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A spectral decomposition for the block counting process
of the Bolthausen-Sznitman coalescent
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Abstract

A spectral decomposition for the generator and the transition probabilities of the
block counting process of the Bolthausen-Sznitman coalescent is derived. This de-
composition is closely related to the Stirling numbers of the first and second kind.
The proof is based on generating functions and exploits a certain factorization prop-
erty of the Bolthausen-Sznitman coalescent. As an application we derive a formula
for the hitting probability h(¢,j) that the block counting process of the Bolthausen-
Sznitman coalescent ever visits state j when started from state ¢ > j. Moreover,
explicit formulas are derived for the moments and the distribution function of the
absorption time 7, of the Bolthausen-Sznitman coalescent started in a partition with
n blocks. We provide an elementary proof for the well known convergence of 7,, —
loglogn in distribution to the standard Gumbel distribution. It is shown that the
speed of this convergence is of order 1/logn.
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1 Introduction and results

The Bolthausen-Sznitman coalescent [2] is the particular A-coalescent IT = (II;);>o
with A being the uniform distribution on the unit interval [0, 1]. A-coalescents are con-
tinuous time Markovian processes with state space P, the set of partitions of IN :=
{1,2,...}. During each transition blocks merge to form a single block. For more in-
formation on A-coalescents we refer the reader to [14] and [15]. For ¢ € [0,00) let N;
denote the number of blocks of II;. It is well known that (V;);>o is a Markovian pro-
cess, called the block counting process of II. Let @ = (g¢;;)i,jew denote the generator of
(Nt)e>0. It is well known that @ is a lower left triangular matrix with entries

= d fori > j 1.1
R e R N .

Qii = — 23;11 ¢i;j = 1 —1and g;; = 0 for ¢ < j. The quantities ¢; := —¢g;; =t —1, ¢ € IN, are
(called) the total rates of the Bolthausen-Sznitman coalescent.
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Spectral decomposition for the Bolthausen-Sznitman coalescent

In the following s(i,j) and S(i,7), ¢, € Ng := {0,1,2,...}, denote the Stirling num-
bers of the first and second kind respectively. Note that |s(i,5)] = (—=1)*77s(4,j) is the
number of permutations of {1,...,i} with j cycles, whereas S(i,j) is the number of
partitions of {1,...,4} into j nonempty subsets.

The main result (Theorem 1.1) provides a spectral decomposition for (), which is
closely related to the Stirling numbers. The proof of Theorem 1.1 is given in Section 2.

Theorem 1.1. (Spectral decomposition of the generator) The infinitesimal genera-
tor Q = (gij)i,jen of the block counting process of the Bolthausen-Sznitman coalescent
has spectral decomposition () = RDL, where D = (d;;); jewn is the diagonal matrix with
entriesd;; =1—i fori=jandd;; =0 fori # j, and R = (r;;); jew and L = (I;;); jen are
lower left triangular matrices with entries

rij = (jfl)!|5(z"j)| and lij = (71)i+ju

(i —1)! (i —1)!

In particular, rj1 =74 = l;; = 1 and l;; = (—1)*"1/(i — 1)}, i € IN.

S@i,j), i,jeN.  (1.2)

Remark 1.2. For alternative formulas forr;; and [;; we refer the reader to (2.12), (2.13)
and (2.15). The first entries of R and L are provided in (2.16).

The next corollary provides the spectral decomposition of the transition matrix of
the block counting process (/V;):>o of the Bolthausen-Sznitman coalescent.

Corollary 1.3. (Spectral decomposition of the transition matrix) For allt € [0, 00)
the transition matrix P(t) := (P(N; = j|No = 1)) jen of the block counting pro-
cess (Ny)i>o of the Bolthausen-Sznitman coalescent has spectral decomposition P(t) =
RetPL, ie.

i

. . . =D e .
p”(t) = P(Nt =) ‘NO = z) = Ze (k l)triklkj = ((‘Z — 1))' Ze (k 1)t|8(l,]€)|5(k7j),
k=j " k=j

(1.3)
i,j € N, where D is the diagonal matrix defined in Theorem 1.1 and R = (r;); jen and
L = (l;)i jen are defined via (1.2).

