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Take a continuous-time Galton—Watson tree. If the system survives un-
til a large time 7', then choose k particles uniformly from those alive. What
does the ancestral tree drawn out by these k particles look like? Some spe-
cial cases are known but we give a more complete answer. We concentrate on
near-critical cases where the mean number of offspring is 1 4+ /T for some
n € R, and show that a scaling limit exists as 7 — oco. Viewed backwards
in time, the resulting coalescent process is topologically equivalent to King-
man’s coalescent, but the times of coalescence have an interesting and highly
nontrivial structure. The randomly fluctuating population size, as opposed to
constant size populations where the Kingman coalescent more usually arises,
have a pronounced effect on both the results and the method of proof required.
We give explicit formulas for the distribution of the coalescent times, as well
as a construction of the genealogical tree involving a mixture of independent
and identically distributed random variables. In general subcritical and super-
critical cases it is not possible to give such explicit formulas, but we highlight
the special case of birth—death processes.

1. Introduction. Let L be a random variable taking values in Z, = {0, 1, 2, ...}. Con-
sider a continuous-time Galton—Watson tree beginning with one initial particle and branching
at rate r with offspring distribution L. We will give more details of the model shortly.

Fix a large time 7', and condition on the event that at least k particles are alive at time 7.
Choose k particles uniformly at random (without replacement) from those alive at time 7.
These particles, and their ancestors, draw out a smaller tree. The general question that we
attempt to answer is: what does this tree look like? This is a fundamental question about
Galton—Watson trees; several authors have given answers via interesting and contrasting
methods for various special cases, usually when k = 2. We aim to give a more complete
answer with a unified approach that can be adapted to other situations.

Before explaining our most general results we highlight some illuminating examples. Let
N; be the set of particles that are alive at time ¢, and write N; = #N; for the number of
particles that are alive at time 7. Let m = [E[L] and for each j >0 let p; =P(L = j). We
assume throughout the article, without further mention, that pg + p1 # 1.

On the event {N7 > 2}, choose a pair of particles (Ur, Vr) € N7 uniformly at random
(without replacement). Then let S(T') be the last time at which these uniformly chosen parti-
cles shared a common ancestor. If N7 < 1 then set S(T') = 0.

If po €10, 1) and p» =1 — po, then the model is a birth—death process. In this case we are
able to calculate explicitly the distribution of S(7') conditional on { N7 > 2}. In particular:

e in the supercritical case when py > pg, the law of S(T) conditional on {N7 > 2} con-
verges as T — oo to a nontrivial distribution with tail satisfying

Jim P(S(T) >t | Ny =2) ~2r(m — Dte "™ D' ast — oo;
—00
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e in the subcritical case pg > p», the law of T — S(T') conditional on { N7 > 2} converges
as T — oo to a nontrivial distribution with tail satisfying

i

lim P(T —S(T)>t| Ny >2)~ {1
Tl—>moo( (T)z 1| Nr 22) < 3po

)er(’"_l)’ as t — 00.

In the critical case we can work more generally.

e If L has any distribution satisfying m = E[L] =1 and E[L?] < oo, then the law of
S(T)/T conditional on {N7 > 2} converges as T — oo to a nontrivial distribution on [0, 1]

satisfying
S(T 2(1 —1¢ 1
lim P(sz‘NTzz)z ( )<10g< )—r).
T—o0 T 12 1—1t

This last result is known: Durrett [7] gave a power series expansion, and Athreya [4] gave a
representation in terms of a geometric number of exponential random variables, both of which
agree with our explicit formula. Lambert [16] gave a similar formula for a critical continuous
state branching process. Methods involving the excursion representation of continuum ran-
dom trees were used by Popovic [23], Aldous and Popovic [2], Lambert [17], and Lambert
and Popovic [19] to investigate related questions. We give more details in Section 3.2.

Beyond the critical case, we can find a distributional scaling limit when L is near-critical.
We let the distribution of L depend on T', and write Pr to signify that the Galton—Watson
process now depends on 7 as a result.

e Suppose that L satisfies Er[L] =1+ u/T +0(1/T), Er[L(L — 1)] =8+ o(1), and
that L2 is uniformly integrable under P7. Then the law of S(T')/T conditional on {N1 > 2}
converges as T — oo to a nontrivial distribution on [0, 1] satisfying

S(T ril=s) _
lim IP)T(% > ‘ Nr 22) :2(6—)

T—o0 eri(l=s) _ orp

+2

(erp, _ 1)(eru(1—s) _ 1) g( et )

(er,u(l—s) _ er,u)Z ern(l=s) _ 1

O’Connell [22], Theorem 2.3, gave this result by using a diffusion approximation, relating
the near-critical process to a time-changed Yule tree, and adapting the method of Durrett [7]
from the critical case. Again, these authors only considered choosing two particles at time 7.

All of the above special cases—although they are already interesting in their own right—
are just a taster of our general results. The effectiveness and adaptability of our method is
demonstrated by the fact that it recovers, in these cases, the results of several separate inves-
tigations using different techniques [4, 7, 16, 22]. In our main result (see Theorem 3), we will
give a complete description for the genealogical tree of a uniform sample of k > 2 individuals
in near-critical Galton—Watson processes in the large time limit.

We now attempt to describe our general results in a little more detail. For any k > 2, under
a second moment condition on L, we sample k particles without replacement at time 7 and
trace back the tree induced by them and their ancestors. It turns out that if we view this
tree backwards in time, then the coalescent process thus obtained is topologically the same as
Kingman’s coalescent, but has different coalescent rates. We give an explicit joint distribution
function for the limiting k — 1 coalescent times, which are asymptotically independent of the
Kingman tree topology: they can be constructed by choosing k independent random variables
with a certain distribution and renormalising by the maximum. Equivalently, the coalescent
times can be viewed as a mixture of independent identically distributed random variables.
The correlation introduced by this mixture is due to fluctuations in the population size. On
the other hand, Kingman’s coalescent usually arises from populations where the total number
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of individuals is kept constant: see, for example, [27]. One of the biggest hurdles in our proof
is to overcome the effect of fluctuations in the population size; we do this using a change of
measure Qk T under which the coalescent times decorrelate, making calculations easier.

After this article was released, using knowledge of the precise form of our answers, Lam-
bert [18] was able to construct a remarkable method to obtain some of our formulas for
coalescent point processes. However, [18] assumes binary branching, so while it can apply
to birth—death processes, it does not cover our main results concerning general near-critical
Galton—Watson processes. We discuss this approach further in Section 3.2.

Ren, Song and Sun [24, 25] have also subsequently used a 2-spine approach (involving
analogues of our Q%7) to give elegant probabilistic proofs of Yaglom theorems about the size
of the population conditional on survival, both for the discrete time critical Galton—Watson
processes [24] and critical superprocesses [25].

In Section 2, we state full details our main results, we present a more intuitive probabilistic
construction of the near-critical scaling limit, and we then provide a heuristic explanation
and intuitive probabilistic derivation for it. We follow that with discussion of some of the
properties of the scaling limit and comparisons to related results in Section 3. In Section 4,
we introduce the tools required to prove our results, including a change of measure and a
version of Campbell’s formula. We then prove our main result for birth—death processes in
Section 5, and our main result for near-critical processes in Section 6.

2. Results. We first describe, in more detail, our continuous-time Galton—Watson tree.
Under a probability measure [P, we begin with one particle, the root, which we give the label
. This particle waits an exponential amount of time ty with parameter r, and then instanta-
neously dies and gives birth to offspring with labels 1,2, ..., L, where L is an independent
copy of the random variable L. To be precise, at the time 74 the particle & is no longer alive
and its offspring are. These offspring then repeat, independently, this behaviour: each parti-
cle u waits an independent exponential amount of time with parameter r before dying and
giving birth to offspring u#1, u2, ..., uL, where L, is an independent copy of L, and so on.
Welet p; =P(L =j)and m = Z?‘;l Jpj- Since we will be using more than one probability
measure, we will write IP[-] instead of E[-] for the expectation operator corresponding to PP.

Denote by N7 the set of all particles alive at time 7. For a particle u € N7 we let 7, be
the time of its death, and define 7,(T) = t, A T. If u is an ancestor of v, we write u < v, and
if u is a strict ancestor of v (i.e., # < v and u # v) then we write u < v. For technical reasons
we introduce a graveyard A which is not alive (it is not an element of N'7).

For a particle u € N; and s < t, let u(s) be the ancestor of u that was alive at time s. For
two particles u, v € N7, let o (u, v) be the last time at which they shared a common ancestor,

o(u,v) =sup{t > 0:u(r) =v(1)}.

Now fix k € N, and at time T, on the event N7 > k, pick k particles U }, LU % uniformly
at random without replacement from N7. We let 77," (T) be the partition of {1, ..., k} induced

by letting i and j be in the same block if particles U} and U % shared a common ancestor at

time ¢, that is, if o (U %, U %) > t. We order the elements of 73,]‘ (T) by their smallest element.

There are two aspects to the information contained in 77,"(T). The first is the topological
information: given a collection of blocks, which block will split first, and when it does, what
will the new blocks look like? The second is the times at which the splits occur. We will find
that in all of our models, the topological information is asymptotically universal and simple
to describe, whereas the split times are much more delicate and depend on the parameters of
the model. In order to separate out these two aspects, we require some more notation.

Let v,k (T) be the number of blocks in Ptk (T), or equivalently the number of dis-
tinct ancestors of U%, R U% that are alive at time ¢; that is, v,k(T) =#u e MN; :

u < Uy for some i < k}.
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Fori=1,...,k—1let
SK(T) = inf{t = 0: V5 (T) > i}.
We call Sf(T) <... < S,’f_l(T) the split times. For technical reasons it is often easier to
consider the unordered split times; we let (Si‘(T), ey 5,’6‘71 (T)) be a uniformly random per-
mutation of (S{(T), ..., Sf_(T)).
Fori=1,...,k—1let PX(T) = P’;k(T), and let H = o (P{(T), ..., PF_|(T)), so that H

contains all the topological information about the tree generated by U, ..., Uéi, but almost
no information about the split times.

2.1. Birth—death processes. Fix o > 0 and 8 > 0. Suppose that r = o + B, pp =
a/(a + B) and p, = B/(a + B), with p; = 0 for j # 0, 2. This is known as a birth—death
process with birth rate 8 and death rate . Note that since there are only binary splits, if there
are at least k particles alive at time T then when we pick k uniformly at random as above there
are always exactly k — 1 distinct split times. Our first theorem gives an explicit distribution
for these split times, in the noncritical case and conditional on {N7 > k}.

THEOREM 1. Suppose that o # . The unordered split times are independent of H, and
forany sy, ...,sk—1 € (0, T] they satisfy

P(SHT) = s1,..., 88 ((T) = si_1 | Nt > k)
_ k(Eg—a/B) 1 kl:[1 Ei—1
~ (Eo— ¥ [[(Bo—a/B) ;| Ei — Eo

k—1 k—1

(Ej— 1) Ei—1 <ﬁE0—a>

+ I ,

;(EJ_EO)2<11:[1 Ei—Ej> \BE; —a }
i#]j

where E; = e BT =) for each j =1, ...,k and sy = 0. Furthermore, the partition pro-
cess Pé‘(T), Plk(T), e P,f_l (T) has the following description:

o if Pl.k (T) contains blocks of sizes ay, ..., aj+1, the probability that the next block to split
will be block j is (aj —1)/(k —i —1);

e ifablock of size a splits, it creates two blocks whose sizes are | and a — [ with probability
1/(@—1) foreachl=1,...,a—1.

The case of the Yule tree, in which 8 =1 and o =0, gives simpler formulas.

EXAMPLE 1 (Yule tree). Suppose that « =0 and 8 = 1. Then for any s € (0, T'],

20 —e TYy(e™ —1+5)

P(SIZ(T) >s|Nr= 2) = (1—eT)(1 —e5)2

and for any s, 52 € (0, T],
P(S}(T) 2 51.S3(T) = 52| Nt = 3)
=3(e —e T)(e™2 —eT)

(s1(1 —e™2)2 —sp(1 —e™N)2 + (1 — e ™51)(1 — e™2) (e 752 — e751))
X .
(1 _ e—T)Z(] _ 6—51)2(1 _ e—sz)Q(e—sz _ e—sl)




1372 S. C. HARRIS, S. G. G. JOHNSTON AND M. I. ROBERTS

Returning to general o # 8, as mentioned in the Introduction, the case k = 2 is of particular
interest. As there is only one split time when the sample consists of a pair of particles, we can
simply write S(T) = Slz(T). Taking a limit as 7 — oo simplifies the formula significantly,
although we have to consider the supercritical and subcritical cases separately.

EXAMPLE 2 (Supercritical birth-death, T — o0). Suppose that § > «. Then for any
s >0,

26—(/3—a)s

Am PST) 25| Nr22) = =y

(B —a)s — 1+ e 0,
EXAMPLE 3 (Subcritical birth—death, 7 — 00). Suppose that @ > 8. Then for any s > 0,

lim P(S(T)>T —s|Nr>2)= 2iz(e@’f—/‘m - 1)(e<‘*—ﬂ>s log<1 + L) - é)
T—00 - r= ,32 ael@—Ps — B a)

To our knowledge all of these results are new. We note (as Durrett also mentioned in [7])
that in the supercritical case, the time S(T') is likely to be near 0, whereas in the subcritical
case, S(T) is likely to be near T. This much is to be expected, but the detailed behaviour
is perhaps more surprising: as mentioned in the Introduction, some elementary calculations
using the formulas above show that in the supercritical case,

Jim P(S(T) s | Ny 22) ~2(8 - a)se P95 as s — o0,
— 00

whereas in the subcritical case,

2
lim P(T —S(T) >s | Ny >2) ~ (1 — —)e—@‘—ﬁ)s as s — 0o.
T—o00 3a

We can also give analogous results in the critical case o = .

