposition 3.27 (Markov lumping from D, to G,, via ¢). Consider the following size-
dropping map 4 (di) = g : Dy, — Gy:

g(dk) = g((dk,ly e 7dk,n)) = (]-N(dk,l)7 ceey ].N(dk’nfl)) = (gh,h e ,ghynfl)

The lumped chain, {DTg(i)}ie[n}i, of {DT(i)}ie[n],; the jump Markov chain embedded
mn {DT(t)}teR+, the vintaged and sized m-coalescent on Dy, is Markov and equivalent to
{G1(i)}ien)_ . the jump Markov chain embedded in {G'(t)}ier, , the vintaged and shaped
n-coalescent on G,,.

Proof. Let g;, gj be any two states in G, and ¥71(g;),%41(g;) be their respective inverse
images in D;,. Then, the probability of moving from a state dy € 4~!(g;) to the set ¢ ~1(g;):

P@ Yg)ldy) = Y Pldyldy) =

{(gi,gigj,n) (;)71 if g; <499 € Gfl
dj €9~ (g;) 0

otherwise

only depends on d; through g¢; and specifically through g; ,. Proposition [2.2] completes the
proof. O
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The probability that g; € G, is visited by the chain is obtained by considering the
inverse images, 4~ '(g;):

Pg)=P@ (g)= Y Pld).

d;j€9=1(g:)

with P(d;) from Proposition The probability P(g;) = P(4 1(g;)) can be written ex-
plicitly as follows. Let L = i — g; ,,, which is the number of non-leaf lineages in epoch 7. Let
f(gi;jly R ,jL) =d; € D? where dz‘,j = 0 if and only if Gij = 0, di,n =Gin and di,j = Jk if
and only if g; ; is the k-th entry which is bigger than zero. The probability P(g;) is,

n—gin—2(L—1) n—gi,n—2(L—2)—j1
P(gi) = Z Z
J1=2 J2=2
n—gi,n—Q—ZiL;l2 Ji L—2
> P(}(gisj1s- -2 J—1,1 = Gim — D 4i)) - (39)
=1

JjrL—1=2

Finally, the transition probabilities of the forward jump chain {Gi(k)}ke[n} . can be ob-
tained from Bayes’ rule as follows:

Pgi1lg) pros if i1 <4 9: € G,
0 otherwise.

P(gilgi-1) = {

3.5 Unvintaged and sized n-coalescent

The unvintaged and sized n-coalescent is mentioned as a lumped Markov chain of the
unvintaged and labeled n-coalescent and termed the ‘label-killed’ process by Kingman [8,
5.2]. Tavaré [16, p. 136-137] terms the unvintaged and sized n-coalescent as the ‘family-size
process’ as part of the nomenclature of a more general birth-death-immigration process
[6]. The transition probabilities of this Markov process are not explicitly developed in [§]
or [16]. They have been developed in [13] into {F(t)},cr, , the unvintaged and sized n-
coalescent. It is shown in [I3,[12] that {F(¢)}scr, resolves the hidden genealogy space just
enough to prescribe the likelihood of site frequency spectrum and its linear summaries. We
briefly retrace {F'(t)}ier, and its embedded jump chain {FT(k)}ke[n], and show that
they can provide the sampling distribution of a large family of shape statistics including
several classical ones. The significantly smaller state space of {F'(t)}cr, allows for a
computationally efficient and statistically sufficient inference based on these statistics.

Consider the coalescent epoch at which there are i lineages. Let f; ; denote the number
of lineages subtending j leaves, i.e. the frequency of lineages that are ancestral to j samples,
at this epoch. Let us summarize these frequencies from the ¢ lineages as j varies over its
support by f; :== (fi1, fi2,..., fin). Then the space of f;’s is defined by,
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n
Fy =9 fi:=(fix, fig,- -, fim) € ZL Z]fm n, Y fig=i
=1

Let the set of such frequencies over all epochs be F,, := |J_ F. Note that F, con-
tains the frequency of the cardinalities of sets belonging to every element of C,,, the state
space of {CT(#)}ier, , the unvintaged and labeled n-coalescent. Thus, F,, is the frequency
representation of the integer partitions of n, i.e. the solutions to the Diophantine equation
{(p1,p2,---,pn) € Z : > 1 ip; = n}, and F!, are those integer partitions composed of i
positive integers. Thus, the cardinality of IF,, is the number of integer partitions of n:

n/2]
[Fnl =14 > p(k,n—k),  where,
k=1
0 if k>n
p(k,n—k)={1 if k=n . (40)

p(k+1,n) +p(k,n—k) otherwise
Let us define an f-sequence f as follows:

fi=fnfots- s 1) EFn={f: fi €FL, fii1 <y fi, Vi€ {2,...,n} },

where, <y is the immediate precedence relation that induces the partial ordering <f on
Fy,. It is defined by denoting the j-th unit vector of length n by e;, as follows:

fi=pfiefi=fi—e—er+ejr .