Remark 1.4. As a consequence of Corollary 1.3, the block counting process has resol-
vent (see, for example, Norris [13, p. 146]) Ry := [[" e MP(t)dt = [[" e MRe'PLdt =
R([; e MetP dt)L = RD(A)L, A € (0,00), where D(]) is the diagonal matrix with en-
tries d;;(A\) =1/(A+i—1),i € IN.

As an application we provide in the following a formula for the probability that the
block counting process ever visits state ;7 € IN when started from state i € IN with ¢ > j.

Corollary 1.5. (Hitting probabilities) The probability h(i, j) := P(Ny = j for some ¢ >
0] Ny = i) that the block counting process hits state j € IN started from state i € IN with
i > j is given by h(i,1) = 1 and
o _ (= DU s(i, k)S (K, 5)
h — — (=1 1+7 (.] ’ )
(.9) = G=DEDH gy o

= 2<j<i.

) —

k=j

Remark 1.6. Further formulas for h(i, j) are provided in [10, Theorem 2.1 with o = 1]
and [11, Eq. (11)]. For the asymptotics of h(i,j) as i — oo we refer the reader to [7,
Corollary 3.4] and [11, Theorem 1.1 and Corollary 1.3].
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As a further application we provide in the following formulas for the moments, the
distribution function and the Laplace transform of the absorption time 7, until the
Bolthausen-Sznitman coalescent, started in a partition with n € IN blocks, reaches its
absorbing state. In the biological context 7,, is called the time back to the most recent
common ancestor of a sample of size n.

Corollary 1.7. (Moments of the absorption time) The absorption time 1, of the
Bolthausen-Sznitman coalescent has moments

n

E(r)) =

™) = &
Remark 1.8. Note that (1.4) is simpler than the formula in [4, Proposition 1.1]. Some
concrete values of the first and second moment of 7, are listed in [4, p. 403, Table 1].
For the asymptotics of (7)) as n — oo we refer the reader to [4, Theorem 1.1].

Corollary 1.9. (Distribution and asymptotics of the absorption time) The absorp-
tion time 7,, of the Bolthausen-Sznitman coalescent started in a partition with n blocks
has distribution function

n—1 . —t ¢ ¢
B j—et [(n—-1-e _ TPln—e™)
P(r, <t) = [] — = ( L ) = Fra )’ neN,te(0,00) (1.5)

j=1
and Laplace transform

(1)t A

> st k) —

E(e™™) = 14+ -———
(e ) + (n—1)!
k=2

neN,\ e [0,00). (1.6)
In particular; 7,, — loglogn — 7 in distribution as n — oo, where 7 is standard Gumbel
distributed with distribution function F(t) := e~ ', t € R.

Remark 1.10. 1. The first equation in (1.5) is implicitly contained in [14, Theorem 14,
Eq. (17) with k = 1]. The convergence in distribution of 7,, — loglogn to the standard
Gumbel distribution is well known from the literature (see, for example, [6, Proposition
3.4] or [4, Corollary 1.2]). Our alternative proof of this convergence is based on the
last expression in (1.5) and, hence, rather elementary and follows by a straightforward
application of Stirling’s formula for I'(x) as ¢ — oc.

2. Let ¥(z) := (d/dx)(logT'(x)) = I"(x)/T'(z) denote the digamma function (logarith-
mic derivative of the Gamma function). Taking the derivative with respect to t in (1.5)
it is readily seen that for n > 2 the absorption time 7,, has density

fr () = m(@(n—e_t)—\ll(l—e_t))
n—1

1
—t §
e ]P(Tngt)k_l m, 7122,156 (0700)

Note that, forn > 2, P(r, <t) ~t/(n—1) ast \, 0 and, hence, limy o f-, (t) =1/(n—1).

Moreover, straightforward calculations show that f, (t-+loglogn) — f(t) asn — oo,
where [ is the density of the standard Gumbel distribution, i.e. f(t) := F'(t) = e"'F(t)
for all t € R. Note that this local convergence holds uniformly in t € R due to the
inversion formula for densities, so we have lim,,_, o Sup,cp | fr, (t + loglogn) — f(¢)| = 0.

