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Abstract A class of Cannings models is studied, with population size N having a mixed
multinomial offspring distribution with random success probabilities Wy, ..., Wy induced
by independent and identically distributed positive random variables X1, X5, ... via W; =
Xi/Sn,i € {1,..., N}, where Sy := X| + --- + Xu. The ancestral lineages are hence
based on a sampling with replacement strategy from a random partition of the unit interval
into N subintervals of lengths Wy, ..., Wy. Convergence results for the genealogy of these
Cannings models are provided under assumptions that the tail distribution of X is regularly
varying. In the limit several coalescent processes with multiple and simultaneous multiple col-
lisions occur. The results extend those obtained by Huillet [J. Math. Biol. 68 (2014), 727-761]
for the case when X is Pareto distributed and complement those obtained by Schweinsberg
[Stoch. Process. Appl. 106 (2003), 107-139] for models where sampling is performed without
replacement from a supercritical branching process.
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1 Introduction

Let X1, X2, ... beindependent copies of a random variable X taking values in (0, c0).
For N € N := {1,2,...} define Sy = X1 + --- 4+ Xy and W; = X;/Sn,
i € {l,..., N}. The weights Wi, ..., Wy are exchangeable random variables with
Wi+ --- 4+ Wy = 1. In particular, E(W;) = 1/N,i € {l,..., N}. Consider the
Cannings model [6, 7] with population size N and nonoverlapping generations such

that, conditional on Wy, ..., Wy, the offspring sizes vy, ..., vy have a multinomial
distribution with parameters N and Wi, ..., Wy. Thus, the offspring distribution is
. ) N! i in
P(vi =i1,...,vy =in) = ————EW ---Wy"), (D
il---in!

it,...,in € Ng :={0,1,2,...} withi; + --- + iy = N. For degenerate X, i.e.
P(X = ¢) = 1 for some real constant ¢ > 0, this model reduces to the classical
Wright-Fisher model with deterministic weights W; = 1/N,i € {1,..., N}. Itis
straightforward to check that the offspring sizes have joint descending factorial mo-
ments

Bk - ONky) = Ny BOVE - WYY, ko ky € No,  (2)

where (x)g := land (x); :=x(x—1)---(x—k+1) forx € Rand k € N.In [15] this
model is studied for the case when X is Pareto distributed. If X is gamma distributed
with density x +> xr’le’x/r‘(r), x > 0, for some r > 0, then (Wy,..., Wy)
is symmetric Dirichlet distributed with parameter », leading to the Cannings model
with the offspring distribution

N! [r]il"'[r]iN
it!---iny! [rNly

P(vi =i1,...,vy =iN) = ,
i1,...,iy € Ngwithi; +---+iy = N, where [x]p := 1 and [x]; :=x(x 4+ 1)---
(x+i—1)forx € Randi € N. This Dirichlet multinomial model has been studied
extensively in the literature (see, for example, Griffiths and Spano [13]). In a series
of papers [16, 17, 19] a subclass of Cannings models, called conditional branch-
ing process models in the spirit of Karlin and McGregor [23, 24], has been inves-
tigated, whose offspring distributions are (by definition) obtained by assuming that
P(X1+ -4+ Xn = N) > 0 and conditioning on the event that X1 +---+ Xy = N.
This construction based on conditioning is rather different from the construction
based on sampling from a random partition of the unit interval we are dealing with
in this article. Note however that several concrete examples (such as the classical
Wright—Fisher model and the above mentioned Dirichlet multinomial model) can be
constructed in both ways, either by sampling or by conditioning. For example, the
Dirichlet multinomial model is obtained by taking N independent and identically
distributed negative binomial random variables X1, ..., Xy with parameter r > 0
and p € (0, 1), so with distribution P(X; = k) = (""" ")p"(1 — p)¥, k € No, and
conditioning on the event that X1 +--- + Xy = N.

The closely related model studied by Schweinsberg [37] differs from ours, since
sampling is performed without replacement from a discrete super-critical Galton—
Watson branching process, as explained in [37, Section 1.3]. In that model, X is
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integer valued and satisfies E(X) > 1. In our model, X does not need to be integer
valued and its mean is allowed to be less than 1. Moreover, the sampling in our multi-
nomial model is with replacement, whereas in Schweinsberg’s model it is without
replacement.