Thus, F,, is the set of f-sequences with n samples. One can see F,, as the set of the frequen-
cies of the cardinalities of c-sequences in C,. Recall the c-sequence ¢ = (¢p, cp—1,...,c1),
where ¢; 1 < ¢, ¢i1 € Cil ¢, € C! and ¢; = (€i1,Ci2,...,¢ii) contains its canonically
ordered ¢ subsets. Then the corresponding state space lumping map .% (¢;) = f; : C,, — F,,
and the sequence map % (c) = f : C, — F, are:

= (Zl{l} [ci.nl);

) ZF(c) =(Z(cn),..., (1)) . (41)

An f-sequence f written as (fn, fn—1,---, f1) is an n X n matrix:
fi fi1 fi2 o fine1 fin
fo fa1 f2,2 fan—1 foon

. . _ .
fn.—l frnc11 faoi2 fa—1mn—1 fa-1n

fn fn,l fn,2 fn,nfl fn,n
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Note that F,, indexes an equivalence class in C, via the inverse map % —Lat .
Having defined f-sequences and their associated sets, we are ready to define
{FT(k)}kGM_, the jump Markov chain of the unvintaged and sized n-coalescent on F,,.

Equations , , , and have been derived in [13]. The transition proba-
bility of {F1(k)}yepn)_ from fi € F, to fi_1 € Fi ! is:

i1 . .
fi,jfi,k(z)l if fi1i=fi—ej—extejn jFk
P(fialf) =4 (")) if fia=fi—ej—ex+ejmi=k - (42)
0 otherwise

The initial state and the final absorbing state of {F'(k)}re. on Fp are f, =
(n,0,...,0) and f; = (0,0,...,1), respectively. The probability of an f-sequence, f :=
(fny fn=1,---, f1) € Fpn, is given by the product:

2

P(f) =] P(fialfo), (43)

i=n

and the probability that {FT(k)}ke[n}, visits at particular f; € F, at the i-th epoch [16)

Equation (7.11)] is:
1! n—1\""
P(fi)) = ———| . 44
o Hé'lfz}j!(Z_l) e

Let us consider the forward time jump chain {Fl(k:)}ke[n} . on F,,. The transition prob-
ability of {F}(k)}yepn), from fi_y € Firl to f; € Fi is:

2ficigie(n—i+ )70 i fi= fisitej+er —ejik, J #E K,
jH+k>1, ficF, fi eFt

P(filfic1) = ficijonn—i+1)"" if  fi=fiiitejter—ejrn j=Fk, (45)

j+k>1, fieF, ficF !

0 otherwise

\

The final absorbing state and the initial state of {F'(k)}re. on Fp are f, =
(n,0,...,0) and f; = (0,0,...,1), respectively. The probability of an f-sequence, f :=
(fny fn=1,---, f1) € Fpn, is given by the product:

n

P(f) = [[ P(fil fi-0), (46)

=2

Let {NFT(k)}xez_ be the discrete time sample genealogical Markov chain of n unvin-
taged and unlabeled samples taken at random from the present generation of a Wright-
Fisher population of constant size IV over the state space F,,. We derive a continuous-time
Markov chain that approximates {¥ F1(k)}recz_ on G, next.
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Proposition 3.28 (Unvintaged and sized n-coalescent). The | Nt|-step transition proba-
bilities, NPfi,fi,(LNtJ), of the chain {N F1(k)}rez_, converge to the transition probabilities
of the continuous-time Markov chain {F'(t)}er, with rate matriz Q, i.e.

N—oo
NPy, (INt]) 23 Py g, (1) = exp (QF),

where, the entries of Q, q(fi|f:), fir, fi € Fn, specifying the transition rate from f; € FY, to
fir, are:

—i(i —1)/2 if  fi=fu, fi €T,

a(fs|fi) = fij ik if fo="fi—ej—extejin iF#k fi €Fy, fu €Ft (47)
(i) (fig—1/2 if fo=fi—ej—ex+ejin j=k, fi €FL, fi eFi?
0 otherwise

The initial state is f, = (n,0,0,...,0) and the final absorbing state is f1 = (0,0,...,1).
This continuous time Markov chain {F'(t)}icr + on Iy is called the unvintaged and sized
n-coalescent.

Proof. The proof is merely a consequence of substituting the backward transition proba-
bilities at in the general n-coalescent approximation of (9) since {NH'(k)}rez_ is a
lumped Markov chain of {NF1(k)}rez_ . O

Next we show that the lumping .# from C,, to F,, as well as the lumping .#’ from D,
to F,, are Markov.

Proposition 3.29 (Markov lumping from C,, to F,, via #). Our lumping of the unvintaged
and labeled n-coalescent over C, to the unvintaged and sized n-coalescent over F,, via
the mapping F(¢;) = fi : C,, — F,, in , is Markov as pointed out by Kingman [8,
(5.1),(5.2)] using the arguments in [10, § IIId].

Proof. Let f;, f; be any two states in F,, and .Z ~1(f;), . Z~1(f;) be their respective inverse
images in C,,. Then, the probability of moving from a state c; € Z~!(f;) to the set

F(f5):

AN
fiefin(5) if fi=fi—e—ertemr, lFk
. i —1 .
> Plegler) =4 () () if fi=fi—ee—extempl=Fk
e €FL(SH) 0 otherwise

depends on ¢; only through f; = .#(cy). For any given f;, f; € IF,,, this condition is satisfied
by construction, since the above sum equals P(f;|fi) at (42)), a quantity that only depends
on f;. ]
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Proposition 3.30 (Markov lumping from D,, to F,, via %’). Consider the following
vintage-dropping map F'(dy) = fi : D — Fp:

n—1 n—1 n—1
F'(di) = F ((ds - den) = (0= drn D Liop(dii)s- -5 Y Ly (di)
j=1 j=1 j=1

= (fi1, fizo---s fim) -

The lumped chain, {DT‘g’N(i)}ie[n]J of {DT(i)}ie[n},; the jump Markov chain embedded
n {DT(t)}teR+, the vintaged and sized m-coalescent on D, is Markov and equivalent to
{F(i)}iepn)_» the jump Markov chain embedded in {F'(t)}ier, , the vintaged and shaped
n-coalescent on IFy,.