3. The fact that the distribution function (1.5) of the absorption time 7, is known
explicitly can be further exploited. For example, it is readily checked that for all x € R,
P(r, —loglogn < z) — F(x) ~ —ye *F(z)/logn as n — oo, where v =~ 0.577216 denotes
Euler’s constant. Thus, the speed of the convergence of 7,, — loglogn to the Gumbel
distribution is of order 1/logn.
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Final remark. For the Kingman coalescent the spectral decomposition @ = RDL is
well known (see Appendix). For the star-shaped coalescent the spectral decomposition
@ = RDL can be readily calculated and is omitted here. Finding the spectral decompo-
sition of the generator () of the block counting process for other exchangeable coales-
cents, for example for the A-coalescent with A = 5(2 — «, «) being the beta-distribution
with parameters 2 — a and «, a € (0,2) \ {1}, is an open problem. Note that the spectral
decomposition () = RDL exists for any exchangeable coalescent, since the generator
Q@ is lower left triangular. More precisely, R and L are recursively defined via the first
equation in (2.3) and (2.4) respectively, where ¢;; and ¢; are the rates and total rates of
the exchangeable coalescent.

2 Proofs

Before Theorem 1.1 will be proven, we mention two well known recursions for the
Stirling numbers. These recursions are provided here, since they will be used in the
proof of Theorem 1.1.

Lemma 2.1. The absolute Stirling numbers of the first kind satisfy the recursion

i—1

s = - S BEIZDI ey @.1)

k!
k=j—1

whereas the Stirling numbers of the second kind satisfy the recursion
— [i—1
s = 3 (1)stka-n, igen 2.2
=J—

Proof. Let us verify (2.1) by induction on ¢. Obviously, (2.1) holds for ¢ = 1, since
|s(1,4)] =01 =s(0,7 — 1)] for all j € IN. The induction from i to i + 1 works as follows.
We have, by induction,

7

k: —1 k: —1
z'Z j =z'2 ’ 41— 1)

k=j—1 k—J 1

p T s g =1 = dls@ )| +s(@,5 = 1) = [s(i+1,5)l;

by the well known recursion |s(i+1, j)| = i|s (z 7)|+|s(i,7—1)|. The induction is complete.

We verify (2.2) as follows. There are (*;') possibilities to choose a subset A of size
k from {1,...,i— 1} and there are S(k,j — 1) possibilities to partition this subset A into
j — 1 nonempty subsets. Together with the nonempty set ({1,...,i — 1} \ A) U {i} one
obtains, after summing over all possible values of k, the number S(i, ) of partitions of
{1,...,4} into j nonempty subsets. O

Let us now turn to the proof of the spectral decomposition ) = RDL (see Theorem
1.1). The following proof is based on generating functions and has the advantage that
the solution (1.2) for R and L does not need to be known in advance in order to perform
the proof. The solution (1.2) pops up naturally during the proof as the coefficients of
appropriately chosen generating functions. Crucial for the proof is the factorization
formula (2.5), which essentially goes back to the particular form of the rates g;; in (1.1).

Proof. (of Theorem 1.1) Let D = (dij)i,jelN be the diagonal matrix with entries d;; :=

gii = —¢; = 1—14,1 € N, and d;; := 0 for ¢ # j. Furthermore, let R = (rij)i,je]N be the
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lower left triangular matrix with entries recursively defined for each j € N via r;; := 1
and

1 . . .
Tij Z%k Tk = fZQikaja (S {J+1aj+2a} (23)
—qj P 11— e
] =
Since ¢;; = —¢;, © € IN, we conclude that r;;q;; = Zizj ¢ikTr;. Thus, the entries r;; of

R are defined such that RD = QR. Define L := R~!. Then, the spectral decomposition
@ = RDL holds. Moreover, DL = L@ and, hence, g;;l;; Zk_] ikQkj, % J € IN. Since

qii = —q;, 1 € IN, we obtain for each ¢ € IN the backward recursion /;; = 1 and
lj = ik = Z lvgrs,  J=i—1i-2,...,2,1.  (2.4)
k=j+1 k j+1

Let us verify by induction on ¢ (> j) that
i i

Tij < H o - = H E = <Z:1), 1,7 € N;72 > 7,

hmp =G S ko J—1

with the convention that empty products are equal to 1. For ¢ = j this inequality ob-
viously holds, since r;; = 1. The induction step from {j,...,i — 1} to i (> j) works as
follows. By (2.3) and by induction,

riy = - Zqzkrk] < Zqzk H

qi — qj k:—] —4gj e 1=j+1 Ql—(b
i—1 7 q
l
< — Zqz 11 < —uq H -— = [ —.
q; e 1=j+1 qr—4q5 q; 1=j+1 qi QJ 1=j+1 qr — q;

which completes the induction.