The same multinomial scheme with an additional dormancy mechanism is con-
sidered in the recent work by Cordero et al. [8]. A class of Dirichlet models in the
domain of attraction of the Kingman coalescent is also studied in two recent works
by Boenkost et al. [4, 5] with an emphasis on Haldane’s formula [14]. We refer the
reader to Athreya [1] for some more information on Haldane’s formula.

Fix n € {l,..., N} and sample n individuals from the current generation. For
r € Ny define a random partition HﬁN’") of {I,...,n}suchthati,j € {1,...,n}
belong to the same block of HﬁN’n) if and only if the individual i and j share a com-
mon parent r generations backward in time. The process V" = (ITN"), .,
called the discrete-time n-coalescent, takes values in the space P, of partitions of
{1,...,n}. Asin [15] we are interested in the limiting behavior of the discrete-time
n-coalescent as the total population size N tends to infinity. It is easily seen (and well
known) that the discrete-time n-coalescent is a time-homogeneous Markovian pro-

cess. The transition probabilities p;, = P(Hiﬁ’ln) = 7/ | TN = 7) are given
by

k;
panr = (NEW W) = oV kp), ma'ePu G

if each block of 7/ is a union of some blocks of 7, where j := |7’| denotes the
number of blocks of 7" and ki, ..., k; are the group sizes of merging blocks of 7.
Note that d>E.N)(k1, ..., kj) is defined for all N, j, ki, ..., k; € N. Since the random
variables Wy, ..., Wy are exchangeable and satisfy W; + - - - + Wy = 1, it follows
forall N, j, ki, ..., kj € Nwith j < N that

k

. . k:
(N = DEW - W W) = B(W( - W (Wit + -+ W)

k

=JE(W{“ W

"A= (Wi + -+ W)))

J
kj k ki1 5 ki k; kj
=EW - W) = Y EW W WA W W,

i=1

Multiplication by (N); (= 0 for j > N) shows that the consistency relation

(N)
oV (ki ..., k))
N 4 N
=Wkt ok D+ Y Nk ke L ki k) ()
i=1

holds for all N, j, k1,...,k; € N. Moreover, for all j,/ € N with j > [ and all
ki,....kj,my,...,m; € Nwithky > my, ..., k; > my, the monotonicity relation

O ki, k) < @M my L om) ®
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holds. Note that (5) follows from (4) by induction on the difference d := j — [ € Np.
We refer the reader to [30, Definition 2.2] and the remark thereafter for similar state-
ments and proofs for the full class of Cannings models. Choosing j = 1 and k1 = 2
in (3) shows that two individuals share a common ancestor one generation back-
ward in time with probability cy := dJEN) 2)=N ]E(le), the so-called coalescence
probability. We also introduce the effective population size N, := 1/cy. Note that
cy = NE(W}) > N(E(W)))> = 1/N or, equivalently, N, < N. All Cannings
models having an effective population size strictly larger than N (such as the Moran
model having effective population size N, = N(N — 1)/2 > N for N > 4 and most
of the extended Moran models studied by Eldon and Wakeley [11] and Huillet and
Mohle [18]) therefore do not belong to the class of models we are dealing with in this
article.

General results for Cannings models concerning the convergence of their ge-
nealogical tree to an exchangeable coalescent process as the total population size
tends to infinity are provided in [32]. For information on the theory of exchangeable
coalescent processes we refer the reader to Pitman [33], Sagitov [34] and Schweins-
berg [35, 36]. Coalescents with multiple collisions (A-coalescents) are Markovian
stochastic processes taking values in the set of partitions of N. They are characterized
by a finite measure A on the unit interval. Important examples are Dirac-coalescents,
where A = §, is the Dirac measure at a given point a € [0, 1], including the promi-
nent Kingman coalescent (Kingman [26, 25, 27]), where A = § is the Dirac mea-
sure at 0, and the star-shaped coalescent, where A = §;. Other important examples
are beta coalescents, where A = f(a, b) is the beta distribution with parameters
a,b > 0, including the Bolthausen—Sznitman coalescent, where A is the uniform
distribution on the unit interval (a = b = 1).