Proof. Let f;, fj be any two states in F,, and .#'~1(f;),.#'~1(f;) be their respective inverse
images in ,. Then, the probability of moving from a state dy € .#'~1(f;) to the set
FH1):

P(F N (flde) = Y Pldyldy)

dyeF'=1(f))

. —1 .
fi,ﬁfi:k(;) it fi=fi—e—exteyp lFk
. iN—1 .
- (fgé)(Q) it fi=fi—e—exteypl=Fk
0 otherwise

only depends on d;s through f; for any given f;. Proposition completes the proof. [

Next we define a shape statistic triple of any f € F,. Let us denote the entry-wise
maximum or minimum of a vector x by max(z) and min(x), respectively. There are n —
1 coalescence events in any f. Define J(f) as the number of events resulting from the
coalescence of a pair of leaves or samples. Such an event is also said to be a cherry. Next
define TI(f) as the number of events that arise from coalescing two sets of distinct sizes.
Let the number of the remaining events in f be defined as ﬁ(f) Thus, ﬁ(f) is the number
of events resulting from the coalescence of two sets of equal size that are not cherries. A
distinctly-sized split of a lineage subtending ¢ leaves gives rise to two lineages subtending
71 and 4o leaves, such that i1 # i3 and i = i1 + i9. In formulae, the above is,

() = Y 1p(fire— fi2) (48)
=2

f) = > gy(max(fi — fir)) (49)
i—2

A = n—1-T0H -3 (50)
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Denoting the entry-wise or Hadamard product by X, let us define fZ as the frequency of
the lineage that was split at the beginning of the i-th epoch (forward in time) and the
corresponding split frequency vector A(f) = fi= ( fo, fau.nns fn) for a given f-sequence f
by

ANf)y=F=fafsoifn) i Fo—=Fay  fi=Fiotmminl(fiefi )12y (51)

Proposition 3.31 (Probability of an f-sequence in terms of its shape statistics).

aon o
Pf)z(j_l)!l_]?fi. (52)

Proof. For any f € F,,, we can simplify P(f) given by and , as follows:

n

ﬁp(fl”giz) _ H (21{1}Illax(fi_fi—l> fl (n—i+ 1)—1)

1=2

P(f)

22 —21{1}mdx<fb fim1) ™

- oo =g '_H

=2

We get from the definition of 7I(f) at (49| as the number of distinctly-sized lineage
splits in f. O

4 Applications of lumped n-coalescents

Next we introduce the formalities to frame a partially ordered graph of lumped n-
coalescents. We identify any n-coalescent {A"(t)}icr . with its constitutive ordered triple
¢y = (An,{AT(k)}ke[n]i,An). The three components are €,(1) := A,,, its state space,
€4(2) := {AV(k)}pepn)_, its embedded jump Markov chain, and €,(3) := A,, the set of
its sequential realizations. We index the n-coalescent triple €, by a generic a-sequence
a € €4(3) := A,. Let €, and €3 be two n-coalescent triples with a Markov lumping
Mo €o(1) — €5(1). We can apply this lumping to each component of any a-sequence
a = (an,0p—1,...,01) € €4(3) to obtain the lumped [(-sequence according to the sequen-
tial lumping:

Map(a) = :€a(3) — €4(3),

ap(@) = (Map(an), . s Map(@1) = (B, 1) = B € €s(3)

Definition 4.1 (The lumped n-coalescents graph). Consider an U-indexed set of n-
coalescent triples {€n, o € U}. Let, A5 : €o(1) — €5(1), for some «a,F € UV be a
Markov lumping. Let & be a set of such maps as well as the identity map. Then, the di-
rected graph &g ¢ with vertices in {€, o € U} and directed edges from a vertex €, to
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a vertex €g, provided there exists an .#, 3 € €, is the lumped n-coalescents graph. The
immediate succedence relation: €, ¢ €3 <= 3 .#, 3 € €, induces the partial ordering
¢ on {€,, o € W}, the vertices of By ¢.

We introduced six different resolutions of the n-coalescent and the Markov lump-
ings between their state spaces (Figure . Suppose A, is the state space of another
n-coalescent with a Markov lumping %(a;) = b; : A, — B,. Although there are sev-
eral ways to augment B, to A,, depending on the statistical problem and data at
hand, we abstract A, here to emphasize that B, is not the finest possible n-coalescent
resolution. Our lumped n-coalescents graph is &g ¢ with U = {a,b,c,d, f,g,h} and
¢ = {///a,b,///1376,//1;,(1,///c,f,///d7f,///d7g, ///ﬁh»//g,h}, where,

Map =B : Ay — By, Mye:=%:B,—C,, Mqg=92:B,—D,,
Moy = :Cp — Ty, e//dj::g?’:Dn—ﬂFn, Myg:=9 Dy — Gy,
My = Fy > H,, Mgy =" :G,—H, .

The lumped n-coalescents graph is the companion structure of the n-coalescent experi-
ments graph defined in [13]. The lumped n-coalescents graph formalizes equivalence classes
in the hidden space of genealogical sequences that one has to integrate over in order to com-
pute the likelihood of the observed statistics at each node of the n-coalescent experiments
graph. We can achieve maximal computational efficiency during likelihood evaluation if we
conduct our integrations over the coarsest possible n-coalescent resolution in Gy ¢ that will
yield the exact likelihood of the desired statistics. We can measure this efficiency by the
extent of various Markov lumpings and the size of the state spaces at different resolutions
of Qﬁm,@.