THEOREM 2. Suppose that o« = B. The unordered split times are independent of H, and
for any distinct sy, ..., sp—1 € (0, T] with s; # 5 for any i # j,

P(SH(T)/T =s1,...,85_ ((T)/T = si_1 | Ny > k)

() [ 0 )

k—1 k—1

l—Sj 1—5; ( 14+1/T )
+ log|l ———— ) |.
e e

Furthermore, the partition process Pé‘(T), Plk(T), . P,f_l(T) has the following descrip-
tion:

° ifPl-k(T) contains blocks of sizes ay, ..., aj+1, the probability that the next block to split
will be block j is (aj —1)/(k —i —1);

e ifablock of size a splits, it creates two blocks whose sizes are | and a — [ with probability
1/(a—1) foreachl=1,...,a—1.

EXAMPLE 4. Suppose that « = . Then for any s > 0

p(é%(T)/Tzs|NT22)=2(1+L)2<1s;zs)(l°g( 1+1/T> s )

BT 1—s+1/T) 1+1/T
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and for any s1, 520 > 0,
P(S{(T)/T > s1,83(T)/T > 52| Nr > 3)
30+ ) U= s = 5)
5753 (s2 — 51)

1—s14 & 1—s+ 4 -
y [s%log( 1 | 1 T)—sflog( 1 21 T)+81521(S2 : S1)].
++ +1 +1

We can easily let T — oo in these formulas, but in cases near criticality, if we are willing
to take a scaling limit as 7 — oo then we can work much more generally.

2.2. Near-critical processes: A scaling limit. We no longer restrict to birth—death pro-
cesses; the birth distribution L may take any nonnegative integer value. In order to get a
scaling limit, we take Galton—Watson processes that are near-critical in that the mean num-
ber of offspring is approximately 1+ /T when T is large. Henceforth, we will assume the
following:

ASSUMPTION 1. For some u € R and o > 0, suppose that for each T > 0, the offspring
distribution L satisfies:

e Pr[L]l=14+u/T+o0(1/T);
o Pr[L(L—1)]=0%+0(1);
o L%is uniformly integrable under P (i.e., Ve > 0, 3K such that ]P’T[LZJI{L>K}] <eVT)

where, for R-valued functions f and g, f(x) = o(g(x)) means that f(x)/g(x) — 0 as
X — 00.

Conditional on the population surviving to a large time 7', we sample k particles uni-
formly without replacement and wish to understand their genealogical tree. Our near critical
Galton—Watson process conditioned to survive for a large time produces a large population
that fluctuates naturally over time. In other branching models with constant population size, it
has been shown that the genealogical tree emerging in the large population limit is Kingman’s
coalescent; see [27]. We find something significantly different and more complex.

THEOREM 3 (Near-critical scaling limit). Suppose that Assumption 1 holds. Then the
split times are asymptotically independent of H, and if u # 0, then for any s, ..., Sk—1 €
(0, 1) with s; # s forany i # j,

Aim Pr(S{(T)/T 2 s1..... 5 (T)/T = 511 | Nr 2 k)
— 00

k—1 k—1
E; EoE; E; Ey
=k log —,
HE B TF Z E0)2<H Ei—Ej> CE,
i%]
where Ej = e"M1=5)) 1 foreach j =0, ...,k — 1 and so=0. If u =0, then instead
Jim IP(S (T)/T =>s1,...,85_ ((T)/T =sx—1 | Nr > k)

— si—l k_ll—Sj k=l 1—s;

T ey (T2 topt -,
; Si . S5 : Si— S8
i=1 j=1 J ;;} J
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Furthermore, the partition process Pé‘(T), Plk (7), ..., P,f_l (T) has the following descrip-
tion:

° ifPl.k(T) contains blocks of sizes ay, ..., aj+1, the probability that the next block to split
will be block j converges as T — oo to (aj —1)/(k —i —1);

e if a block of size a splits, with probability tending to 1 it creates two blocks whose sizes
are | and a — | with probability converging to 1/(a — 1) foreachl=1,...,a — 1.

In Theorems 1 and 2 we saw that the split times were independent of #. This can-
not be the case in Theorem 3, since two or more split times may be equal with positive
probability, an event which is captured by both the split times and the topological infor-
mation /. However we do see that the split times are asymptotically independent, in that
Pr(A N B) — Pr(A)Pr(B) for any A € o(SK(T),...,Sf_(T)) and B € H, which is the
best that we can hope for.

We note here that the topology of the (limiting) tree described forwards in time in Theo-
rem 3 is the same as that described backwards in time by Kingman’s coalescent; but the times
of splits (or times of mergers, in the coalescent picture) are drastically different.

EXAMPLE 5 (Critical processes). Suppose that P[L] = 1 and P[L?] < oc. Then for any
s€(0,1),

21 — 1
(1) Jlim B(S(T)/T =5 | N 22) = ( 5 $) <log<1 _S> _s>_

EXAMPLE 6 (Near-critical scaling limit, k = 2). Suppose that the conditions of Theo-
rem 3 hold with i 7 0. Then for any s € (0, 1), as T — oo,

ern(=s) _ |
ori(1=s) _ ori

(erp, _ 1)(eru(1—s) _ 1) ( et )
lo

(er,u(l—s) _ er,u)Z ern(l=s) _ 1

Pr(S(T)/T >s| Nr >2) —>2(

+2

Both these examples are known [22], but to our knowledge the general formula is not. We
give more information on related results in Section 3.1.

2.3. Construction of the near-critical scaling limit. In this section we investigate further
the scaling limit observed in Theorem 3. Our aim is to give a more intuitive probabilistic
understanding of the scaling limit, rather than the explicit formulas seen in Theorems 1 to 3.
We continue to work under Assumption 1, given in Section 2.2.

Theorem 3 says that the rescaled unordered split times, conditional on at least k particles
being alive at time T, converge jointly in distribution to an explicit limit,

(3{{(” ‘S:I];—I(T)> @, (& S)
T ,...,—T s ey Ofp_1)-

We aim to shed some more light on this limit. First we note that, although the split times (for
fixed T') do not usually have a joint density—with positive probability one split time may
equal another—their scaling limit does have a density. Indeed, from the proof of Theorem 3
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(or by checking directly) we see that this density satisfies (with so = 0)
k() (1 = )

et ori(1=si)
/ l_[ (1+9(e”4(1 D)2 do if u >0,

_ k 1 . _
JeGst, ooy sk—1) = / n—(1+9(1_s))2 de if u=0,
k(—1) (m)k 1( e
k—1 e n=si)
k—1 .
x/o 0 l_[ (1—9(6”"(1 s,)_l))Z if u <O0.

The following two theorems give constructions of the scaling limits of the tree in the spirit
of Aldous’ construction of Kingman’s coalescent [3], Section 4.2. In particular it gives a
method for consistently constructing the times (Slf ) Sk -

THEOREM 4 (A construction for critical genealogies). Suppose that u = 0. Let X1,
X>, ... be a sequence of independent and identically distributed random variables on (0, 00)
with density (1 + x)*Z. Let My = max;<x X;, and choose I such that X; = My. For
i <kdefineTi =1— X;/My. Then (T1,...,Tr—1, T1+1, ..., Ty) is equal in distribution to
Sk SE ).

Moreover, the ancestral tree drawn out by the k uniformly chosen particles has the follow-
ing description: let Uy, Uy, ... be independent uniform random variables on [0, 1]. Within
the unit square, for each 1 <i <k, draw a vertical line from (U;,0) to (U;, 1 — T;). These
lines represent the branches of our tree. Now, for each 1 <i <k — 1, draw a horizontal line
starting from (U;, T;) towards (Uy, T;) but stopping as soon as it hits another vertical line
(see Figure 1).

This result, in particular, clarifies the consistency of the split times. Of course, if we choose
k + 1 particles uniformly without replacement at time 7, and then forget one of them, the
result should be consistent with choosing k particles originally. This is not immediately ob-
vious from the distribution in Theorem 3, but it follows easily from the construction in The-
orem 4. In fact, the particular choice of Uy, U, ... is not so important above; they simply
provide a convenient way to consistently construct random permutations of {1,...,k} for
every k e N.

1-T

1-T] T

U5 U4 Ul U2 []3

FIG. 1. A representation of the rescaled tree drawn out by 5 particles chosen uniformly at random from those
alive at a large time. Here I = 4.
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THEOREM 5 (A construction for near-critical genealogies). Suppose that u # 0. Let
X1, X, ... be a sequence of independent and identically distributed random variables on
(0, 00) with density (1 + x)"2. Let M = max; <k X;, and choose I such that X| = My. For
i <k define

1 X;
T,=1- —log(l + (e — 1)—’).
ru M
Then (Ty, ..., Ti—1,Ti+1, ..., Ty) is equal in distribution to (3{‘, . S’,’;_l). Moreover, the
ancestral tree drawn out by the k particles has the same construction as in Theorem 4.

2.4. Heuristic explanation of our results. In this section, we aim to give a quick intuitive
probabilistic derivation of Theorem 4. For this we will need to use a certain very natural
probability measure, Q%T. While Q’“T will not be defined until Section 4 (see (6)), and
is fundamental to our approach, for now it will be sufficient to know only a few of its basic
properties. The probability measure QX7 will describe the behaviour of k distinguished spine
particles along which standard Galton—Watson processes are immigrated. Under Q%7 these
k spines will have the property of looking like a uniform choice without replacement from
the Nt particles alive at time T. For this heuristic we will use this measure Q%7 together
with the classical theorems of Kolmogorov [15] about the asymptotics of the survival prob-
ability, and Yaglom [28] about the distribution of the scaled population size conditioned to
survive.

Let Ej be any event concerning the tree drawn out by the £ uniformly sampled particles
(we will only consider these conditionally on N7 > k so that they always exist). It will be
easy to show, using the definition of our change of measure Q%7 , that

]lEE
N7(Nr —1)--- (Nt —k+1)}
" P[N7(Nr —1)---(Nr — k+ D]
P(Nt > k) ’

P(E¢ | Nr > k) =<@”[
@)

where E,f is the event corresponding to Ey, but for the k spines under Q%7 rather than the k
uniformly chosen particles under PP.
Now, the second fraction above can be approximated using Yaglom’s theorem: as 7' — oo,
P[Nr(Nr —1)---(Nr —k+ 1)]
(3) P(Nt = k)

:IP)[NT(NT—I)--'(NT—k—i-l)|NTZk]

~T*P[(N7/T)* | Ny > 0] ~ TFP[£X],

where £ is an exponential random variable with parameter 2/ 2. Therefore, in order to de-
scribe the distribution of the tree drawn out by the k uniformly sampled particles under P
when T is large, it suffices to understand the joint distribution of the tree drawn out by the k
spines together with N7 under Q%7 when T is large.

Write 7; = Sl.k(T) /T for the scaled split times of the k uniformly sampled particles, and

rf for the scaled split times of the k spine (unordered, in the sense that they are a random
permutation of the ordered split times). In Proposition 27, Lemma 28, and also the discussion
in Section 4.4, we will see that in the limit as 7 — oo under Qk*T, the times (rlé e r,f_l)
are uniform random variables on [0, 1], and the topology of the underlying tree is equivalent
to the topology of Kingman’s coalescent restricted to k blocks. Here is a way of construct-
ing such a tree, again in the spirit of Aldous [3], Section 4.2, and similar to Figure 1. Let
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Up,...,Ur—1 and Vq, ..., Vi_1 be independent uniform random variables on [0, 1]. Also let
Vo = 1. Within the unit square, for each 0 <i <k — 1, draw a line from (U;, 0) to (U;, V;).
These lines represent the branches of our tree. Now, for each 1 <i <k — 1, draw a horizontal
line starting from (U;, V;) towards (Up, V;) but stopping as soon as it hits another (verti-
cal) line. This is our description of the tree drawn out by the spines under Q%7 as T — oo.
(Note, as earlier, the particular choice of the U; is merely a convenient way to give a random
permutation of the vertical lines; the scale on the horizontal axis has no meaning here yet.)

Now we explain how to observe the joint distribution of this tree and the total population
size, given the description above. Under Q% 7, each spine—that is, each vertical line in our
picture—behaves in the same way, giving birth to ordinary particles at a constant rate (in-
dependent of the number of marks following the spine); this can be seen from Lemma 9.
Thus the contribution to the total population of a vertical line of length v in our picture is
simply the contribution to the total population of a single spine that lived for time v7. It is
immediate from the definition of Q!-¥7 that a single spine results in a size-biasing of the total
population size; by Yaglom’s theorem, under IP, the total population size after time v7 is ap-
proximately vT times an independent exponential random variable of parameter 2/02, and
therefore under Q"*7 the total population size is approximately v7T times an independent
Gamma random variable of parameters (2, 2/ o?).

Thus the total population size N7 under Q%7 satisfies

Ny k—1
— =@y Vi,
T i=0

where the branch lengths Vi, ..., Vix_; are independent U [0, 1] random variables, Vo =1,
and [y, ..., I'r—1 are independent identically distributed I'(2, 2/ 02) random variables. Now,
a uniform random variable multiplied by an independent I'(2,2/0%) random variable is
exponentially distributed with parameter 2/02; that is, & = V;I'; ~ Exp(Z/az) for i =
1,...,k—1. As Vo =1, VpI'g is distributed as the sum of two independent exponential
random variables, say £y and &), each with parameter 2/o2. Thus, the total population size
under Q%7 is approximately T times a sum of k + 1 independent Exp(2/c2) random vari-
ables, or in other words, T timesa I'(k+ 1,2/ o2) random variable. We can now re-draw our
probabilistic representation of the rescaled tree under Q%7 for large T to jointly include the
topology, split times, and sub-populations; see Figure 2. (Note, the new horizontal scale cor-
responds to sub-population sizes; here, we only used the earlier U values to give the random
ordering of the vertical lines.)

Vi

Vs

VZ- .....

V4_ .........

52 80 56 81 54 53

FI1G. 2. A probabilistic representation of the rescaled tree under Q>T for large T. Each triangle represents
the contribution towards the total population from particles that branched off the adjacent spine. The random
variables drawn on the horizontal axis can be interpreted as population size.
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To complete the explanation of our results, continuing from (2) and (3), we now see that
1
{fedn, ..t edi_} }Tkp[gk]
Nr(Np —1)---(Ny —k+1)

NP[1{1 Viedty,..., 1 Vi—1€dty— 1}]Tk[P[5k]
T 2 Vi)

1
[(Z o (1 — 1))k

We note the fact that, for any o > 0, ak =7 1), fs° z¥"te=*2dz. Thus, we find

P(ri edti, ..., tk—1 €dti—1 | Ny > k) “Qk’T[

i| [gk] dty---dty_q.