In order to solve the recursion (2.3) we exploit generating function techniques simi-
lar to those used in [4], [10] and [11]. Let U := {z € C : |z| < 1} denote the open unit
disc. For j € IN define the generating function r; : U — C via r;(z2) := };2 752", z € U.
ri(2)] < 02 riglelt < 3002y () lal = 12 /(1 — 12l <
oo. Thus, for each j € IN, the function r; : U — C is well deﬁned. Consider the mod-
ified function f; : U — C defined via f;(z) := Y7~ (i — j)i~'ryz', » € U. Clearly,
|fi ()] < 3252, riglzl” = 7(J2]) < 00, s0 f; : U — C is well defined. We have

ZT‘”Z _]er Z—Tj /erllds: ()—j/ozrjis)ds

On the other hand, by the recursion (2.3), we obtain the factorization

= . = qzk 1
fiz) = Y G=dray = 3 Z%k% ey o
i=j+1 i=j+1k=j k=j  i=k+1
i—k
z
= Tkj2 - -
Z J l;rl(z—kj)(z—k—i—l)
Zn
= Z'f'k‘] Zm = Tj(Z)a(Z)7 (25)
n=1
where the function a : U — C is defined via a(z) := Y .-, 2"/(n(n+ 1)) = 1 — (1 —
2)L(z)/z, z € U, with L(z) := —log(1 — z), z € U. Thus, r; satisfies the integral equation
ECP 19 (2014), paper 47. ecp.ejpecp.org
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J fo ri(s)/sds = (1 — a(z)) r;(z). Differentiating with respect to z leads to jr;(z)/z =

)/ (2
a'(2)rj(2) + (1 —a(z))r}(2) or, equivalently, (1 —a(z))r}(2) = (a’(2) +3j/2)r;(z). Plugging
1n1—a(z (1 —2)L(z)/z and a’(2) = L(z)/2%* — 1/z leads to

1 j—1
i(z) = (2). 2.6
10 = (s + o) 26
The solution of this homogeneous differential equation with initial conditions r;(0) =
r(0) = =YV (0) = 0and r¥(0) = j is
() = - (LEYT jeN <L 2.7)

In the following, for a power series f(z) = Y., fn2" [2"]f(z) := f. denotes the coeffi-
cient of 2" in the series expansion of f. By [1, p. 8241, (L(2))7/j! = 3207, 2*[s(k, j)| /K.

Thus, [2*](L(2))? = j!|s(k, j)|/k!. For the coefficient r;; = [z'|r;(z) we therefore obtain
i—1
= EInG) = (T Eer) = Y ey
i—1 i—1 . .
= SEMEE)YT = G-t Y IS(k,Z'— Dyl _ ((Z — i)): Is(i,7)]  (2.8)
k=0 k=j—1 ’ :

by (2.1), which is the first formula in (1.2).

Let us now turn to L := R~'. We have (z,2%,...)R = (r1(2),72(2),...). Multiplying
with L and noting that RL = (J;;); jen it follows that (z,22,...) = (r1(2),r2(2),...)L.
Thus, 27 = Y72 ri(2)liy = 2(1 — 2)7" 3272 (= log(1 — 2))"'l;;, or, equivalently, (1 —
2)27 71 = 32% (= log(1 — 2))""'l;;. Replacing 2 by 1 —e™* leads to e *(1 — e )/ 7! =

Z;‘)ij l,’jzi_l. Thus,

=3 Izt = ze F(l—e 77!, jEN. (2.9)

(1—e %)

Il
(-
=}

7 N

= S

~_
—
Q\
n

~

Il

-
R
. .
~_
—
—_
~
(]
|
RN
| =
N~—
B

k=0 i=0 k=0
where the last equality follows from the explicit formula
S(k,j) = li(_l)j—i T k,jeN (2.10)
) ]' s i ) ) 05 .