4.1 Nature and extent of Markov Lumpings

Here we study the nature and extent of the Markov lumpings between our six concrete
state spaces in the lumped n-coalescents graph ®oy ¢ with the sequence-specific index
set W' ={b,c,d, f,g,h} and & ={¢, 9, F, F' G, 4,4} (Figure . We have seen that
there is a bijection from B,,, the set of b-sequences, as well as from C,,, the set of c-sequences,
to the set of ranked, labeled trees. We introduced b-sequences since there are Markov
lumpings from b-sequences to all other resolutions. Since the state space of c-sequences is
much smaller — there are no vintage tags — we will only consider c-sequences when the
object of interest in inference is a ranked, labeled tree. The next two propositions state the
impossibility of Markov lumpings between some state spaces in our lumped n-coalescents
graph.

Proposition 4.2. There is no Markov lumping from the state space of c-sequences to that
of g-sequences and vice versa.
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Proof. Since |G,| < |C,|, due to and (33)), there is clearly no lumping from G, to
Cy,. For the other direction, consider the trees below. In the left tree, for ¢; € CZ we have
a = {{1,2},{3,4,5}}. Also in the right tree, for ¢, € C2 we have ¢, = {{1,2},{3,4,5}},
i.e. ¢, = ¢,. In the left tree, for g; € G2 we have g; = (0, 1,0, 1). However, in the right tree,
for g, € G we have g, = (0,1,1,0).

Sl

1 2 3 5

So for two different states in (C% we have the same state in G%. Thus there is no lumping
from C,, to G,,. O

Proposition 4.3. There is no Markov lumping from the state space of g-sequences to that
of f-sequences and vice versa.

Proof. Since |F,| < |G,], due to and (40, there is clearly no lumping from F, to
Gy, For the other direction, consider the trees below. In the left tree, for g, € G2 we have
g1 =(0,1,1,0,0). Also in the right tree, for g, € G we have g, = (0,1,1,0,0), i.e. g = g,
In the left tree, for f; € F2 we have f; = (0,1,0,1,0,0). However, in the right tree, for
fr € G we have f, = (0,0,2,0,0).

a1 ATl

So for two different states in G2 we have the same state in F2. Thus there is no lumping
from G,, to [F,,. O

Let us now gain some insight on the extent of lumpings between C,, G, and F,. Note
that the cardinality of C,, |Cy/[, is the n-th Bell number in (20). Further, the cardinality
of Gp, |Gy, is the (n + 1)-th Fibonacci number in (33). The cardinality of F,, |F,|, is the
number of integer partitions of n in (40). The approximate values of |C,|, |G,| and |F,|
are shown in Table [If for typical samples sizes of interest to us. In fact, |F,|/|G,| — 0
and |G,|/|C,| — 0 as n — oo. This can be advantageous during integrations, involving
dynamic programming, over paths of the Markov chain on G,, or F,, instead of C,, or over
paths on F,, instead of G, provided the coarser resolution preserves the likelihood of the
statistic of interest, i.e. the sampling distribution of the statistic of interest only depends
on ¢, the hidden e¢-sequence, up to equivalence classes specified by Z(c) = f or 4(c) = g,
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the corresponding f- or g- sequences, via their inverse sequential images in C, given by
F7H(f) or 97 1(g), respectively.

Table 1: Cardinalities of the state spaces C,,, G,, and F,,.

n=H,| | 4 10 30 60 90 120
IC.] |15 1.2x10° 85x10% 98x 107 1.4 x 1007 5.1 x 101
|G| 5 88 1.3x 105 25x 102 4.7x10® 8.7 x 10%
Ty 5 42 56 x 103 9.7x 105 57x107 1.8 x 10°

In the following, we will investigate how much information is lost when lumping the
c-sequences to g-sequences or f-sequences. The next two propositions precisely describe
the number of c-sequences or b-sequences or ranked, labeled trees that are coarsened by
any specific f- or g-sequence.

Proposition 4.4 (The ranked, labeled trees of an f-sequence). Let f € F,, be any given
f-sequence and let ¢ € i_l(f) be a corresponding c-sequence. Then the number of c-
sequences (which is the number of ranked, labeled trees) corresponding to the given f is

ZH =20l (n = D)EP(f) =l 2 WD T (53)
1=2
and the conditional probability of ¢ given f is
P(elf) =27t [T A7 (54)
i=2

Proof. The uniform probability on C, given by 2"~!(n!(n — 1)!)~! invoke the probability
on f-sequences in F, via the inverse image of .# 1

P(f)=P(Z7Hf) =1Z7 (N2l n — 1))~
and we have the first equality at . The second equality at follows from substituting
P(f) at (52)). The probability P(c|f) at (54) follows from
Ple,f) _ P(c)

~P(f) P

, 1.e.,

P(clf)
O

Proposition 4.5 (The ranked, labeled trees of an g-sequence). Let g € G,, be any given
g-sequence and let b € (209) " g) :== {27'd) : d € 97 (g)} be a corresponding b-
sequence. Then the number of b-sequences (which is the number of ranked, labeled trees)
corresponding to the given g s

(209) (9)l =127 @ (9))| = 2" "nl(n— 1)1 P(g) =m!2 0 | (55)
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where, 1(g) is the number of cherries of the ranked tree shape induced by g. The conditional
probability of b or ¢ given g is