P(tl Edll,...,tk71 Edtk,1 | Nt zk)

1
Np[(k 1)‘/ e X a—Ty dZ}P[gk]dtl...dtk_l

: / ke 1]‘[ dk'(az)kdt d
= k! — ) dty---dtxg—y
(k— D! i=o (1 + 2(1—1‘,)1)2 2
. 1k 1 1
—k _dzdn---di
/ n<1+<1—t,>z>2 st

Indeed, this is the joint density of the coalescent times in the critical case as given in Sec-
tion 2.3, and consistent with the construction in Theorem 4. Further, integrating gives the
joint distribution function in Theorem 2.

Note that in near-critical cases a similar picture will hold, although the distribution of the
rescaled spine split times will not be uniform and will have a density that is proportional to
"= for s € [0, 1]. See Section 6 for more details.

3. Further discussion of the results. In this section we try to understand our scaling
limit further, compare it to known results, and explore other ways of obtaining similar repre-
sentations. For brevity, we will not worry too much about technical details. We will return to
full rigour in Sections 4, 5 and 6, in order to prove our main results.

3.1. Comparison to known formulas. As mentioned in the Introduction, the critical case
n = 0 has been investigated by other authors. For k = 2, Athreya [4] gave an implicit de-
scription of the distributional limit of S(T')/ T . In fact, he worked with discrete-time Galton—
Watson processes, but this makes no difference in the limit, and we will continue to use our
continuous-time terminology and notation for ease of comparison. By considering the num-
bers of descendants at time 7 of particles alive at an earlier time s7, Athreya showed that

lim P(S(T)/T <s5|Nr22) =1~ E[$(Gy)],

where G satisfies P(Gy=j) = (1 — s)sd 1 for j > 1, and

o2
o) = E| ==
(Xi_im)?
where 11, 12, . . . are independent exponential random variables of parameter 1.
One can show using properties of the exponential distribution that ¢ (j) =2/(j + 1), and
a simple computation shows that this description of the scaling limit agrees with our own
formula (1). We omit this calculation here, but it is available in full as Lemma 6 of [12].
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Durrett [7] also gave a description for the limit of S(T')/T in the critical case, showing
that

o
Tli_)moo]P(S(T)/T >s|Nr>2)=(1 —S)<1+2JZ=:1 js+2>‘

It is easy to expand our formula (1) as a power series and check that it agrees with the above.
Durrett, in fact, went on to give power series expressions when k£ = 3 for the distributions of
Sf and 8;’ . He further stated that it was “theoretically” possible to calculate distributions of
split times for k > 3, and also mentioned that he could derive a joint distribution for & 13 and
S3, again in power series form, but that “we would probably not obtain a useful formula”.
This makes clear the advantage of our method, which gives explicit formulas for the joint
distribution for each k without going through an iterative procedure.

O’Connell [22] gave exactly the formula in our Example 6, the near-critical scaling limit
in the case kK = 2. He also provided a very interesting application to a biologically motivated
problem: how long ago did the most recent common ancestor of all humans live?

In subcritical and supercritical cases, it is impossible to give such explicit results in gener-
ality as the genealogical structure of the tree depends on the detail of the offspring distribu-
tion. However one can characterize the distribution of the split times using integral formulas
involving the generating function of the offspring distribution. Lambert [16] (in discrete time)
and Le [21] (in continuous time) did this in the case k = 2 for quite general Galton—Watson
processes. Le also investigated the case k > 3, but gave only an implicit representation for
the joint distribution of the split times. More recently Grosjean and Huillet [10] and Johnston
[14] gave detailed answers for general k.

Donnelly and Kurtz [6], Theorem 5.1, showed that the genealogy of the Feller diffusion
is a time-change of Kingman’s coalescent, in which the rate at which two lineages merge is
inversely proportional to the population size. The Feller diffusion started from x is itself the
scaling limit of a critical Galton—Watson process started with a population of size | Nx], so
taking a limit as x | O one might expect to be able to recover our results. However, finding
the marginal distribution of the coalescent times—that is, not conditional on the population
size—is highly nontrivial, as the two quantities are so closely connected; this can be seen in
(2), for example. We manage to overcome this serious difficulty by decoupling the depen-
dence between the population size and the split times via the measure Q%7 , which adjusts
for the varying population size while simultaneously ensuring the k spines form a uniform
sample without replacement from population at time 7.

Besides being more difficult, the question of understanding the distribution of the coales-
cent tree drawn out by a sample from a large population, without knowing the population
size, appears to be more natural from the point of view of biological applications.

3.2. Contour processes and the continuum random tree. It is known that a critical
Galton—Watson tree conditioned to survive until time 7 converges, as T — oo (in a suit-
able topology), to a continuum random tree. There is a vast literature, beginning with Aldous
[1], on continuum random trees. For our discussion we can think of drawing our tree, condi-
tioned to survive to time 7 and renormalised by 7', and tracing a contour around it starting
from the root and proceeding in a depth-first manner from left to right. The height of that
contour process converges as 7 — oo to a Brownian excursion (B;);¢[o,»] conditioned to
reach height 1. It is easy to see that two points u, v € [0, v] correspond to the same “vertex”
in the limiting tree if they are at the same height and the excursion between u and v is always
above B,. The total population of the tree at time s7T corresponds to the local time of the
Brownian excursion at level s. Choosing two particles at time 7 means picking two points
on the excursion at height 1 according to the local time measure; and the two particles have
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FI1G. 3. A Brownian excursion conditioned to reach height 1. Two points Uy and U are chosen uniformly
according to local time at height 1, and the induced tree is drawn below the excursion.

a common ancestor at time ¢ if the two points chosen are in the same sub-excursion above
height 7.

In order to calculate the probability of this last event, we (obviously) need to know a little
about Brownian excursions. Excursions, indexed by local time, occur according to a Poisson
point process with intensity Lebesgue xn for some excursion measure n. This measure n
satisfies n(sup, f(t) > a) = %; and the local time at O when the Brownian motion first hits

—4 is exponentially distributed with parameter 2—15 See, for example, [26].

Take a Brownian excursion conditioned to reach height 1, and choose two points U; and
U, at height 1 uniformly according to local time measure; see Figure 3. Let L be the total
local time at level 1, and Ly be the total local time between U; and U,. The event that U
and U, are in the same sub-excursion above height s is exactly the event that there is no
excursion from level 1 between U and U, that goes below level s (and stays above level 0);
by the facts about Brownian excursions above, given L, the number of such excursions is
a Poisson random variable with parameter Ly (ﬁ — %). Thus the probability that U; and
U, are in the same sub-excursion above height s is

> x 1
/ ]P(Ll € dx)/ ]P)(LU S dy | Ll :x)e y(Z(l—s) 2).
0 0

The local time L is exponential of parameter 1/2, and the density of the distance between
two uniform random variables on (0, x) is 2(x — y) /xz. Thus the above equals

[ Lo [F2ED s gy
0o 2 o x2
Making the substitution z = y/x and swapping integrals, it is easy to integrate directly to
obtain the distribution of the limiting split time S and check that it agrees with (1).

Applying this excursion machinery works well in this simple case. However it becomes
much more difficult to generalise these techniques to obtain the joint distribution of the split
times for three particles; let alone the general formula for k particles that appeared in Theo-
rem 3.

Popovic [23] used the following observation. Condition on the event that there are exactly
k particles alive at time Ty, so that the k particles we choose comprise the whole population,
then rescale by 7 and let k — oco. If Ty /k — t, then the contour process converges to a
Brownian excursion conditioned to have local time 1 at level ¢; and the split times are then
governed by the entire collection of excursions below level 7. These excursions form a Pois-
son point process with an explicit intensity measure. This allowed Popovic to give some very
interesting results about critical processes, and similar techniques were built upon in various
ways by her and other authors [2, 9, 17, 19]. Although these are related to our investigation,
they often look at the entire population alive at time T, rather than sampling a fixed number
of individuals, which results in a different scaling regime. Biological motivation for why we
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might like to sample a fixed number of individuals from a fluctuating population—that is, our
regime—can be found in [22].

After this article was released, Lambert [18] constructed a remarkable method for ob-
taining some of our formulas from contour processes. Given a branching process whose
population at time 7 is geometrically distributed (e.g., a birth—death process), the work in
[20] allows one to sample each particle at time 7" independently with some fixed probability
y € (0, 1) and reconstruct the genealogical tree of the sampled particles. By taking y to be a
realisation of a carefully chosen improper random variable Y, and conditioning the resulting
number of particles sampled to be exactly k, in [18] Lambert produces our Proposition 19.
However, constructing the correct (improper) distribution for ¥ would have been extremely
difficult without prior knowledge of the answers provided by our results.

Lambert’s results in [18] are for a large class of processes known as coalescent point
processes. However, coalescent point processes necessarily have geometrically distributed
population sizes. As Lambert says in [18], “we consider here possibly non-Markovian and
time-inhomogeneous branching processes, but always binary.” For Galton—Watson processes,
this means only our birth—death process results are in common with Lambert’s coalescent
point process results in [18]. In a more recent private communication, Lambert has told us
that he can carry out his construction even in nonbinary cases, and that his results hold beyond
geometrically distributed population sizes.

Another advantage of our approach is that it does not require a Markovian contour process,
and could be generalised, for example, to Galton—Watson processes with infinite variance, or
spatial branching processes. We plan to carry out these generalisations in future work.

3.3. Reduced trees. For a moment forget about the scaling limit, and consider a birth—
death process (i.e., fix @ > 0 and 8 > 0, and suppose that r = o + 8, po = /(e + B) and
p2=B/(a+ B), with p; =0 for j # 0, 2). Colour any particle that has a descendant alive at
time T purple.

The purple tree, often called the reduced tree in the literature, was first introduced by
Fleischmann and Siegmund—Schultze [8] and is used in several of the references given in
Section 3.1, in particular O’Connell [22]. Harris, Hesse and Kyprianou [11] used a similar
construction for supercritical branching processes.

Now suppose that, rather than running the birth—death process until time 7 and then
colouring the particles, we want to construct the coloured picture dynamically as the pro-
cess evolves. If we start with one particle and condition on the process surviving until time
T, then the first particle is certainly purple, since at least one of its descendants must survive.

Let p; = P(N; = 0). Using generating functions one can show that

ae(ﬂ_a)t — o . (ﬁ — a)e(ﬁ_a)t )

pt = ﬂe(ﬁ_“)’ _av 1 - pt - ﬂe(ﬁ_a)’ — ’

see Section 5.1 for details. If a purple particle branches at time s, then it must have either one
or two purple children. The probability that they are both purple is (1 — pr—s)?/(1 — p%_ o)
corresponding to the probability that both descendancies survive given that at least one does.
Similarly one can calculate the probability that exactly one is purple; that purple particles
branch at rate S(1 + pr_) at time s; and that other particles branch at rate Bpr_; at time s.
In particular purple particles give birth to new purple particles at rate

1 — pr_s)?
B+ pry) LTI g,
1_pT—s

Similar calculations can also be done generally, rather than just for birth—death processes.
See [12], Section 3.3, and [11] for more details.
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Of course, to understand the coalescent structure of the tree drawn out by particles chosen
at time 7', we can ignore the red particles. Let us now return to a near-critical scaling limit
by assuming that 8 =« + y/T for some y # 0. Scaling time [0, T] onto [0, 1] and letting
T — o0, at time s € (0, 1) one can check that the purple tree undergoes binary branching at
rate

yer(1=9)

4) Tlimm TB( — pra-s) = (=) _1°

Thus we see that the purple tree in the near-critical scaling limit is the same as a Yule tree
(binary branching at rate 1) observed under the time change

t y(1—s) |
ye B e
= AT — ds —log(iey(l_t) — 1).

Following the same route in the critical case @ = § gives that the rescaled purple tree
branches at rate (1 — s)~!, corresponding to a Yule tree under the time change f —
—log(1 —1¢).

These calculations help to explain the similarities between our formulas in the near-critical
scaling limit (Theorem 3) and in the birth—death process (Theorem 1). In particular, for the
coalescence behaviour, only the purple tree matters. In the large time 7' limit, only binary
branching occurs in the purple tree, since the chance of any purple particle having more
than one other purple offspring at a time (or in close proximity) becomes negligible. Further,
the purple branching rate is given by the limit of the original branching rate weighted by
the probability of survival, that is, lim7_, oo TB8(1 — pr(1—s)), and this rate corresponds to a
simple deterministic time change of a Yule tree in all near-critical cases.

An anonymous referee pointed out to us that Theorem 2.2 of [22] gives an incorrect for-
mula in place of our (4), although the main Theorem 2.3 of [22] is nevertheless correct.

4. Spines and changes of measure. In this section we lay down many of the technical
tools that we will need to prove the results in the previous sections. Our two most important
signposts will be Proposition 7, which translates questions about uniformly chosen particles
under P into calculations under a new measure QQ; and Proposition 16, which is a version of
Campbell’s formula under Q which will be central to our analysis.

First we must introduce QQ, and we begin by describing the idea of spines, which introduce
extra information into our tree by allocating marks to certain special particles. Spine methods
are well known; for a thorough treatment see [13]. We give only a brief introduction.

4.1. The k-spine measure P*. We define a new measure PX under which there are k
distinguished lines of descent, which we call spines. Briefly, PX is simply an extension of P
in that all particles behave as in the original branching process; the only difference is that
some particles carry marks showing that they are part of a spine.