for the Stirling numbers of the second kind. Thus, [2¥](1 — e7%)/~! = (=1)JtF=1(j —

ECP 19 (2014), paper 47. ecp.ejpecp.org
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1)!IS(k,j — 1)/k! and, therefore,

i—-1
b = [2(2) = [¢)(ze (1 —e ) 7) = Y [ F)(ze ) [F](1 — e %)/
k=0
_ Z —1)imLk <—1>J‘+k-1<j—1>!5<k7j—1>
k:j_l (i—1—-k k!
i—1 .
_ 1Nt I (s S(ka]_l)
= FUTO- Z (i—1— k)&
k=j—1
G S i TR ¢k VL P
by (2.2), which is the second formula in (1.2). The proof is complete. O

Remark 2.2. 1. Let us provide some additional information on R and L. Plugging in
the formula

ol 1
s(i,j) = (1) = ., i,jeEN (2.11)
k1+-4+kJ7L

1 1
e o= L . ijelN (2.12)
kytotkj=i
In particular, iy = (i/2) S5 1/(k(i — k) = (1/2) S0 (1/k+1/(i — k) = hi_1, i € N,

where hy := 0 and h,, := Y ;_, 1/k denotes the n- th harmomc number, n € IN. Thus,
rio ~ logt as ¢ — co. More generally, for arbitrary but fixed j € IN the absolute Stirling
numbers of the first kind |s(i, j)| satisfy the asymptotics |s(i, j)| ~ (i—1)!(log)? =1 /(5 —1)!
as it — oo, see for example [1, p. 824]. Thus, for each j € IN we conclude from (1.2)
that r;; ~ (logi)?~! asi — co. For each j € N it follows from the middle expression in
(2.8) that the sequence (7;;);cv is monotone increasing in i. Plugging in (2.10) into the
second formula in (1.2) leads to

J
b= (0 17112 ”“() i, QjEN. (2.13)
k=0

Alternatively one may also plug in the formula

. 7l 1 .
S(i,j) = il Z Pk 1,7 €N (2.14)
kg ok EN : J°
k1+v~+kj=z

for the Stirling numbers of the second kind into the second formula in (1.2) leading to

— i+
lij = (=)=
J ki, ki €N
ki+-tkj=i

i,j €N (2.15)

Note that formula (2.15) for l;; has structural similarities with formula (2.12) for r;;.
These similarities point to the spectral decomposition of the partition valued Bolthau-
sen-Sznitman n-coalescent, which will be provided in [9].
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2. Egs. (2.12), (2.13) and (2.15) are useful to compute the entries of R and L. numer-
ically. One obtains

1 1
11 -1 1
1 3 1 1 _3 1
R= 2 and L=| 2 2 (2.16)
142 -3 I -2 1
25 35 5 1 5 25 5
L5 1 31 24 s 12 2 1

Proof. (of Corollary 1.3) Fix t € [0,00). By Theorem 1.1, @ = RDL, where R and L :=
R~! have entries (1.2). Therefore, the spectral decomposition of the transition matrix
is P(t) = e'? = e!®PL = Re!P L. Thus, pi;(t) := P(N; = j| No = i) = >_;_; e~ riply; for
all 7,5 € IN. The last equality in (1.3) follows from (1.2). O

Proof. (of Corollary 1.5) The Green matrix G of (IV;);>¢ is given by G := fooo P(t)dt, cf.
[13, p. 145]. Writing G = (¢(4,j))i,jen and using the spectral decomposition of P(t)
provided in Corollary 1.3 we obtain for 2 < j <

s [ e, qyies = D s, k)S(k, )
9(1,7) /0 pi;(t)dt ;jrlklk]/o e dt (-1) (i—l)!;j_ 1 ,

where the last equality follows from (1.2). We have g(i, ) = h(i,j)/(q;(1 — f;)), where
h(i, 7) is the probability of hitting j starting from ¢ and f; is the return probability for j.
For (N¢)¢>0 we evidently have f; =0 forall j > 2 and ¢; = j — 1, j € IN. Hence,

R e D e L

Clearly, h(i,1) = 1, since the block counting process, started at ¢ € N, reaches its
absorbing state 1 almost surely. O