P(blg) = P(clg) = 279 /n! . (56)
Proof. The bijection 4 : D,, — G,, yields the first equality in as follows:
(Z209) 9) :={2 ' (d):de g (9)} =2 (< (9)) -

We derived P(g), the probability of a g-sequence, at in Proposition Since each
b-sequence b € B,, = (2 09)(G,), that is bijectively mapped to a ranked, labeled tree, has
probability 27~ !(n!(n — 1)!)~!, we obtain,

(209) (9] =2l (0 1) Plg) =2t - 1

=nl2719)
Thus, gives us the number of ranked, labeled trees that map to any given g-sequence
g based on J(g), the number of cherries of g. Due to the bijection from B,, and C,, and the
uniform distribution on B,, and C,, the probability P(c|g) = P(b|g)
P(c,g) _ P(c) _P(Z '(c)) _ P(b) _ P(bg) _

Pl =30y = Plg)~ Pl Plg~ Plg k)

Now,
P(c) 2= (pl(n — 1))~ !

Pdlg) = Plelg) = 5y = 2= 1((n— 1)) 1 240

O

There is a bijection from D,,, the set of d-sequences, as well as from G, the set of
g-sequences, to the set of ranked tree shapes. Again, since the state space of g-sequences
is much smaller — as we do not track the size of components — we will only consider
g-sequences when the object of interest in inference is a ranked tree shape. We introduced
d-sequences since there are lumpings from d-sequences to f-sequences. For various shape
statistics of ranked tree shapes, whose likelihood only depends on the hidden f-sequence
(described in § , it is preferable to study the lumped Markov chain on F,, as opposed
to that on G,. The next proposition gives the number of g-sequences or d-sequences or
ranked tree shapes that are coarsened by any specific f-sequence.

Proposition 4.6 (The ranked tree shapes of an f-sequence). Let f € F, be any given
f-sequence and let d € F' 7' (f) and g € 4(F' 7 (f)) :={%(d) : d € F'~'(f)} be a corre-
sponding d- and g-sequence, respectively. The number of ranked tree shapes corresponding
to the given f is

Z N = 2@ ) = 22D F (57)
=2
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and the conditional probability of g given f is

n -1
P(glf) = 230 (Hﬁ) . (58)
1=2

Proof. The first equality in is due to the bijection between D,, and Gy,. For the second
equality in (57), we establish 7' =273 [T, f: next. Recall that out of the n — 1
splits in an f, J(f) many of them are cherries and directly lead to leaves while 71(f) many
of them lead to distinctly-sized splits. Let the number of remaining splits in f be defined
as (f) :=n—1—="1(f) = I(f). Thus, I(f) is the number of balanced or equal-sized splits
that are not cherries.

Let us highlight the following two facts: (1) for any b € 2 YZ' () =
CHF L)) C By, P(b) = P(V) = 2% (nl(n — 1))~1, and (2) for any d,d’ € Z'~'(f)
and any g,9' € 9(F'"\(f)), P(d) = P(d) = Pg) = P(g/) = 221730 /(n — 1)}, since
If) = X0y fie = 3(d) = I(d) = I(g) = I(¢'). Therefore, the number of ranked tree
shapes mapped by a given f-sequence is the number of ranked labeled trees of an f-
sequence divided by the number of ranked labeled trees of a g- or d-sequence with the
same number of cherries as the f-sequence:

g1 = 1
27D =12E T O = 5

@) 1Z W) 1ZW)
| n!2-39) n!2-3()

— M ANH ] £,
=2

where we use for the third-last equality and for the last equality. Finally, (57)
follows from the definition of 3(f) :=n — 1 —7(f) — I(f). We get from P(g) at (37),
P(f) at (52)) and the definition of J(f) as follows:

_ P(g,f)  Plg) 2r 0N (-1t 2nm TN
W= Py =P N ((n— )T, i TI fi

4.2 Examples

Next we provide some concrete examples of a-sequences for small n where o € U’ =
{b,c,d, f, g, h} and calculate P(f), .Z ()|, P(9), |(Zo%) " (g)| and ]ﬁ’_l(f)\ based on

, , and , respectively.
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Example 4.7 (2 Samples). When there are 2 samples, we have exactly one b-, c-, d-, g-
and f-sequence. We provide the d-, g- and f-sequences in Table The only c—sequence in
Co is ({{1},{2}},{{1,2}}) and the only d-sequence in Dy is ({{1}'?, {2} @}, {{1,2}1}).

In Example with n = 2 (see first row of Table [2| ' there is only one f-sequence
whose I(f) = 0 and A(f) = f = (1) and [[53 fi = 1. Thus, P(f) = (2°/(2-1)!) 1 = 1.
We confirm the solitary c-sequence in Cy since |.Z 1(f)| = 2! 204172 1 = 1. Also, there is
only one f- and g-sequence with J(f) = J(g) = 1, and thus P(g) = 227" 1/2-1)! =1,
(209) (g)| = 2!27" = 1. Since there are no equal sized splits that are not cherries,
A =n—1-TF)-3f)=2-1-0-1=0, and thus |Z' ' (f)| =271 =1.