Under P¥ particles behave as follows:

e We begin with one particle which carries k marks 1, 2, ..., k.

e We think of each of the marks 1, ..., k as distinguishing a particular line of descent or
“spine”, and define £/ to be the label of whichever particle carries mark i at time ¢.

o A particle carrying j marks by < by < --- < b; at time ¢ branches at rate r, dying and
being replaced by a random number of particles according to the law of L, independently of
the rest of the system, just as under P.

e Given that a particles vy, ..., v, are born at a branching event as above, the j marks
each choose a particle to follow independently and uniformly at random from among the a
available. Thus for each 1 </ <ag and 1 <i < j the probability that v; carries mark b; just
after the branching event is 1/a, independently of all other marks.
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FIG. 4. Spines, ordinary particles and residue particles. The horizontal axis represents time. The numbers show
how many marks are carried by each spine.

e If a particle carrying j > 0 marks b; < by < --- < b; dies and is replaced by O particles,
then its marks are transferred to the graveyard A.

Again we emphasise that under P¥, the system behaves exactly as under P except that
some particles carry extra marks showing the lines of descent of k spines. We write & =
(étl e Slk). Obviously &; depends on k too, but we omit this from the notation.

We let n; be the number of distinct spines (i.e., the number of particles carrying marks) at
time ¢, and fori > 1

Vi =inf{t >0:n, ¢{1,...,i}}

with Y9 = 0. We view v; as the ith spine split time (although, e.g., the first and second spine
split times may be equal—corresponding to marks following three different particles at the
first branching event). We also let ,o,i be the number of marks following spine i.

The set of distinct spine particles at any time ¢, and the marks that are following those
spine particles, induce a partition Ztk of {1,...,k}. That is, i and j are in the same block

of Z,k if i;‘,i = Etj . If we then let Zlk = Zf/‘/i fori =0,...,k — 1, we have created a discrete
collection of partitions Zg, Z1, ..., Zx—1 which describe the topological information about
the spines without the information about the spine split times. It will occasionally be useful
to use the o-algebra H' = o (Zy, Z1, ...).

For any particle u € N, there exists a last time at which u was a spine (which may be 7).
If this time equals ; for some i, then we say that u is a residue particle; if it does not equal
Y; for any i, and u is not a spine, then we say that u is ordinary. Each particle is exactly one
of residue, ordinary, or a spine. See Figure 4.

Of course P is not defined on the same o -algebra as P. We let F* be the filtration contain-
ing all information about the system, including the k spines, up to time ¢; then P¥ is defined
on fé‘o. For more details see [13], Section 5. Let ]-'to be the filtration containing only the infor-
mation about the Galton—Watson tree. Let G¥ be the filtration containing all the information
about the k spines (including the birth events along the k spines) up to time ¢, but none of the
information about the rest of the tree. Finally let th be the filtration containing information
only about spine splitting events (including which marks follow which spines); Q," does not
know when births of ordinary particles from the spines occur.

4.2. A change of measure. We will now introduce a new measure. Under this measure,
the k spines will be uniformly chosen (without replacement) at time 7', which will allow
us to represent uniformly chosen particles under P as calculations using the spines under



1384 S. C. HARRIS, S. G. G. JOHNSTON AND M. I. ROBERTS

our new measure. This very natural new measure has some remarkable properties, including
the fact that it can be fully described forwards in time. Without this new measure we found
calculating with uniformly chosen particles to be intractable.

Throughout the rest of this section we fix k > 1 and assume that P[L*] < 0. This condi-
tion will be relaxed later (see (20)), but for now it is required even to define our change of
measure.

For any set S and k > 1, let S (&) be the set of distinct k-tuples from S, and for n > 0, write

L6 _ nm—1mn—-2)---n—k+1) ifn>k,
o otherwise.

Note that |S®| = |S|®). For ¢ > 0, define

8k,t

Blot = {s;«és’vl;«énnnL and - Gr 1= PIN®Y

i=1 v<$’
LEMMA 6. Foranyt >0, IP’k[ng | .7:,0] = N,(k). In particular, }P”‘[gk,,] =1.

PROOF. From the definition of g ;,

PHlexs | F] = [ > 1{st—u}]_[ [T Lo

ue/\[[(k) i=1v<u;

)= 5 (111 0)Pe=uiz.

uE./\f,(k) i=1Vv<u;

Recall that the marks act independently, and at each branching event choose uniformly among
the available children. Therefore

k k
(5) PXE =u|F))= 1‘[ s,—ul|f°=1‘[1‘[Li

Thus
P (g | F] = Z 1:|j\/t(k)|:Nt(k)‘

u GM(k)

This gives the first part of the result, and taking expectations gives the second. [

We now fix T > 0 and define a new probability measure Q%7 by setting

. k .
— 1{5#5; Vij) [Ti=1 Hv<g', Ly

d@k’ T
dP*

(6)

= Ck,T.

Often, when the choice of T and k is clear, we write I instead of P (since P¥ is an extension
of IP this should not cause any problems) and Q instead of QX7 . Then, by Lemma 6,

o dQMT| _ Nr(Nr =D (Np—k+1) N 7,
dPk 70 P[N7(N7 —1)--- (Ny —k + 1)] IP’[N}’”] 2 ZkT.

To see why the measure Q%7 will be useful to us, we show how questions about particles
sampled uniformly without replacement under P become questions about the spines under Q.
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PROPOSITION 7. Suppose that f is a measurable functional on the genealogies of k-
tuples of particles. Then

1 . P[N;k)] 00 : kel KT 2Ny
P[W 2 f(u)‘NTZk}_IP’(NTzk)(k_D!/O (€ =1)" Q% [e7*" f(5)] dz.

T uen®

We defer the proof of this result to Section 4.6.

4.3. Description of Q“T. 1In this section, we give a full description of the measure Q7.
We defer the proofs to Section 4.5.

Our first lemma states that QX7 satisfies a time-dependent Markov branching property, in
that the descendants of any particle behave independently of the rest of the tree.

LEMMA 8 (Symmetry lemma). Suppose that v € N; is carrying j marks at time t. Then,
under Q5T , the subtree generated by v after time t is independent of the rest of the system
and behaves as if under Q7T

We will see in Section 4.6 (specifically (11) and the discussion following it) that particles
that are not spines behave exactly as under P¥: they branch at rate r and have offspring
distribution L. The behaviour of the spine particles is more complicated.

Recall that t is the first branching event, and v is the time of the first spine splitting
event, that is,

Y1 =inf{t > 0: 30, j with & # &/

(Note that if the spines die without giving birth to any children, this counts as a splitting
event.) By the symmetry lemma, in order to understand the split times under Q, it suffices to
understand the distributions of 74 and /1.

LEMMA 9. Foranyt €[0,T] and k > 0, we have

PN PN
@k’T(l}p > t) = —k 7;1{)[ eirt, Qk’T(wl >1)= 7]{ T(k)l e(mil)”
Pr[NG] Pk[NG]

and QFT (ty >t | Yy > 1) =™,

The third part of Lemma 9 and the symmetry lemma tell us that given Q’} (the information
about spine splitting events), under Q%7 each spine gives birth to nonspine particles accord-
ing to a Poisson process of rate mr, independently of everything else. In particular when there
are n distinct spines alive, there are n independent Poisson point processes and the total rate
at which nonspine particles are immigrated along the spines is nmr.

We call birth events that occur along the spines, but which do not occur at spine splitting
events, births off the spine. The following lemma tells us the distribution of the number of
children born at such events.

LEMMA 10. Forany j>0,k>1and0<t <T,Q"T (Lo =j 1o =191 >1)=2LL

A random variable that takes the value j with probability jp;/m for each j is said to be
size-biased (relative to L). Lemma 10 then tells us (in conjunction with the symmetry lemma)
that births off any spine are always size-biased, no matter how many marks are following that
particular spine. (The number of marks therefore only affects spine splitting events.)
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To have a complete description of the behaviour of the process under Q%7 it remains
to understand how the marks distribute themselves among the available children at a spine

splitting event. To do this, we write Pf for the partition of {1, ..., k} induced by letting i and
Jj be in the same block if the ith and jth spines are following the same particle at time 7. By
the symmetry lemma, again it suffices to consider the first spine splitting event.

LEMMA 11. Conditional on {| > t}, the QT -conditional probability that during the
time interval [t,t + h), the spine particle dies and gives birth to [ offspring, and at this time
the marks are partitioned according to a partition P with blocks of sizes ay, ..., a,, is given
by

)Hn IPk N(az ]

PN® | (rh+o(h)).

Q“T (Y1 <t+hPj =P Ly =1]y1>1)=pl"
For a collection of positive integers ay, . .., a, whose sumis k, write n; = #{i : a; = j} for

each j > 1. (Note that Z —1nj=n and Z j=1Jjnj =k.) Then the number of partitions of
{1, ..., k} into blocks of 51zes at,...,a, 1s

k! 1
i=1Gi' [Tj—n;!

Combining this observation with Lemmas 9 and 11 gives us the following corollary.

COROLLARY 12.

@k’T(Ifll € [t,t +dt), spines split into groups of sizes ay, . . ., ay, L= 1)

(ai)
1™ py k! .. om—yre L=t PINT]
= BT IP’[L Jre o dr.
[ 1_[ at'l_[] 1”] Pk [N;7]

4.4. Understanding the measure Q% as T — oo. To help the reader to understand the
results from the previous section, particularly Corollary 12, we let T — oo and ask what
happens to the tree drawn out by the spines. For brevity we will concentrate on the critical
case m = 1, although similar calculations could be done in near-critical cases. Take m =1,
n=2andt=sT in Corollary 12; if a; # a, then we get

@k’T(Wl e [sT,sT 4+ T ds), spines split into two groups of sizes aj, az, LS?T =1)

W-vp K, PAINTO PN )]
= = — [L(L—D]r ©
P[L(L — 1] ajlas! [[Dk[NT ]

T ds.

We now let T — oo and use Kolmogorov’s theorem that TP(N,7 > 0) — 2/(02ru), as well
as Yaglom’s theorem which says that conditional on survival, N,7/T converges in distribu-
tion to an exponential random variable of rate 2/(o%ru). Letting £ and & be exponentially
distributed with parameters 2/ (62r(1 —5)) and 2/ (o2r), respectively, this gives

Tlim Q“T(yy € [sT, sT + T ds), spines split into two groups of sizes aj, az, Ly = l)
— 00 S

I0—Dp, k! 7T“IIP”‘[5“‘]WT“2IP”‘[51“2]

To2r(1—s)
= P[L(L —1 Td
P[L(L — 1)] a;'ay! (L€ b 2 THPF[E5] ’

(02r(1 —5)/2) Y o?r(1 —s)/2)2!
(o2r/2)k-1
If a; = a; then there is an extra factor of 1/2 as the two blocks can be re-ordered.

=10~ Dpr

_ _ 3 k2
ds=I1(—-1)p; 2(1 s) " °ds.
o
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As there are k — 1 possible (ordered) ways of splitting k into two groups of nonzero size,
and from the above each of these ways is equally likely,

Tlim Q“T (Y1 € [sT,sT + T ds), spines split into two groups, Ly = 1)
—>00 s

RIS

=———"pik— 11— 2ds.
o

We note that if we sum the above quantity over / and integrate over s € [0, 1] we obtain 1.
This means that, in the limit as 7 — oo, at the first spine splitting event 1, the k spines
always split into exactly two groups. We also see that the number of spines in each of the
groups is uniform on {1, ..., k — 1}, and the total number of offspring at this time is doubly-
size-biased. Finally, the first splitting time, when rescaled by 1/ T, converges in distribution
to the minimum of k independent uniform random variables on [0, 1].

The symmetry lemma, Lemma 8, tells us that we can extend our understanding of the first
spine splitting event to all spine splitting events. When a collection of spines decides to split,
they always (in the limit as 7 — oo) split uniformly into two groups; this property is shared
by the tree drawn out by the Kingman coalescent. Furthermore the k£ — 1 spine split times,
when rescaled by 1/ T, are independent and uniformly distributed on [0, 1].

We stress again that this is true only in the critical case; if instead we are in the near-
critical case whenm =1+ u/T + o(1/T) (see Section 2.2) then the uniform density for the
independent split times is replaced by re’f,f Tls ds. In particular, the near-critical case is simply
a deterministic time-change of the critical picture.

4.5. Proofs of properties of QT . The following simple general lemma will be useful.

LEMMA 13. Suppose that i and v are probability measures on the o-algebra F, and
that G is a sub-o -algebra of F. If
du

du
—| =Y and —| =2Z,
dv F dv g
then for any nonnegative random variable X, Zu[X | G] = v[XY | G], v-almost surely.
PROOF. For any A € G, v[XY14] = u[X1a] = pu[ulX | G11a] = v[Zu[X | G114l

Since Zu[X | G] is G-measurable, it therefore satisfies the definition of conditional expecta-
tion of XY with respect to G under v. [

We can now prove the symmetry lemma.

PROOF OF LEMMA 8. Fix ¢, T and v. Let ‘H be the o-algebra generated by all the in-
formation except in the subtree generated by v after time ¢. Then it suffices to show that for
se(t,T]landi >0,

QT (ry > s, Ly =i | H)=Q/ T (tg > 5 —t, Ly =1i)

almost surely. Recall that

k
. kT
867 =gt sl vigpy L T Lo and - ger = PO
i=ly<gl T

Let I be the set of marks carried by v at time ¢, and let

8=Tyi e ws«éj,i,jel‘*}n IT z.

iel é’,’lfv<$}
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and

"= {5T7é$r Vigj.i.jel} (n [1r )1_[ [T L.

i¢l U<§1 iel y<gl
Note that & is H-measurable and gx. 7 = gh.
By Lemma 13, QX7 -almost surely,
1
k,T . k
(> s, Ly=i|H) = o= P 1 —iy | H].
Q" (ty>s,Ly=i|H) Pk[fk,T 1] (S, T {ty>s,Ly=i} | H]

Cancelling factors of Pk[N}k)] and using the fact that gy 7 = gh where h is H-measurable,
we get

s PMg1(ry=s.1,=i} | H]
hPk(g | H] Pk[g | H]
By the Markov branching property under P¥, the behaviour of the subtree generated by v

after time 7 is independent of the rest of the system and—on the event that v is carrying j
marks at time —behaves as if under P/. Thus

Q“T(ry>s,Ly=i|H)= AP (810, o5 1,=i) | H] =

PIlg; -t L{rp>s—1.Ly=i}]
PJj [gj. 7]
almost surely. Applying Lemma 6 establishes the result. [

QT (1, > s, Ly =i | H) =

Next we prove Lemma 9, which gives the distribution of the split times under QX7 .
PROOF OF LEMMA 9. For the first statement,
1
Qg > t) =P&k 71y >1)] = —Plgk, 7 L{zry>1}]-
PN
By the Markov property and Lemma 6,
- k
Plgk 11 (=111 =Ptz > OPlgr, 7] =" PN, ]

as required. For the second statement,

QW >t) =Plek,rliy,>n] = Plgk, 71y, >0}

k
PIN ]
and by the Markov property and Lemma 6,

P[gk,Tﬂ{wpz}]:]P)[( [Tt ) Wt] [gk,T—z]=P[( [Tt ) W] PN, .