Proof. (of Corollary 1.7) By Corollary 1.3, for all ¢ € (0,00) and all n € IN, P(7,, > t) =
1—pu(t) == > o rnkliie %' Thus, forall j € NN,

. oo . n [e's) ) n '!
E(r;) = / TP (7, > ) dt = — E Tnklkl/ et At = — E Tnklkli'c
j
0 k=2 0 k=2 4,

Plugging in the formulas r,; = (k — 1)!|s(n, k)|/(n — 1)! and l; = (=1)¥=1/(k — 1)! from
Theorem 1.1 and noting that ¢, = k — 1 the formula (1.4) for E(77), n,j € N, follows
immediately. O

Proof. (of Corollary 1.9) From Corollary 1.3 it follows that the absorption time 7,, of the
Bolthausen-Sznitman coalescent, started in a partition with n € IN blocks, has distribu-
tion function P(7, <t) = pp1(t) = Y py rsleie” %' By (1.2),

(_1)k—1 (_1)n—1

(k—1)!
Trklkl = (nl%'ls(n’k)(kl)' = (n—l)!s(n’k)'
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Thus, the absorption time 7,, has distribution function

n n

(= R o Y —t\k
P(r, <t) = (n— ] Zs (n,k)e = me kz::ls(n,k)(e ) (2.17)
(=)~ 4 _nlj—eft _(n—1-e"  T(n—e™)
(n— )e(e %“ll i\ n-1 )T Tmr-e?)
n € N, t € (0,00), where we have used the formula Y ;_, s(n,k)z* = (z), := z(z —

1)---(x=n+1),n €N, z € R. Note that (2.17) is in agreement with [14, Proposition
29, Eq. (44)], when taking [14, Eq. (49)] into account.
In particular, for all z € R and n sufficiently large,

F(n _ e—m—log log n)

P(r, —loglogn <z) = P(r, <z +loglogn) = [(n)[(1 — e—@—loglogn)
I'(n—e */logn) ['(n+c¢/logn)
F'(n)I'(1 —e=*/logn) I'(n)
as n — oo, where the abbreviation ¢ := —e™" is used for convenience. In order to see

that the last expression converges to e¢ = ¢ ¢ = = F(xz) as n — oo, one may apply
Stirling’s formula I'(n + 1) ~ (n/e)™V/27n as n — oo to obtain

I'(n+c¢/logn) N I'(n+c/logn+1) N ((n+ ¢/logn)/e)te/1oen, /or(n + ¢/logn)
I'(n) P(n+1) (n/e)mv/2mn
((n 4 c/logn)/e)nte/logn _
(n/e)m

~ (n+c/10gn)c/logn, — (1+C/<n10gn))c/lognnc/logn ~ nc/logn —

e~/ 18" (n 4 ¢/logn)®/ 18" (1 + ¢/(nlogn))"

Thus, for all z € R it is shown that P(7, —loglogn < z) — F(z) asn — oo, so 1, —loglogn
converges in distribution to the standard Gumbel distribution.
It remains to determine the Laplace transform of 7,,. Applying the formula

E(f(m) = FO)+ [ FOR >0
to the function f(t) := e~** it follows that 7,, has Laplace transform
oo
E(e ™) = 1—)\/ e M1 —P(r, < t))dt, n €N, X €[0,00). (2.18)
0
Plugging in the formula (2.17) for the distribution function of 7, it follows that

o] -1 n—1 N
E(e ™) = 1— )\/ e M <1 — % s(n, k)e(kl)t) dt, n € N, A € [0,00).
0 -

Since s(n,1) = (—1)""!(n — 1)! we can rewrite this as

n

1 n—1
E(e ™) = 1+)\/ 67)\7:(72 (n, k)e”F=Dt gy
0

(n—1)!
= 1+/\ﬂizs(n k) /oO e (b1t g = ZS n, k
(n—1r =", —1' 1+A
n € N, A € [0,00). The proof is complete. O
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Remark 2.3. Alternatively, the product formula (1.5) for the distribution function of 7,
follows from the construction of the Bolthausen-Sznitman coalescent via the random
recursive tree due to Goldschmidt and Martin [6] as follows. Recall a random recursive
tree with n vertices is a uniform tree in the set of labelled trees that have increasing
labels along the branches from the root, labelled 1. A recursive construction is the
following. Start with the tree reduced to a single vertex labelled 1. When the tree with
n— 1 vertices is built, the nth vertex is attached by an edge to a uniformly chosen vertex
with label in {1,...,n — 1}. The Bolthausen-Sznitman coalescent is then obtained (see
[6]) by cutting down this tree, and, in this construction, the event {r, < t} coincides
with