‘ n ‘ ranked tree shape ‘ d-sequence ‘ g-sequence ‘ f-sequence ‘

) | m) | ()

2

30 10 001

3 2 d=10 2 g=10 1 f=(110
0 0 0 0 300

. 40 0 100 0001

2 o3 ol . o110 o {1010

4 ﬁ*‘:‘j\l“ T=1o0 219 loo1| |7 =210 0
00 0 00 0 400 0

) 400 100 0001

5 o o2 2 o1 ~ loz200

4 ,—3,—_\I_FL\ =g 02| oo 1|7 =]2100
00 0 00 0 4000

Table 2: The d-, g- and f-sequences when n is 2, 3, and 4 are shown along with the
corresponding ranked tree shape.

Example 4.8 (3 Samples). When there are 3 samples, we have 3 b-sequences, 3 c-sequences,
1 d-sequence, 1 g-sequence and 1 f-sequence. In Table [3] we tabulate the state-space,
(backward) transition diagram, sequences and the corresponding probabilities at each of
the six n-coalescent resolutions in U’

There is only one f-sequence whose 71(f) =
P(f) =23 1)) 1=1and |Z'(f)] = 3! 21Jr1 3 1 = 3. Again, there is only one f-
and g-sequence with one cherry, i.e. 1(f) = 1(g) = 1, and A(f) ;== n—1—"(f) = I(f) =
3—1—-1—1=0.Thus, P(g) = 22 "1/3-1)! =1, |(Zo%) '(g9)| = 3!27! = 3 and
(Z =201 =1

AMf)=Ff= (11)andH 2ﬁ—lThus

Example 4.9 (4 Samples). In the case of four samples, there are 18 b-sequences, 18
c-sequences, 2 d-sequence, 2 g-sequence and 2 f-sequence. We provide the d-, g- and f-
sequences in Table 2l Out of the 18 c-sequences in Cy4, it is possible to apply and
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] | °n
( ) (0), 26 = (How -
1 1¢'e) =y = (6),2¢ = (f)F '
[]
(0°0*€) €4
_ _ _ _ [0z ]
T ((T0°0) “(0‘1‘1) “(0‘0‘e)) =f =(P), £ = ((52)F = ((g)?)F = ((1)?)F I
(0°0) )
T (0D (1'0)(0°0)) =6=(P)% HE
©ool| ta
1 (0D 0))=pP= (DG = (V& = ()G HI
€/ ({{ez i}y {{ir{ee} e {er {13 }) = (02 = (D> (e tar a1 ] £
€/1 ({{ee'tr} {H{er{e 13} {Her H{er {1} }) = o = (9D 7::;2:::ﬂﬁ,x.:w::m:ﬂ::
e/1 ({H{ee 1} Her{ear {Her {er {1} ) = 1o = (D> [tee ]
€/1 (U pleear Ll pleer } L gyfer (oy{ed ({11 ) = (6)a T (8 oy (& o () £q
€/1 (e ar L glet (e 1r} L gfer (o {ad ({11 ) = ()9 rs:f@?.m::rs?fanf::rmia.ﬁim.ﬁ:
e/1 ({pleeary {gler ol 1r } {gyler gyfer oy {1 1) = (1)a (leT )
(eouenboes) g soouenbog weigel( uoljisuei], zy oovdg 098I

Table 3: When n = 3 we tabulate the state spaces, (backward) transition diagrams, the

sequences and their probabilities at six resolutions of the n-coalescent.
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find that 12 c-sequences map to f> and 6 map to f”. Note that the ranked tree shapes
corresponding to all the c-sequences .% _1( f>) is the completely unbalanced g-sequence
¢> and that corresponding to all the c-sequences .# *1( f7) is the completely balanced

g-sequence g”. Finally, the shape statistic triple for the two f-sequences are:

A3 = (1,2,00 and (3, TSN, IFN) = (2,0,1)

Let us examine the two f-sequences closely. For f" with T(f") = 0, A(f") = f/ =
(1,2,1) and [[i, f = 2 we obtain P(f") = (20/(4 — 1)!) 2 = 1/3, |Z~ ()] =
41 20414 2 — 6 and and |£'_1(f/\)| = 2712 = 1. Similarly, for f> with 7(f>) = 2,
A = > = (1,1,1) and [[L, > = 1, we obtain P(f>) = (22/(4 — 1)) 1 = 2/3,
Z W) =41 2244 1 = 12 and |F ()] =201 =1.

Let us examine the two g-sequences closely. For ¢" with 1(¢") = 2, P(¢") =
24-1-2 /(4 — 1) = 1/3 and |(209) '(¢")| = 4!272 = 6 and for g™ with J(g™)
P(g™) =2"1"1/(4—- 1) =2/3 and |(Z0 %) '(g™)| =412 =12.

‘ ranked tree shape ‘ d-sequence ‘ g-sequence ‘ f-sequence
00 1000 000O01

00 0100 1001
30 =10 0 1 0 =12 0100
0 2 0001 31000
00 0000 50000
00 1000 000O0T1
30 0110 01100
30 =100 10 ff=12010 0
0 2 0001 31000
0 0 0000 50000
9 ! 5000 1000 00001
0320 0110 01100
d=|10 0 2 2 g¢=10 0 1 1 fe=112 0 0 0
4 I 000 2 0001 31000
FW 0000 0000 50000
Il:‘; ! 5000 1000 00001
. 030 2 0101 01100
3 A =100 2 2 gd=10 0 1 1 ff=11200 0
000 2 0001 31000
FW 0000 0000 50000
Il:‘; l 50 00 1000 00001
) 0400 0100 10010
3 =100 2 2| |¢=o0o1 1|]|r=]12000
4 000 2 0001 31000
(W 0000 0000 50000