<$z <St
Putting these two lines together we get

P¥[N (k)]

(8) QW1 >1) = VN [(H L’;>ﬂ{¢1>,}].
T U<§tl

Note that > ¢ if and only if all £k marks are following the same particle at time ¢ (which
must also be alive); thus

]P’[( [1 L’f})]l{wl>t}] =]P’[ > (v]:[u Lﬁ)ﬂ{&lzn:gzu}] =IP’[ > 1} =P[N,] =™ 1.

v<&] ueN; ueN;
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Substituting into (8) gives the result. The third statement follows easily from the first two.
O

We next prove Lemma 10, which says that births off the spine are size-biased.

PROOF OF LEMMA 10. From the definition of Q,

Plek, 11 {Ly=j) | To =1, Y1 > 1]
Pk, | to =1, Y1 > 1]

_ Plgk,rl{Lg=j) | T =1, Y1 > 1]

 Plgkrlto =t 91 >1]

_ Plgk,rL{Lg=j,yi>1) | To =1]

 Plgrrly=nlte=t1

If the first particle has i offspring, then the product appearing in the definition of gx r sees
a factor of i¥; and the probability that all k spines follow the same one of these offspring is
1/i*=1. Thus, by the Markov property, for any i,

Qlg=jltg=t,Y1>1)=

Plek, 11 {Lg=i,yy >0 | To =1] = piit - ]P’[gk 7—t1=ipiPlgk, 7]

Thus

JpiPlgk, 1] Jpj
>iipiPlekr—] m O

The final proof in this section is of Lemma 11, which completed the description of Q7.

Qlg=jltg=t,Y1>1)=

PROOF OF LEMMA 11. By the symmetry lemma, for any 7 € (0, T — 1],
QT (1 <t4+h Py =P Ly=11y1>1)=Q" (Y1 <h P, =P. Lo =1).

By the definition of Q%7 7, this is equal to

1
By et <h Py = Lo =)
9) - X
P* k
W (¥1 < h,me =P, Lo =0)P"[gk,7— |1 < h,Pil =P, Ly=I].
t

First we consider
P (Y1 <h, Py =P, Lo =1)=P (Y1 <h, Lo =DP (P}, =P |y <h Ly=I)

A,
= l—kIP"wl <h,Ly=1)

since /™ /¥ is the probability that k balls put uniformly and independently into / bins give
rise to the partition P.
Next we consider

PHlger— | Y1 <h, Py, =P, Ly =1].
Note that on the event {Pi = P, Ly =1}, we have

k
8k.T—t = {gT (AEL tvl;éj}l_[ l_[ Ly=1 1_[ H{ST FED_ ,VI#JEP}H 1_[ Ly.

i=1 v<&h_, lel’éw <v<&h |
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Lemma 6 tells us that for each p € P, on the event {733I =P, Ly=1},

k | ]k (pD
g [ﬂ{f%taés%, vizien 1 T Lo|F wl]—]P’ [\Fi s |

i€pg), <v<sp_,
On the event Y| < h, we have

(ph (Iph
PHNSPY ey, =B INGEE) T+ 0()

and therefore

n
PHlger—c |91 <h. Py =P, Ly =1]=1"T[P[Nf)] +o(1).

i=1

Putting these calculations back into (9), we have shown that

QT (Y1 <t+h Py =P.La=1|y1>1)

(n) n
(rh+o(h)) py ll—klk (]‘[ PX[NI ] + 0(1))

i=1

PEIN® ]

l_’l_ H])k N(ai)
= z(">—n’—;{ Ek)T_t](rh—i—o(h))
PY[N7Z,]

which completes the proof. [

4.6. Proof of Proposition 7. Before we prove Proposition 7, we develop several partial
results along the way.

Applying Lemma 13, we get that for any nonnegative .7-"? -measurable random variable X,
on the event Z; 1 > 0,

1

(10) QM [X | FP] = =—P [ Xaer | FR,

k,T

and on the event ¢ 7 > 0, since & 1 1S QNI; -measurable,
_ 1 - -
(11) @k’T[X|G§]=Q—TIP”‘[Xck,T|G§]=P"[Xl9§]-

This last equation (11) tells us in particular that any event that is independent of QNI} under P
has the same probability under Q as it does under P. In other words, nonspine particles behave
under Q exactly as they do under P: they branch at rate r and have offspring distribution L.
Also note that under Q%7 the k spine particles are almost surely distinct at time 7', since
directly from the definition of ¢ 1, (@k’T(EIi *j: é‘% = é%) = P[fk’Tﬂ{ai#;g;:g;}] =0.
In fact, the next lemma tells us that under Q%7 the spines are chosen uniformly without
replacement from those alive at time 7.

LEMMA 14. For any u € ./\f(k), on the event Nt >k, we have Qk’T(ST =u | .7-"3) =
1/NP.
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PROOF. Note that if N7 > k then Z; 7 > 0. Then by (10), for any u € NB.

QEr=ul|F))= [mngT W | F2]

]P[N}’”]
_ (k)] (n I ) —u| 7).

N](~k) i=1v<u;

The result now follows by applying (5). U

As part of proving Proposition 7 we will need to calculate quantities like QX7 [1/ Ny (k) |
QT]. The next lemma allows us to work with moment generating functions, which are some-
what easier to deal with and will lead to an important product structure from the independent
contributions to N7 along different branches of the k spines’ genealogical tree under Q%7

LEMMA 15. For any k € N and positive integer valued random variable N under an
expectation operator E, we have

1 1 o0 k=1 r —zN
E|: ]: / (= 1) E[e "] dz.
N(N—-1)---(N—k+1) k—1D'Jo
In particular, forany k e Nand T > 0,

1o .
QM[N(M ‘QT}:(k—l)!/o (¢ = 1) QM [ 1 G7]dz

PROOF. We show, by induction on j, that forall j =1, ...k,

1 _ 1 0 j—1 —zN
E[N(j):|_(j—1)!/() (e* = 1)) E[e *"]dz.

The case j =1 follows from Fubini’s theorem. For the general step, observe that for j <
k—1,

/Ooo(ez — 1) E[e V] de = fooo(ez 1)/ e Y g - [ (e - 1) e a

0

and by the induction hypothesis, this equals

('—1)‘E; —(j—DE 1 =(j _1)1Ew —"E#
IR NS DO NO NGHD | T NG |
This gives the result. [

We can now prove Proposition 7, which translates questions about particles sampled uni-
formly without replacement under P into questions about the spines under QQ.

PROOF OF PROPOSITION 7.  First note that
QArEn 1 Flw=n =0 ¥ tiemaf@ | F]= ¥ rwer =ul )
weN weN
almost surely. Applying Lemma 14, we get

QLfED) | FrlL v =0 = (k) Y. fa

Ny ueN(k)
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almost surely (where we take the right-hand side to be zero if Ny < k). Taking P-
expectations,

1
P[N—(Tk) %) f 00] =P[Q[f &) | FP1Liny=]-

Applying (7) and recalling that under Q there are at least k particles alive at time T,

o s 3 ]l atri ol 2] o] 262)

Ny ueN Zi.1 T

Dividing through by P(N7 > k) and applying Lemma 15 gives the result. [J

4.7. Campbell’s formula. One of the key elements that we need to carry out our calcu-
lations will be a version of Campbell’s formula. Let N, be the number of ordinary particles
alive at time —that is, they are not spines, and did not split from spines at spine splitting
events. Recall that we also defined n; to be the number of distinct spines alive at time ¢.

We write F (0, ) = P[0 ] and u(6) = P[#%] — 6. These functions satisfy the Kolmogorov
forwards and backwards equations

0 0 0
(13) EF(G,t):ru(e)ﬁF(Q,t) and EF(G,t)zru(F(@,t));
see [5], Chapter II1I, Section 3. Our main aim is to show the following:

PROPOSITION 16. Forany z > 0, Qk’T—almost surely.
k—1 _
QTN | GE] =[] <e—r(m_1)(T—1//i)u(F(e 4T - lﬂi)))_

u(e=%)

i=0

Notice in particular that the right-hand side depends only on the values of the split times
Y1, ..., Yr—1 of the spines, not any of the other information in QI} (e.g., the topological

of the reason that the split times of our k& uniformly chosen particles are (asymptotically)
independent of the topological information in the induced tree.
The main step in proving Proposition 16 comes from the next lemma.

LEMMA 17. Forany z >0,
- k-1 T—i
Qe |Gk = l_[ exp(—r(m —I(T — ;) + r/o u' (Ple™*Ns]) ds),
i=0

QFT -almost surely.

PROOF. Let At be the total number of birth events off the spines (i.e., births along spines
that are not spine splitting events) before time 7'. Recall (from Lemma 9 and the symmetry
lemma) that under Q%7 each spine gives birth to nonspine particles according to a Poisson
process of rate rm, independently of everything else. Thus at any time s € [0, T'], the total
rate at which spine particles give birth to nonspine particles is rmn;. Besides, such births are
size biased (by Lemma 10 and the symmetry lemma). Finally, once a particle is born off the
spines, it generates a tree that behaves exactly as under PP (see (11) and the discussion that
follows).
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Thus, letting A7 = fOT ngds,

—zNp e . T ipi —zNp_g1i—1 s /
Qe |9§]=§O@(AT=J|Q§)(fO ;;P[e V1] lk—ds>.

T
Since Q(Ar = j | G&) = e7mir (rmAT)j/j!, we get
i j
Qe | 6] =€_rm” ( / Zzp, —NT= ]y dS> :
J!
j=0

Note that Y52, ip;0'~! = 3 d 50 piff =u'(6) + 1 and therefore

_ T
Qe 5] =exp(=rtm = D+ [/ (Bl s ).

Now, we know that between times ;1 and i; we have exactly i distinct spine particles.
Thus

T
—ZNT k _ _ ) / _ZNT—s
Q[e | 7] l_[ exp( r(m— 1)(T — ;) +r/wi u'(P[e ])ds). .

PROOF OF PROPOSITION 16. Recalling (13) that F' (8, s) satisfies the backwards equa-
tion - F(0 s) =ru(F (8, s)), by making the substitution t = F (6, s) we see that

b O [FOD W) u(FO, b))
r/a u (F(Q,s))ds—r/;?(g’a) e dt_10g<7u(F(9,a))>'

Applying this to Lemma 17, we have

@[e—zNT | gl]{] — kl_ll(e—r(m—l)(T—V/i) M(F(e_z’ T — WI)))

= u(F(e=%,0))

Noting that F'(e™%,0) = e~ ¢ gives the result. [J

5. Birth—death processes. In this section we prove the results from Section 2.1. Recall
the setup: fix @« > 0 and 8 > 0, and suppose that r =« + B8, po = /(¢ + ) and pp =
B/(a+ B), with p; =0 for j # 0, 2. This is a birth—death process with birth rate 8 and death
rate «. Since all particles have either O or 2 children, and under QQ the spines cannot have 0
children, they must always have 2 children. This simplifies the picture considerably.

5.1. Elementary calculations with generating functions. Suppose first that we are in the
noncritical case « # f. It is easy to calculate the moment generating function under PP for a
birth—death process (see [5], Chapter III, Section 5): for « £ g and 6 € (0, 1),

a(l —0)eP~0" L B — o
B(l—6)eB—t + B6 —a

F@,1):=PeN] =

We then see that

' eB—ar _
P(N, = 0) =101i1£)1F(0’ 1) = BeB—at _g
Writing
(et _ (Pt —
oe o ¢
pt=IP(Nt=O): and qt:'B ﬁ,

ﬂe(ﬁ_a)t —o IBe(ﬁ_a)T —o
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we get
(1 —q:)0 > i Jj-1
FO,0)=pi+ (- p»i@ pi+ 1 =p)(1—q) ) 6/q]
and
*F@O.1) (A—p)l—q)  qfk!
a6k qr (1 — g 0)%+1"
Therefore

PN, >k =(1—p)(1—g) Y ¢/
j=k
1 (IB _ a)e(ﬁ—a)tﬁk—l(e(ﬁ—a)t _ 1)k—1
B (BeB—0t — )k '

= (1= pog,

k
Also, since P[Nt(k)] = limgy d F(9,t)’

90k
1—p)(1— Kkl k=1 -
(14) P[N}k)]=( po1 =40 4 — =k!< P ) Pt (Bt _ 1)kt
q: (1 — gt B—a
Thus
(k) 1R (B—a)t _ Nk (k) (B—a)(T—1) _ 1\ k-1
(15) FINCT _ ke " o FINT ) (ﬂa)t<e 1>
P(N k) (B—a) PN elfel —1
Finally we see that
(16) IF®.1)  (B—a)* (B —a)(1 —)eP~"
(B —0)ePO 4 BY —a)?
In the critical case o = B, similar calculations give
k)
(1—-0)Bt+6 0 1 PV ‘
17) F@O,t) = ——7—, P| N, k'(Bt — =kl(Bt +1
(17) F(,1) 1—0)pr +1 [N:V]=k!(Br) P(N, > &) (Bt +1)
and
AF@O,1) 9 6—1 1—6)?
(18) (’)=—<1+ ): ( )P .
ot (1—-6)pt+1 (1 —0)Bt+1)2

5.2. Split time densities. Recall that H' is the o -algebra that contains information about
which marks follow which spines, but does not know anything about the spine split times.