ﬂ({i is a child of the root, e; < t} U {i is not a child of the root}),

=2
where eo, . .. e, are independent standard exponential random variables. These events,
indexed by ¢, are furthermore independent. Formula (1.5) now follows by the straight-
forward calculation

n

P(r, <t) = ]P(ﬂ ({i is a child of the root, e; < t} U{i is not a child of the root}))
=2
n n—1 .
1 B 1 j—et I(n—e™)
= 1—et 1— = =
H(i—l( e+ ( i—l)) 11 T —e)
=2 Jj=1

n €N, te (0,00).

The following third approach derives formula (1.5) via the Chinese restaurant pro-
cess. It is known (see [14, Theorem 14]) that I1; is PD(e*t, 0)-distributed. On the other
hand the distribution PD(«, 0) is obtained by considering the ranked frequencies of the
partition of an («,0)-Chinese restaurant process. Thus, the event {1, < t} coincides
with

{the first n customers in a (e~*,0)-Chinese restaurant sit at table 1}.

Since any new customer joins the my, > 0 customers at table k with probability (mj —
e~')/m, where m := Y, my, denotes the number of already present customers, we ob-

tain
o qi-l—-et  Tn—e)
Pru<t) = [[——— = T(n)D(1 — e—?)

as required.

3 Appendix

For completeness we provide the spectral decomposition of the block counting pro-
cess of the Kingman coalescent, which is the particular A-coalescent with A = §y being
the Dirac measure at 0. The block counting process (N;);>o of the Kingman coalescent
is a pure death process with total rates ¢; = i(i —1)/2, ¢ € IN. The generator @) of (IV;);>0
has spectral decomposition (see, for example, [12, Appendix, Lemma 5.1] Q = RDL,
where D = (d;;); jewn is the diagonal matrix with entries d;; = —i(i — 1)/2 for ¢ = j and
d;j =0fori# j, and R = (r;;); jew and L = (I;;); jew are lower left triangular matrices
with entries

S : k(k—1)
o= 11 % = 11 )
o G S R =) = (1)
B H k(k —1) B il — 1)1(25 — 1)! .y
i F=DE+i=1) GG =D =)+ - DY 7
ECP 19 (2014), paper 47. ecp.ejpecp.org

Page 10/11


http://dx.doi.org/10.1214/ECP.v19-3464
http://ecp.ejpecp.org/

Spectral decomposition for the Bolthausen-Sznitman coalescent

and

il i—1 . v .
T e k(k+1) R s )1l (R ) L
v ,ququ,; ,g(kfi)(kﬂel) - G — D5l — )i —2) =

The same coefficients r;; and /;;, 1 < 4,5 < N, occur in the spectral decomposition of
the transition matrix P = (p;j)1<; j<n of the Moran model with population size N € IN
having eigenvalues \; := 1 —i(i — 1)/N?, 1 < i < N, see [5, p. 635]. For the spectral
expansion of the generator of the Kingman coalescent with mutation we refer the reader
to [16, Appendix I]. For each j € IN the sequence (r;;);en is monotone increasing in
i and converges to r; := (25 — D)!/(!(j — 1)!) = (2j;1) as i — oo. The absorption
time 7,, of the Kingman coalescent restricted to a sample of size n has distribution
function P(r, < t) = P(N; = 1|Ng = n) = Y1 rarlpie” %%, t € (0,00). Taking the
limit n — oo shows that the almost sure limit 7 := lim,,_, 7,, has distribution function
t S rRlge = 500 (=1)F(2k — 1)e kD2 ¢ € (0,00), and, hence, density
t > r0  (—1)kqr(2k — 1)e~ %!, in agreement with Kingman [8, p. 37, Eq. (5.9)].
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