Table 4: The d-, g- and f-sequences when n = 5 are shown along with the corresponding
ranked tree shape. Note that the third and forth row have the same f-sequence.
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Example 4.10 (5 Samples). In the case of five samples, there are 180 b-sequences, 180
c-sequences, 5 d-sequence, 5 g-sequence and 4 f-sequence. As shown in Table 4] we denote
the 5 g-sequences as g2, g°, g%, g%, g® and the five d-sequences as d?, d®, d®, d%, d® along with
their corresponding f-sequences as f2, f°, f&, f¢. Note that ¢° and g% as well as d° and d°
map to the same f-sequence f®. Finally, the shape statistic triples for the four f-sequences
are:

(302,702, 304) = (1,3,0), AU, T, 3(P))

~ ~

(j(fd)v —l(fd)?:(fd)) = (27 2, O)a (J(fe)v —[(fe)>:(fe)) = (27 2, 0) :

For the four f-sequences: f2, f°, f< and f¢, and the five g-sequences: g2, ¢°, ¢, ¢¢
and ¢°, we apply their shape statistics:

Il
-
S~—

=3 M) =1 () =T(f°) =2
(™) =1 I(g°) =3(¢°) = 3(g%) = 3(¢°) =2
5 . 5 . 5 . 5 .
[[7=11F=1111=1 [/ =]]/i"=1121=2
=2 =2 =2 =2
to obtain the probabilities and cardinalities, based on , , and , as

follows:

P(f*)=(2°/(6-1)) 1=P(f*)=(2%/5-1))2 = 1/3

P(f)=2"/6-1))2=P(f)=02/G-1))1 = 1/6
Z7N () =5 2210 1= |z () =5 220 2 = 60
‘z—l(fb)‘ — 5 21+1—5 9 — ‘z—l(feﬂ — 5l 22+1—5 1 = 30

P =2"""1/5-1) = 1/3
P(¢°) = P(¢°) = P(¢®) = P(¢°) =2°"1"2/(5— 1)! = 1/6
(Z209)  (g?) =527 = 60
(29) (") = 1(229) ' (¢°)| =5127% = 30
(209) (g% = 1(229) ' (¢°)| =5127% = 30
L =12 ) =201 = 1
2P =212 = 1
2 =202 = 2.

Applications of and to the g-sequences of Examples and

above are consistent with those of Tajima’s topological relationships [15, Figures 1-3].
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4.3 Shape Statistics where f-sequences are sufficient

Next we will show that any f-sequence f realized under the sized n-coalescent captures a
considerable amount of information about the ranked tree shapes in the equivalence class
of c-sequences .Z '(f) or in 4 (F’ _1( f)). For instance, various tree shape statistics are
further summaries of the f-sequence. We will make the former sentence precise by showing
that several tree-shape statistics in the literature are functions of a sequence of n — 1
ordered pairs obtained from f-sequences. For a given c-sequence ¢ := (¢p,Cp—1,...,C1),
the corresponding shape statistic sequence or §-sequence is § := (S, Sp—1,...,51), where
§; := (8,1, 8i,2). The i-th ordered pair (31, 5;,2) of the 5-sequence is the size of the set ¢;_1 ;
that just coalesced and the size of the smaller of the two sets that just coalesced at the
end of the i-th coalescent epoch. Here, we map the s-sequences directly from the set of f-
sequences. The §-sequence or the sequential Aldous shape statistic [I] S(f) =§: F, — S,
is obtained from an f-sequence f as follows:

g(fn;fn—la"'>f1):§ = (§n,§n_17...,§2),
;= (3i1,8i2) = (maX(Hsz')amin(”f”i)Tl{O}(maX(”in)*min('U”i))) ;

1fll; = {ilfig— fi-ril €Nje{1,2,...,n}}. (59)

Therefore, f-sequences contain the information in $-sequences. Aldous [I] constructs the
s-sequence forward in time using a tree-splitting model. This is partly motivated by a
description of tree-shape imbalance via median-regression over a scatter-plot of the ordered
pairs (5; 1, 8;,2)’s obtained from phylogenetic trees that were estimated from DNA sequences
of extant taxa [I]. Next we show that several classical scalar-valued tree shape statistics
are functions of § = S (f). First consider the following family of scalar-valued tree shape
statistics indexed by the non-empty elements of the power set of {2,3,...,n}.

2
Q= {Q1(8) = ar =) _5i111(5i1) : Sy — Qrp, T € 22571\ 1}

i=n

Then, Q23,..71(3) = ¢q2.3,..n} = Zf:n §;1 is the Sackin’s index which is the sum of the
number of leaves subtended by each internal node [I5], 11]. Q(2}/2 = q(23/2 is the number
of cherries, i.e., the number of internal nodes that subtend exactly 2 leaves [9]. There are
2n—1 _ 3 other scalar-valued shape statistics in the family 9,, for the n-coalescent. Another
scalar-valued statistic that needs more information than the number of leaves subtended
by the set of internal nodes is the Colless’ index [2]. It is the sum of the absolute difference
between the number of leaves subtended by the two branches bifurcating from each internal
node up to a constant factor. The Colless’ index of an f-sequence f only depends on its
Aldous shape statistic sequence S(f) = § and is given by (n? —3n+2)~! Z?:n(gll —23;.4)-
Thus, we have shown that any f-sequence f captures a lot of information about the ranked
tree shapes in Z(.Z'~"(f)). However, some information is lost about the ranked tree shapes
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in the coarsening as one f-sequence may encode several distinct g-sequences — recall that
2 distinct g-sequences mapped to the same f-sequence in Example

4.4 Shape Statistics where g-sequences are sufficient

In the last section, we showed that sampling distribution of f-sequences are sufficient to
obtain that of several tree shape statistics. However, there are statistics based on ranked
tree shapes for which the n-coalescent resolution of f-sequences is not sufficient. In [4],
the runs statistic was proposed for detecting lineage-specific bursts within a population or
between species.