LEMMA 18. Under Qk’T, the spine split times V1, ..., Yr_1 are independent of H' and
have a joint probability density function

_ k—1k—1
=05t ) [T ifa e
(k=111 ifoa=p.

ka(Sl’ ""Sk—l) =
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PROOF. We do the calculation in the noncritical case o # 8. The proof in the critical
case is identical. Recall from Lemma 9 that

(k) (k)
PIN?Zg 1 PINS 1 .
Qk’r(wl >s51) = %e(’” Drsi :%e(ﬂ st
PNz "1 P[N;"]

Then the second part of (15) gives

(B—a)(T—s1) _ 1 k—1 e(ﬂ—a)(T—sl) -1 k—1
kT o —B-a)s [ € (B—a)s) _
Q™ (Y1 >s1)=e ( e(B—a)T _ | > ¢ - ( eB—a)T _ | > ’

so Y1 has density
B0 (T—s1) _ [yk=2
(e(ﬂ—oz)T _ l)k—l
Fori =2,...,k — 1, between times ¥; 1 and v; we have exactly i particles carrying marks.
Let A; be the event that the first of these is carrying a; marks, the second a;, and so on.

Let wi(j ) be the time at which the marks following the jth of these particles split. By the
symmetry lemma, given ¥;_1 = s;_1 (where we take sy = 0), these times are independent
with

(k= 1)(B — aryeB=orT=sn) ¢

@k’T(WU) > 8i | Wz 1 =595i—1, ) Qa] T=si- 1(‘#1 > 8 —Si—1)
o B=)(T=si)) _ | \aj—1
- (eos—a)(r—s,-_n _ 1) :

Then, since the event {y; > s;} = ﬂj{l//i(j) > si},

o7 Loy oeB—a)(T=si) _ 1 \a;—1
Q" (Vi >si | Yi-1=si-1,Ai) = ,l_[l<e(/3a)(Tsz-—1) — 1)
J:

Since Z;Zl(aj —1)=k—1i, we get

B—a)(T=si) _ 1 \k—i
KT (o ol o — o N
@ (vll > Sl | ])[,lfl _Slfla Al) - (e(lg_a)(T_Sil) . 1)

This does not depend on ay, ..., a;, so ¥; is independent of H’, and summing over the possi-
ble values we obtain

(B—a)(T—s;) _ 1 \k—i
L N
Q ('(//l > sl | 1//1*1 _Slfl) - (e(ﬂ—a)(T—Sil) _ 1)

Differentiating gives

k-1 (B=a)(T—s;) _ [yk—i—1
Q (k- ) [T (e )
fiGresi-) = (k= DIB — @) ) le (eB=)(T=si—1) — k=i~
i=

The product telescopes to give the answer. [

PROPOSITION 19. Let s9 = 0. The vector (Si‘(T), . S,]f_l(T)) of ordered split times
under P is independent of H and has a joint density fkT (s1,...,8—1) equalling

ki(BeP =T — a)f (B —a)* !
(eB—)T _ 1)k— 16(5 a)T

k—1 e(,B—Ol)(T—sj)
/ (1-y) 1_[ (/3(1 —y)e(ﬂ a)(T—s;) T By — )2 dy a#B8,

KI(BT + D k-1 1 _
G /( =) n(ﬂ(l—y)(T—s,)H)zdy a=p
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PROOF. Again we give the proof in the noncritical case « # B. The critical case is iden-
tical. We start with Proposition 7, which tells us that for any measurable functional F,

I
P[W 3 F(u)‘NTzk}

T (k)
(19) ueNy

B P[N;k)] R k=1 kT —zN7p
= zha b €0 e

The independence of the spine split times and 7' under QX7 (established in Lemma 18),
together with (19) and Proposition 16, imply that the split times under P are independent
of H. (As a reminder, H = a(Plk(T), e, P,f_l(T)), so that H contains all the topological
information about the tree generated by U 1 U#, but almost no information about the
split times.)

Returning to (19) again and applying it with F equal to the indicator that the split times of
the k-tuple are in (dsy, ..., dsg—1), we find that fkT (s1,...,8—1) is equal to

P[NP
P(Ny > k)(k — 1)!

e k=1 .0 —eNp | _
X A (e =1)""" fi=(Cs1, ..., sk—1)Q[e | Y1 =s51,..., Yk—1 = Sk—1]dz.

However we also know from Proposition 16 that

) k-1 F(e %, T —si
— wlzﬂ’_“,wk_l:sk_l]zH<e—r<m_1><r_s,->u< (eu(ez) s>>>,

i=0
where so =0, F (0, 1) = P[0"1] and u(0) = P[6L] — 6. Of course since all births are binary,
all particles are either spines or ordinary; so since there are k spines at time 7" almost surely
under Q, Ny = N7 + k. Thus, by (13) and (16),

—zN7 _ _ —zk 'B_a ?
Q[e N | U1 =s1,..., Y1 = sk~ 1 H(,B(l—e DeB=a)(T=si) 4 Be— Z—a) ’

Plugging this into our formula for fkT (s1,...,8—1) above gives
PNy o0 _
T _ T (] _ % k-1 Q
i Gty eanys%—1) PN, zk)(k—l)!/o e (1—e %) fi (51, s Sk=1)

"1-[‘ (B —a)?
| B — e neFoT=0 4 pei—ay? ©
By the first part of (15) and Lemma 18, this becomes

k!(ﬂe(ﬂ—a)T o Ol)k(,B _ a)Zk—l
e(ﬁ—a)T(e(ﬂ—oz)T — l)k—l

00 ~2) - eB—a)(T—si)
* /0 (1= 1:[ (B(1 — e=2)eB=T=s) 4 Be= — r)? d.

Making the substitution y = e~ ¢ gives the result. [J
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5.3. Describing the partition process and proving Theorems 1 and 2. We recall now the
partition Zy, Z1, ... which contained the information about the marks following each of the
distinct spine particles, without the information about the split times.

LEMMA 20. The partition Zy, Z1, ... has the following distribution under Ql}’T:

e [If Z; consists of i + 1 blocks of sizes ay, . .., aiy1, then the jth block will split next with
probability (aj — 1)/(k —i — 1) foreach j =1,...,i + 1.

e When a block of size a splits, it splits into two new blocks, and the probability that these
blocks have sizesl anda — 1 is 1/(a — 1) foreachl=1,...,a — 1.

PROOF. Suppose that we are given i; = s. For the first part, by the symmetry lemma,
the probability that the jth block splits next is

T—s
fo QU T (g € dr) [Q" T~ (¥ > 1)

I#j
which by Lemma 9 equals
_ (aj) (ar)
/T s(_E(P[NTis—z]e(m—l)n)) l—[ ]P[NTais—t]e(m—l)rt dr
0 dr ]P’[N;aiz] 1] PN

If o # B, then applying the second part of (15), the above becomes

T—s d /eB—)T—s=1) _ 1\a;j—1 eB—a)(T—s=1) _ 1\a—1
L (s 1 a
0 dr \ eB—)(T—s) _ 1 oy eB—a)(T—s) _ |
J

T—s
=(aj —D(B - oz)/o e(ﬂ*a)(T—sfz)(

e(ﬂ—a)(T—s—t) -1 a;—1
x H( B T—s) _ ] ) d
I#]

eB—a)(T—s—1) _ 1)aj—2

(eB—)(T=s) _ 1yaj—1

T—s
=(aj — DB — 0‘)/0 eB—a)(T—s—1) _ 1\ oB—a)(T—s) _1

Since the integrand does not depend on a, and we know the sum of the above quantity over

e (B—a)(T—s—1) (e(ﬂa)(Tst) _ 1>k—i—1
dt

j=1,...,i+ 1 mustequal 1 (since one of the blocks must split first), we get
T—s  o(B—a)T—=s—1) /o(B—a)(T—s—1) _ |\ k-i—1 1
(# _“)/0 e BT —5—1) _ 1( e B T—5) _ ] ) &= i

aj
k—i—1

and therefore the probability that the jth block splits next equals
then applying (17) in place of (15) gives the same result.

For the second part, let ,ot1 be the number of marks following the first spine particle at
time 7. From the definition of Q%7

as claimed. If « = 8

IP)[gk,T]l{ptlzi} | Tz =1]
Plgk,7 | t7o =1]

By the Markov property, since each mark chooses uniformly from among the children avail-
able,

Q“T(o) =iltz=1)=

B
B+a

k
Plekrliy | o =1]= (l> Plgi. 7~ 1Pgk—i, 7 —1]-
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Lemma 6 tells us that P[g; ;] = }P’[Ny)] for any j and s, so

IB k i k—i
Blgk 1Ly | T =11= 3 <l> PN JP[NY].
If « # B, then applying (14) gives

k=2
Plegk,rli, | to=11= ﬂi <k> '(k_l)v<ﬂﬂa) B T=0) (p(f=a)(T =) _ 1)k=2

'3 ,3 k—2
= k!(—) eB—a)(T—1) (e(ﬂ—ot)(T—t) . 1)k—2‘
B+a \B—a

Since this does not depend upon i, the distribution of ,o,1 under Q%7 must be uniform. The
case « = B uses (17) in place of (14). The result now follows from the symmetry lemma. [J

PROOF OF THEOREM 1. By Proposition 19, the ordered split times are independent of
‘H and have density (conditional on N7 > k)
K{(BEo — )" (B —a)* ! ep~e)T=s))
pa / (1= 11_[ BT 74y
(Eo — D" Eg o (B(L—y)e 7+ By —a)

for any 0 < s1 <--- <s;_1 <1, where s9 = 0. Therefore (see [12], Lemma 36, for details)
the unordered split times are independent of H and have density 1/(k — 1)! times the above.
Integrating over s; foreach j =1,...,k — 1 (see [12], Lemma 35, for details), we get

P(S1 > s1,....Sk_1 = sk_1 | Nr > k)

_ k(BEy— o) (B — )
— (Eo—DF1E

Lo (M s
ﬁ(l—y)E + By —a ) (B(1—y)Ey+ By —a)?

Substituting 8 = 1 — y, it is an elementary task to calculate this integral and deduce the
desired result. For the details we refer to [12]. O

The proof of the critical case, Theorem 2, is almost identical. It is written in full in [12].

6. The near-critical scaling limit. We now let our offspring distribution depend on T,
writing Pr in place of P. We suppose that Assumption 1 holds, that is, that m7 := Pr[L] =
14+ u/T +0(1/T) for some u € R, Pr[L(L — 1)] = o2+ o(1) for some o > 0, and L? is
uniformly integrable (i.e., for all ¢ > O there exists M such that supy IP’T[LZJI{LEM}] <eé).
We define QI}’T just as before, except that it is defined relative to IP’I} instead of PX.

In order to prove our results we would like some conditions on the higher moments of L.
Besides Assumption 1 we will further assume that there exists a deterministic sequence
J(T) =o(T) such that Pr(L = j) =0 for all j > J(T). In particular this implies that for
any j > 3,

J(T)

Pr[LY] = ZN) D<@ - p"”
(20) i=1 i=1

= J(T) "2(c? 4 o(1)) = o(T'72).



COALESCENT STRUCTURE OF CONTINUOUS-TIME GW TREES 1399

In fact there is no loss of generality in making this further assumption: by [12], Lemma 22,
there exists a coupling between any tree satisfying Assumption 1 and a tree also satisfying
the assumption above, such that for each &, conditionally on N7 > k, the two trees are equal
until time 7" with probability tending to 1 as 7 — oo.

6.1. Estimating moments and generating functions under P. The exact calculations car-
ried out in Section 5.1 are no longer possible with our more complicated offspring distribu-
tions. Instead the near-criticality ensures that we can give good approximations.

LEMMA 21. For k > 1, the kth descending moment My (t) = IP’[N,(k)] of any continuous-
time Galton—Watson process satisfies
k k _
M () =kr(m — DMp(@) +r ) (J) P[LD]My41-;(2).
j=2

PROOF. This is an elementary application of the Kolmogorov forward equation (13). We
omit it here; the details are available in [12], Lemma 23. [0

LEMMA 22. The descending moments at scaled times satisfy, for all k > 1 and s € [0, 1],

0 2\ k! TS (1 IS k—1
— ! s _ i
T—>1 oo Tk=1 ro?s\ k-1
k!( ) ifu=0.

PROOF. We proceed by induction. Note that both statements are true for k = 1. Letting
M (t) = ]P’T[Nt(k)], by Lemma 21 we have

k

M (t) =kr(mp — DM +r Yy <’J‘> Pr[LYD]Myq1—;(1).
j=2

Letting My (s) = Mi(sT) and using the induction hypothesis, we have

k
N N k RN
M (s) = T(kr(mT — DMi(s)+r ) (J) Pr [L</>]Mk+1_j(s)>
@ =
_ - k\ 2y k—1
=kruMi(s)+Tr 5o Mi_1(s) +o(T*7).
We now consider the cases u % 0 and u = 0 separately. In the case u # 0, using the
integrating factor e ¥ and applying the induction hypothesis again, we get
i(e—krusMk(s)) — Tk_lk‘(k _ 1)ru<a_2)k_le—(k—l)rﬂ.f (er,us _ 1)](—2
(22) ds 2u
+e ks o(1%72),
Noting that (k — 1)rue=*=Drus eris _ 1)k=2 = f—s(e_(k_l)“” ("™ — 1)k=1), by integrating
(22) we obtain

2\ k-1
e—kr,usMk(s) — Tk_lk!<;—> e—(k—l)rpts (erus _ l)k—l + e—kr;,cs O(Tk_z).
m
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Multiplying through by eX"#$ gives the result for p # 0. If & = 0, then from (21) and the
induction hypothesis, we have

y ket (02! k=2 k—1
MIQ(S)ZT N k'<7) (k—l)s B +0(T - )
and integrating directly gives the result. [J

6.2. Asymptotics for the generating function. Define
Fr@®,t)=Pr[6™],  ur®) =Pr[6*]—6
and

Fr(¢.s) =T (1 —Pr[eT¥1])) = T(1 — Fr(e=®/T,sT)).

LEMMA 23. Foreach ¢ > 0, in the limit as T — o0,

2
fr(@.s)— f(¢.s) and Tur(Fr(e 7 sT)) - —nf(d.s) + %f(«p,sf
uniformly over s € [0, 1], where

¢e;u’s . ¢

f((b’S):l—i—%(p(eM”—l) fu#0 and f(¢a5)=m

ifu=0.

PROOF. First we show that for each ¢, fr is bounded in 7 > 0 and s € [0, 1]. Note that
X — 1 —e™* is concave and increasing for any « > 0, so by Jensen’s inequality,

frig.s)=T(1 - ]p[e—%zvsr]) <T(1- e—%PT[NsT]) <T(1— e~ Fexpruto(D))

Applying the inequality 1 —e ™ < x, we see that f7 (¢, s) < ¢pe"* () Now, with Fr (0, 1) =
Pr[6V], we have

ofr(p,s) _ 9 - dFr(e T, 1)
23 ———=—(T(1 = F ¢/T, T)))=-T1>"—"—"— "~ .
(23) " oo (T(L=Fr(e77,5T))) o .
By the Kolmogorov backwards equation (13),
9 L
(24) —Fr@,t) =rur(Fr0,1)) =rPr[Fr®,0)"] —rFr,1),

ot
SO

Ur@s) _ 1o me =T sT) = F(e~%/T,sT))

as
J
(- ()
r Zp T
where p =P7(L = j). Expanding (1 — fr/T)’, we get

Wr@.s) o il JG=DrF &N ( fry
s Zp ( T T_lz(i)<_7)>

=3

:I”MfT_gf%-i-O(]) TZer(T) ()( %)l
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Swapping the order of summation, this becomes

0fr($,9) ’
%zrm—%f%o(l)
1
(25) —Ter;( ) Zp(”m (=it
i=3""

ro? 5
=rufr — TfT +o(1)

since fr is bounded and P7[LD] = o(T'~2) for each i >3 by (20). Note in particular that
the o(1) term is uniform in s.
Note that f is the solution to

Y rup =g

with f(¢,0) =¢. Setting hr(¢p,s) = fr(p,s) — f(¢p,s) we have
ah 2
S =rulfr = ) = 5= = 1) + o),

where the o(1) term is uniform in s. Integrating over s with ¢ fixed,

hr (e, s) =hT(¢,0)—I-I’M/()ShT(qﬁ,s/)ds'

1"0’2

- OshT(¢,s/)(fT(¢,s/) + f(,s"))ds +o(1).

For fixed ¢, both fr and f are bounded in s and T, say by My. Also |hr(¢,0)| =
T(1—e?Ty—¢=0(1). Thus

\hr(,5)| < r/o |hr (¢, s")|(u + 0> Mg/2)ds’ + o(1),

where again the o(1) term is uniform in s. Gronwall’s inequality then tells us that
|h1 (¢, s)| = 0 uniformly in s. This proves the first part of the lemma.
The second part is now implicit in our calculations above: by (24) and then (23),

_ - 1 afr(¢,s)
Fr(e @1 sT))=—-—Fp(e T ¢ =2
ur(Fr(e™ D) = L5 ™) = o
Applying (25) tells us that
o2
Tlur(Fr(e”'",sT)) = —nfr + = f7 +o(D),

and by the first part of the lemma we get
02
T?ur (Fr(e=®/T,sT)) — —uf—}—?fz. n

Our next lemma is not new. The critical case goes back to Kolmogorov [15] (under a third
moment condition, which has since been relaxed by other authors) and the noncritical case
is [22], Theorem 2.1(i). For the noncritical case we give a self-contained proof below which
does not rely on the diffusion approximation used in [22].
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LEMMA 24. Foranys € (0,1],as T — oo,

2'“6;”5 . 2 )
ifu#0 and TPr(Nyy >0)—> —— ifu=0.

) ra’s

PROOF. Note that Pr(N; =0) = Fr(0, ), and so satisfies the Kolmogorov backwards
equation (13). Thus the proof of Lemma 23 works exactly the same for

TIPT(NST > O) = T(l — PT(NST = O)) = T(l — FT(O, ST)),

except for showing TIPr (N7 > 0) is bounded as we can no longer apply Jensen’s inequality.
Instead, we note that in the critical case mr = 1 the boundedness is well known (see, e.g.,
[5], Chapter III, Section 7, Lemma 2). When mr # 1, let

) =pi” = A = mr)log(3/2)
and for j > 1,
B =pi + (1 =mp)27j.

This gives us a new offspring distribution L that is critical (and has finite variance). We can
then easily construct a coupling between N; and N;, where N; is the number of particles in a
branching process with offspring distribution L, such that:

e if mr < 1,then N; < N, forall 1 > 0;
e if mp > 1, then N; > N, forall t > 0.

In the case m7r < 1, we have TP(Nyr > 0) < TIP(NST > (), which is bounded. In the case
mr > 1, we have

Pr[N. 1
Pr(Ngp > 0) = QITVT[%;T]} — er(mT—l)sTQlT,sT[N_T:|
S s

and similarly for N7 with its equivalent measure QIT’ST. Since T]P’(]\_IST > () is bounded, we
get that TQ IT’S T11/N,7] is bounded, but

1 .7l 1
Ql,sT[ ]SQ s [_ ]
r Nyt r Nsr

SO TQIT’ST[I /Ns7] is bounded and therefore TPy (Ny7 > 0) is also bounded. [

6.3. Spine split times under Ql}’T. We now want to feed our calculations for moments
and generating functions under P into understanding the spine split times under @Q, as in
Lemma 18. Unfortunately the spine split times in nonbinary cases do not have a joint density
with respect to Lebesgue measure: forany j =2, ..., k— 1, there is a positive probability that
V¥ ; = ¥j—1. However we show that this probability tends to zero as T — o0, and therefore
will not have an effect on our final answer.

Recall that n; is the number of distinct spine particles at time ¢, and pf is the number of
marks carried by spine i at time ¢.

LEMMA 25. Foranyi=1,...,k—1andt e (0,1),

k, T .
Q7 (l’l%:z,p}m:l’—zl)—)—.
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This tells us two things: that with probability tending to 1 we have exactly 2 spines at the
first spine split time; and that the number of marks following each of those spines is uniformly
distributedon 1, ...,k — 1.

PROOF OF LEMMA 25. We work in the case u # 0; the case u = 0 proceeds almost
identically. From the definition of Q,

PT[gva]l{ntT:Z,p)T:i} | tg =1T]

kT 1.
Qy (mr=2,pp=ilteg=tT,nir >2)=
rn o ' ) Prlgi,1lin,,>2 | 7o =1tT]

Let Pr(j; b;ay,...,ap) be the probability that at time 74, j children are born, b of which
are spines, carrying ai, ..., ap marks. Then

00 b
-k
Prlgerliy,—p,pb=ayy | To = 1T1 = Yo > Pr(ibiar....,ap)j* [ Prlga.ra-n),
j:baz ..... ap i=1
where the sum over ap, ...,ap runs over 1, ..., k such that a; + --- 4+ ap = k. Now

k! 1
i T
Pz =" () o

and from Lemma 22, in the case u # 0,

a;—1
PT[NI("a(il)fz)] — Ta;—l(_) ai!eru(l—t) (eru(l—z) - l)a,-—l + O(T”"_l)_

This gives us

Prlgi.r1 | To =1T]

{ntT:b7pf1T

If b = 2, then fixing a; =i also fixes a; since a; = k — aj, so the second sum disappears and
we are left with

PT[gk,T]l{nthz’pIIT:i} | Tg = IT]

(26) ZP(T)< )Wk 2<2z)kzezr“(l_t)(e”‘“_” ~ 1) (1 o))
w

2\ k-2
o (e
= _szH(—) A0 (ri=0 — 22 (1 4 o(1)).
5 o ( ) )

Notice in particular that this does not depend on the value of i.

Next we bound the probability that there are at least three distinct spines at time y; by
taking a sum over a; and then over b > 3. For each b, there are certainly at most k? possible
values of ay, ..., ap that sum to k. Thus we get

Prige,71in,r>3) | 7o =1T]
< Z]P’T (b)]k KTk b( )k_bebm(l—t)(ema—z) — 1514 o)
b=3 bt 21 '
Recall that we have assumed (20) that Pr[L®] = o(T?~2) for each b > 3, so

27) Prlgk. 1123 | To =tT1=0(T*?).



1404 S. C. HARRIS, S. G. G. JOHNSTON AND M. I. ROBERTS

Dividing (27) by (26), we see that the probability that there are at least 3 distinct spines at
time 1 tends to zero as T — 00; or equivalently, that the probability that there are exactly
2 distinct spines tends to 1. Then since the right-hand side of (26) does not depend on i, the
distribution of py, must be asymptotically uniform. []

Combined with the symmetry lemma, the previous result tells us that with high proba-
bility the spine split times are distinct. We want to use this to show that away from 0, the
rescaled split times ¥ /T, ..., ¥x—1/T have an asymptotic density. First we need a prepara-
tory lemma, which will be helpful in describing the topology of our limiting tree as well as
calculating the asymptotic density of the split times.

LEMMA 26. Foranys € (0,1]andt € (0,s),as T — o0,
kosT wl eru(sft) -1 k—1
QT <? > t> —> <—erﬂs 1

(er/J.(s—t) _ 1)k—2
(erp_s _ l)k—l

and

ru(s—t)

?>t>—>(k—1)ru

PROOF. The first part follows easily by combining Lemmas 9 and 22. The second part
needs more calculation. As in Lemma 21, we write M (t) = Pr [Nt(k)]. By Lemma 9,

(k)
QI;:ST(wl > IT) — P[NT(S_I)]e(mT—l)rlT — Mk(T(S - t))e(mT—l)rtT

P[N] My (sT)
SO
_i k,sT _ w (mr—DrtT _ . w (mp—yriT
dt@T W=t =T My (sT) € T(mr — Dr Mo T) e
T
__ = L(mr—UnT ’ _ _ B B
T MGT (M{(T(s = 1) = (mp = DrMy(T(s = 1)),

Applying Lemma 21, this equals

T
_ = Lmp=DrT _ _ B
Mk(sT)e <(k Dr(mr — DMp(T (s — 1))
e .
+r) <J> Pr[LY M1 (T (s — t))),
Jj=2

We now use Lemma 22. Since P7[LW)] = o(T7~2) for all j > 3 (see (20)), the terms with
j > 3 in the sum above do not contribute in the limit. We obtain

Ter;u‘

(%)k—lk!erus (e"Hs — 1)k—1 Tk—1

0.2 k—1 i1
|:(k _ l)ru(—) k!eru(s—l)(eru(s—t) _ 1) - Tk—2
2p

k(k—1 2\ k=2 _
D) e o ]
M

Simplifying, this equals
1
(erpcs _ 1)k—l

k

[k — Dru(e™ ™D — 1) 4k = Dru(e™e=" — 12 £ 01)],
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so simplifying again we get

(er,u(s—t) _ 1)k—2 (1)
(er/Ls _ l)k—l : |

——@" Ty >1T) > (k= Drp

Recall that ' is the o -algebra containing topological information about which marks are
following which spines, without information about the spine split times.

PROPOSITION 27. The spine split times 1, ..., Yr—1 are asymptotically independent of
H' under QI}’T, andforany 0 <sy <t] <so<th <---<sp_1 <tr—1 <1,

hm Q (1#1 e (s1,1], . % G(Sk_1,tk—1]>

i 1 / / / /
:/ / fk(sl""’sk—l)dsk—l"'dsl’
S1 Sk—1

koo T e
k=DY=) Tle if i #0,
i=1

where

1
(k—D! ifu=0.

Si(s1, .. 8k—1) =

PROOF. This is a generalization of the proof of Lemma 18, and the reader may wish to
compare the two. The main difference is that now there is a chance that spine splitting events
result in more than one new spine particle (since branching events need not be binary), and
therefore we need to take care to ensure that the split times 1, ..., V¥, are distinct.

With this in mind, let Y'; be the event that the first j spine split times are distinct,

Yi={i#vi-1Vi=2,..., j}

We work by induction; fix j <k —1,7 >0,0<s; <---<sj_; <1.Thenfors >s;_1,

o2 )

T
:Q(Tj,ﬂ>s‘ W;—l :sj_l,...,%=sl>
Q(WJ ’Tj,%=sj—1,---,%=S1>Q<Tj ‘ WJT'"—I :sj_l,,..,%=s1>.

By Lemma 25 and the symmetry lemma,
i—1 Vi
Q(TJ‘wJT =Sj_1,...,—=sl)—>1

forall 0 <sy <--- <s;_1 < 1. Wealso set

D(s)———@<ﬁ>s‘Tj,%zsj'_l,...,%=sl>

and claim that

- k—j—1
D(s) = (k — jyrpe =9 (et — 1y~

(=50 _ 1y +o(1).
If this claim holds, then applying induction and taking a product over j gives the result. In
particular, since this does not depend on the number of marks following each spine, the split
times are asymptotically independent of #'.
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To prove the claim, fix ay,

.,ajsuchthata; €{l,...,k} foreachi anda; +---+a; =k.
Let A; be the event that after time v/; 1, we have j distinct spine particles carrying ay,

s aj
marks. Then by the symmetry lemma (letting so = 0)

i a;, T(1—
QkT(ﬁ SJ"TJ"AJ"%T =5j- 1) H@ e 1)(WI/T>SJ_SJ 1)

Thus, differentiating, we have

ToNT
= ds

< TTQ5 T (1=sj- 1)<‘/;' >s—Sj1>,

i#l

/ rd T(1— Yy
D(s)=— Z Py ... ajZ( @ T=s)- 1)<T >5— 5 1))

where Py, q; is the probability that A occurs. Applying Lemma 26 then establishes the
claim and completes the proof. [J

We recall now the partition Zg, Z,

which contained the information about the marks
following each of the distinct spine particles, without the information about the split times

LEMMA 28. The partition Zy, Z1, .

.. has the following distribution under QI}’T:

o IfZ; consists of i + 1 blocks of sizes ay, ..., ajy1, then the jth block will split next with
probability k 1(1 +o0(1)) foreach j=1,...,i+1.

o When a block of size a splits, it spllts into two new blocks wzth probability 1 + o(1)
and the probability that these blocks have sizes | and a — 1 is _— 1(l
1,...,a—1.

o(1)) for each | =

PROOF.