The runs statistic is calculated recursively from a ranked tree shape 7. Note that the
ranking on a tree shape is simply a total order of the interior vertices of the tree shape.
By deleting the root of 7, we obtain two ranked tree shapes 7 and 7. The ranked tree
shape 7 is induced by these two ranked tree shapes 7 and 7o together with a shuffle on
the interior vertices of 7, and 7». A shuffle puts the ny interior vertices in 7 and the no
interior vertices in 7o in order, e.g. 112122 means that first we have two bifurcations in 71,
then a bifurcation in 7o, followed by one bifurcation in 71, then two bifurcations in 79. The
number of runs of a shuffle is the number of times we switch from i to j (i # j) plus one.
Our shuffle 112122 has four runs. The number of runs of a ranked tree shape 7 is defined
recursively,

R(t) = R(m1) + R(m2) + s(7) ,

where, s(7) is the number of runs in the shuffle on the interior vertices of 71 and 7o.
For details see [4]. As g-sequences can be mapped to ranked tree shapes via a bijection
(Proposition , the g-sequences are sufficient for determining the runs statistic. Runs
statistic cannot be obtained from f-sequences. For example, let us consider 71 and 7, the
two ranked tree shapes in Figure [o] There are 4 runs in 71 whereas 7 has 5 runs. However,
both 71 and 7o have the same f-sequence.

f-sequence ] T
1 1
000 O0O0T1 2 2
01 0100
030000 3 3
22 00 00 4 5 4
410000 5
G| e |

Figure 5: Two ranked tree shapes on six leaves. Note that 71, the ranked tree shape in the
middle panel, has run statistic 4 while 75 on the right has run statistic 5. However, both
ranked tree shapes have the same f-sequence on the left.
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5 Summary

We investigated the n-coalescent approximation of sample genealogical Markov chains of
the simplest Wright-Fisher model. We showed that Kingman’s n-coalescent approximation
can be applied to any genealogical Markov chain that has the death chain as its lumped
Markov chain. We described the combinatorial structures, forward and backward transition
probabilities, sequence-specific and state specific probabilities of the n-coalescent at six
concrete genealogical resolutions. They include the genealogical resolutions of a-sequences,
where a € U’ = {b,¢,d, g, f,h}.

Tajima’s evolutionary relationships have been formalized into an n-coalescent whose
realizations are g-sequences that are in bijection with ranked tree shapes. Kingman’s unla-
beled n-coalescent has been given a complete Markov description to produce f-sequences.
The augmentation of the set of all set partitions of £ = {1,2,...,n}, the state space of
Kingman’s n-coalescent, by coalescent vintage tags, led to the state space of the Kingman-
Tajima n-coalescent or the vintaged and labeled n-coalescent. Kingman’s n-coalescent of
§ 3.2 as well Tajima’s n-coalescent of § are lumped Markov processes of the Kingman-
Tajima n-coalescent. The b- and c-sequences that are realized sequentially under the
Kingman-Tajima and the Kingman’s labeled n-coalescents, respectively, are in bijection
with ranked, labeled trees. The d- and g-sequences are in bijection with ranked tree shapes.
Our second coarsest resolution of f-sequences preserves considerable information about the
genealogies. They are sufficient for site frequency spectrum and several tree shape statis-
tics. Finally, the coarsest resolution is the pure death chain with only one h-sequence
(nym—1,...,2,1).

Using the theory of lumped Markov chains we formalized several Markov lumpings
between U’ = {b,c,d, g, f,h}, the six n-coalescent resolutions we pursued here. There is
a partial order on U’ induced by €', the set of Markov lumpings between the six resolu-
tions. We formalized this structure by &gy ¢, the lumped n-coalescents graph, and noted
its implications for computational efficiency during likelihood evaluations in n-coalescent
experiments. For likelihood evaluations during inference, we want the state space of the
hidden genealogical Markov chains to be as small as possible. For instance, if the likeli-
hood of our statistics requires integration at the resolution of ranked, labeled trees, we use
c-sequences. If it requires integration over ranked tree shapes, we use g-sequences, and if
it only requires integration over block sizes, we use f-sequences. The lumped n-coalescents
graph allows us to consistently move between different n-coalescent resolutions as needed.

The lumped n-coalescents graph with vertex set U’ is a formal embodiment of the uni-
fied multi-resolution n-coalescent. The lumped Markov chain projections of the underlying
sample genealogical process, i.e. the n-coalescent at the finest resolution of b-sequences (at
the maximal vertex in the lumped n-coalescents graph) simultaneously at all other ver-
tices of the lumped n-coalescents graph gives us our unified multi-resolution n-coalescent.
The basic properties of the n-coalescent, including (i) the robustness to variations in the
underlying discrete population genetic models and (ii) the consistent embedding of the n-
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coalescent in the (n 4 1)-coalescent to obtain the coalescent, naturally apply to the unified
multi-resolution coalescent. One can also obtain a unified multi-resolution coalescent of
other more general coalescent processes.
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