Suppose that we are given 1/; = sT . For the first part, by the symmetry lemma
the probability that the jth block splits next is

/07(1—s) o T S)< dt) nQal T(1— s)<1ﬁT1 >t>
_/T(l S)( dtQa, T(1— s)( 4 )) Qe T(= ‘)<le >t> dr.

I#]
By Lemma 26, this converges as T — oo to

T(1—s) ern(l—s—1) _ )k—i
- e (l=s=1)
(@ l)rﬂfo (=) _ [)k=i—1 dz.

Since the integrand does not depend on a;, and we know the sum of the above quantity over
j=1,...,i4 1 must converge to 1 (since one of the blocks must split first), we get

T(1-s) e(ru(l—s—t) -1 k—b—1
”M/ eru(l—s—t) )
0

1
r(=s) _ [)k=b dr —

k—i—1
and therefore the probability that the jth block splits next converges to k l as claimed.
The second part follows immediately from Lemma 25. [
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6.4. Asymptotics for Nt under QI;T. We now apply our asymptotics

ur(Fr(e™%,sT)) to approximate the distribution of N7 when the split times are known.

LEMMA 29. Forany ¢ >0and 0 <s; <---<sp_1 <1,

6N 1 k—1
@];:T[e ¢NT/T‘QITC"’1//_=SD""1// :Sk:|

T T
k—1 o2 -2
[T(1+ 5,000 =)~ suzo
e ol )
[(1+"5-ea-m) =0
i=0

almost surely as T — o0.

PROOF. From Proposition 16 we know that

Q?T[e_‘I’NT/T ‘ gk % =s;,0 <k — 1]

_ kl:[l<e—r(m7~—l)T(l—sl-) ur(Fr(e=®/T,T(1 - Si))))
ur(e=9/T) '

Of course (m7 — 1)T — w, and Lemma 23 tells us that
2
_ o
T2ur (Fr(e?/T, T =s0)) > —nf (9,1 =50+ — f($.1=5)%,

where

¢epcrs . ¢ )

f(@,s)= = ifu#0 or f(@,9)=———>3— ifu=0.
L+ G (enrs — 1) 1+ % gs
Noting that ur(e Ty =ur(Fr(e=?/T,0)), we see that
e mT—DT (- s)uT(FT(e o/T , T(1—35)))
ur(e=¢/T)
 mruti—s) TR (@, 1—s)+% f(@.1- 51)2

—uf(@,0)+ % f(,0)

Now, in the case u # 0, we simply write out

2
ﬂﬁwJ—m+%¢@A—m2

_queru(lfs,')(l + %(b(eur(l—si) 1))+ %2¢262m(1—si)
1+ %(p(eur(l—s,-) —1))2

—pgper=si) §¢zem(1—s,~>
(1+ S g(errd=s) —1))2

’

so since —uf (¢, 0) + %zf(qﬁ, 0)2 = —ug + 02¢?/2, we have

eﬂwaﬁ»—uf@nl—s»+*%f@hl 5i)? ( N ¢(Mﬂ1& _10‘?
—uf($.0)+ %5 £($.0)

The result in the case = 0 is very similar. [

1407

for
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LEMMA 30. Forany ¢ >0, @I}’T-almost surely,
Q' [T G] = QeI GE](1+ 0(D):

PROOF. Recall that N7 is the number of ordinary particles alive at time 7T, and there are
(Q-almost surely) k spines at time T'. All other particles are residue particles. Given GX., the
number of residue particles is independent of the number of ordinary particles; therefore it
suffices to show that

@k,T[e—¢<Nr—k—Nr)/T 1Gk]— 1.

Recall that we assumed that there exists a deterministic function J(7') = o(T') such that
our offspring distribution satisfies Py (L = j) =0 for all j > J(T). Since Qk’T is absolutely
continuous with respect to Pz, we also have Q7 (L = j) =0 for all j > J(T).

Since nonspine particles behave exactly as under P7, the generating function in z for the

number of descendants at time 7 of any one particle born at time ; is Pr [e— N Ll | P
Therefore

B k—1
QI;:T[e—qb(NTfkaT)/T | g?] > 1—[ PT[87¢NT_S/T]J(T)|S:%'
i=1

By Jensen’s inequality, for any ¢ € [0, T'],
Pr[e”?M/T] = exp(~¢Pr[N;1/T) = exp(—¢e" "7~V /T),
and thus
QT [em# N NDIT ) GhY = Brfexp(—ge VT (1) 7).
Since J(T) = o(T), the right-hand side converges to 1 as T — oo, and trivially we have that

Q’;T[e—ri—k—Nr)/T | GK1< 1, so we are done. [

Recall that Yj_; is the event that all the split times are distinct, and #H' is the o -algebra
that contains topological information about which marks follow which spines without infor-

mation about the spine split times. Let (1/71, e, 1/~fk_1) be a uniform random permutation of
(Y1, ..., Yr—1). We combine several of our results to prove the following.
LEMMA 31. Fixsy,...,s—1€(0,1). Let

f&r)= 1{'/}1/T>S1 ,,,,, Yi—1/T>se—1,Yk—1}NH’

where H € H'. There exists a constant h such that QkT’T(H )—> has T — oo. Forany ¢ >0,

if w #0 then
lim Q" [e7#N=RIT £ (gp)]
T—0o0

( 1 )k—l h k—1 e”#(l_si) —1
=1 (4 Fperr —1)% im) L+ G (ern(=) 1)
and if u =0 then

k—1

- kTr ,—¢(Nr—k)/T _ L —s;
Tli)moo@T [e f(g:T)] ~a ¥ rol/2)? 11:[1 TS ro2p(l—s))2"
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PROOF. The fact that QI}’T(H ) converges follows from Lemma 28. Now, by Proposi-
tion 27 (see also [12], Lemma 36), in the case u #£ 0,

Q" [e=?WNT=RIT £ (7))

k—1 [k—1 ,
coon [ [ () ()
Sk— P

QI;T[]IHQI; |: —¢(N1— k)/T)gk 1? ST, - 1? 2512_1]i|-

By Lemma 30, we may replace Ny — k with 1\77; and then by Lemma 29, the above equals

k—1 [k—1 ,
oo [, et) ()

k=1 2 , -2
W T (1+ A ) “dsiy-eds]
j=0

almost surely. After some small rearrangements this becomes

k—1 er(1=s))
7 h
(1—|—0(1))(em_ 1) va, ds/,

(1+ g (err —1))? (14 (=D — 1))

and then integrating out over sl- for each i gives the result (see [12], Lemma 35, for details).
The case p =0 is similar. [

6.5. The final steps in the proof of Theorem 3. PROOF OF THEOREM 3. Let

1
Pr(O=Fr| 5 | Ny =k

T ue/\/;k)
By Proposition 7, for any measurable f,
Pr[N{] /OO k=1 kT —zN
P , k) = 21 > ZNT d
r(/.K) Pr (N7 > k) (k — 1)! Jo (e€=1)"Q7 [e féEr)]dz

Substituting z = ¢/ T and rearranging, this equals

1 PrNP) 1
(k—1! Tk=1 TP;(Np >k)

x [T = et ) QT [ NI ]t ag.

By Lemma 22,

P7[N{]

0_2 k—1 k1
T T (—) kle™ (e —1) ifuw+#0

2u
and

® N
Pr[N
%-%%) K if =0,
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and by Lemma 24,
2ue ™t . 2.
TPr(Nr>k) > ———— ifu#0 and TPr(Nr>k)—> — ifu#0.
oZ(e —1) ro?
Therefore
1 P[NP 1 (ko2 e~ 1)* if u#£0,
(k—1)! TT TPr(Nr>k)  |k(ra?/2)F if 1 = 0.

We deduce that, when u # 0,

o2\ k .
Prfk)=(1+ 0(1))k(2—) (" —1)
(28) #

[ T[T ey ag

and, when u =0,
2

ra®\k roo - k=1 kT —¢(Ny— -

T) /0 (T(l —e ¢/T)) QT’T[e ¢ (Nt k)/Tf(fT)]e o/T do.
Our aim now is to choose f as in Lemma 31, and apply dominated convergence and

Lemma 31 to complete the proof. We do this only in the case u # 0; the case u =0 is very

similar. Let

Pr(fdo=(1+ 0(1))k<

— k— _ _
A, T)=(T(1 —e ¢/T)) leT,T[e ¢ (N7 k)/Tf(%_T)]
and
- k=1 kT — _
B, T)=(T(1 — e ®/T) 1 QhT [e=¢WNr=h/T],
Then 0 < A(¢, T) < B(¢, T) for all ¢, T. By letting s1, ..., sx—1  0in Lemma 31, we have

. KT — _
lim Q7 [e o k)/lekal]
T—0o0

_ ( 1 )k—l 1 ( et —1 )k—]
=1 (1 @ — 1)\ + (e — 1)

=14+ —o("* -1 .
( +2M¢(e ))

Also, by Lemma 25, Q5" [e 7N =0/ Ty e 1< Q5" (TE_) = 0. 50

2 —(k+1)
. _ 4k—1 G_ reo
Tli)mooB(qb, T)=¢ (1 + 2qu(e ® 1)) )

On the other hand, by (28) with f =1,
2

L= PrcL = (14 o[ N (e — 1 [ B, T)d
_T<,)—(+o<>)(ﬂ)(e—)f0 6. T)do,

SO

iim_ [~ 5. 1) = (o )k

im , = ——-—7-—);

T—o0Jo k\oZ(e™ —1)

and as a result we see that limy_, o [y~ B(¢, T)d¢ = [5° limr_.oc B(¢, T) d¢p. Therefore,
by dominated convergence,

(29) im_ /0 A(p, T)dgp = fo lim A@.T)dg.
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Lemma 31 tells us that

) )k—l h - errld=si) _ 1

et — 1 l_[

A(¢>,T>+( i ,
1+ Zper — D) i1 1+ (e — 1)

where h = lim7_, oo QI;T(H), so by (28) and (29), as T — oo

o\
PT(f,k)—>k<E> (e — 1)

o0 h k—1 er=si) _ 1
X/o Pk 1—[

(1+5 <I>(”‘—1))2 1147 d)(”‘“ si) — 1)

=ki2(ew—1)fooo U k]:[l<1— ! >d¢.

2 A+ 5o —1)2 i\ 1+ 5gEni=) —1)

Note that, for any u # 0, we have %(e’ #(=si) _ 1) > 0 for all i; elementary calculations
(see [12], Lemma 34, for details) give

k—1

Jim Pr(f,k) = hk (]‘[

lll

k—1
é; e()
hk log —
>+ 802 1 (ej —eo)2<ll_[l e —ej> Py
i#]j
where ¢; = %(e’“(l_sf') — 1) for each j (including j =0, where so =0). O

6.6. Proof of construction of the scaling limit. In this section we prove Theorems 4 and 5.

PROOF OF THEOREM 4. Relabel Ti,...,Tj—1,Ti41,...,Tx as Ti,..., Tr—1. Since
P(M; < 60) =P(X; <6)X, we have

P(fl edsy,..., Tk—l edsig_1)

oo ~ ~
2/ P(Mk EdQ)P(Tl EdS1,...,Tk,1 Edsk,1 | Mkze)
0

o0
=/ kP(X, € dO)P(X; <)< !
0

X1 Xi—1
xP(1— " edst .. 1= == edsi 1‘X1§9,...,Xk_1§9

-1, oy 1= ” (1__€ds’
k—1 0

©  k
_/ (1+9)2H (——eds,)d@:fo (1+0)2(l.:l_[1(1+0(1—si))2dsi)d9'

This is exactly the density that we saw for (3{‘, cee 5’,’:_1) in Section 2.3.

To see that our tree has the topology claimed, start by assigning k marks to the top of the
tallest line, that is, at the point (U, 1 — T7). Colour this line green. Next colour the second
tallest line blue; let its index be J. Since it is positioned uniformly on the horizontal axis,
the number L of shorter lines to its left is uniformly distributed on {0, ..., k — 2}, and so is
the number k — 2 — L to its right. Suppose without loss of generality that the blue line is to

X; §9>d9
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® ®
1-Ty T 1-T, T
1-T 4 1-T; - 2.
1-T3

0 Us Uy U U, Us 0 Us Uy U U Us
(%) 5
1-T, 1-T,
IRT BENC) ® 1SV BNE) ®
L1754 @p- 1T @p
0 Us Uy U U, Us 0 Us Uy Usp U Us

F1G. 5. Constructing the tree by moving downwards through our picture. The number of marks are shown in
circles. The as yet “unseen” parts of the tree are left blank. Here k =5, 1 =4 and J = 1.

the left of the green line, and assign L + 1 marks to the top of the blue line, that is, at point
WUy,1—=Ty),and k — (L + 1) marks to the point (U, 1 — T;). (If the blue line were to the
right of the green line, we would assign k — (L 4 1) marks to (U, 1 — T;) and L + 1 marks
to (Uy, 1 — Ty).) Thus the number of marks assigned to the top of the blue line is uniform on
{1,...,k—1}

Moving downwards, the next horizontal line to appear corresponds to the third-tallest ver-
tical line. We ask which of the two coloured lines this next horizontal line will join to, that
is, which of the branches in the tree will split next. By our construction, the event that the
third tallest line joins the blue line (given that the blue line is left of the green line) is exactly
the event that the third tallest line is left of the blue line. Since the lengths of the branches are
independent and identically distributed, this has probability L /(k — 2). Furthermore, observe
that the position of the third tallest line, conditionally on it falling to the left (respectively
right) of the blue line, is uniformly distributed on (0, Uy) (respectively (Uy, 1)). See Fig-
ure 5.

More generally, once we have seen the n tallest vertical lines, and assigned @; marks to
line i for each line i that we have seen, the (n + 1)st tallest vertical line has probability
(ai — 1)/(k — n) of joining line i; and the number of marks this new line gets is uniformly
distributed on {1, ..., a; — 1}. This is exactly the topology outlined in Theorem 3. [J

PROOF OF THEOREM 5. Rather than doing the calculation directly, this follows from

Theorem 4 by noting that making the substitution

et — prit(1=si)

i=—————
e'n — 1

in the density fj recovers the critical case from the noncritical. [J
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