The full class of exchangeable coalescent processes ( E-coalescents) allowing for
simultaneous multiple collisions of ancestral lineages is characterized by a finite mea-
sure E on the infinite simplex A = {x = (x1,x2,...) : x1 = x2 > --- > 0,
322, xi < 1}. An example is the two-parameter Poisson-Dirichlet coalescent with
parameters @ > 0 and 6 > —«, where the characterizing measure v(dx) := E(dx)/
Z?il xiz on A is (by definition) the Poisson—Dirichlet distribution v = PD(«, 6) with
parameters @ > 0 and & > —o«. For more information on the Poisson—Dirichlet co-
alescent we refer the reader to Section 6 of [31]. In most studies, continuous-time
coalescent processes (IT;);er with index set T = [0, co) are considered. Note how-
ever that all E-coalescents can as well be introduced with discrete time 7 = Ny.
In this case one speaks about a discrete-time E-coalescent (I1,),cn,. The following
terminology is taken from [16, Definition 2.1].

Definition 1. (i) A Cannings model is said to be in the domain of attraction of a
continuous-time coalescent [T = (I1;);>0 if for each sample size n € N the time-
scaled ancestral process (H(Li\;’c'jv) Pi0 converges in Dp, ([0, 00)) to ™ as N — oo,
where [T" = (an))tzo denotes the restriction of IT to a sample of size n.

(i1) Analogously, a Cannings model is said to be in the domain of attraction of a
discrete-time coalescent IT = (I1,),cn, if for each sample size n € N the ancestral

process (HgN‘"))reNO converges in Dp, (Np) to 1™ as N — oo, where 1™ =
(1'15")),61\1O denotes the restriction of IT to a sample of size n.
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Conditions on the tails of the distribution of X are provided which ensure that
the population model with the offspring distribution (1) is in the domain of attraction
of some exchangeable coalescent process. The tail condition is of the standard form
P(X > x) ~ x7%(x) as x — 0o, where « > 0 and ¢ is a function slowly vary-
ing at oo. The results are collected in Theorem 1 in Section 2. It turns out that the
three parameter values o € {0, 1, 2} are boundary cases. Consequently, six different
regimes (o > 2,0 =2, € (1,2),¢ = 1, € (0, 1) and @ = 0) are considered lead-
ing to different limiting behaviors of the ancestral process. Theorem | also provides
the asymptotics of the coalescence probability cy as N — oo for all six cases. In
Section 3 some illustrating examples are provided including the case studied in [15]
when X is Pareto distributed. The proofs are provided in the main Section 4. They
are based on general convergence-to-the-coalescent theorems for Cannings models
provided in [32] and combine (Abelian and Tauberian) arguments from the theory of
regularly varying functions in the spirit of Karamata [20-22] with techniques used
by Huillet [15] for the Pareto case and by Schweinsberg [37] for the related model
where the sampling is performed without replacement.

2 Results

For most of the results it is assumed that there exist a constant &« > 0 and a function
£:(0,00) — (0, c0) slowly varying at oo such that

P(X > x) ~ x %“l(x), X — 00. (6)

Our main result (Theorem 1) clarifies the limiting behavior of the ancestral structure
of the Cannings model with the offspring distribution (1) as the total population size
N tends to infinity under the assumption (6). It turns out that the parameter values
a € {0, 1,2} are boundary cases. It is hence natural to distinguish six regimes cor-
responding to the parameter ranges o« > 2, ¢« = 2, @ € (1,2), ¢ = 1, a € (0, 1)
and @ = 0. In order to state the result it is convenient to introduce the function

£*: (1, 00) = (0, 00) via
F(x) = /xg(t—t)dt. 7)
1

Note that £* is nondecreasing, slowly varying at oo and satisfies £(x)/£*(x) — 0 as
x — 00, see, for example, Bingham and Doney [3, p. 717 and 718] or Eq. (1.5.8) on
p. 26 of Bingham, Goldie and Teugels [2] and the remarks thereafter. More precisely,
for every A > 0, as x — 00,

* _ px Ax A A
POOZEW | L0 0] g
£(x) L(x) Jy t 1 L(x) u 1 u

where the convergence holds by the uniform convergence theorem for slowly varying

functions. Thus, £* is a de Haan function (with £-index 1) and hence slowly varying.

For general information on de Haan theory we refer the reader to Chapter 3 of [2].
The main (and only) result of this article is the following.
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Theorem 1. For the Cannings model with the offspring distribution (1) the following
assertions hold.

(i) If E(X?) < oo (in particular if (6) holds with « > 2) then the model is in
the domain of attraction of the continuous-time Kingman coalescent and the
coalescence probability cy satisfies cy ~ p/(u>N) as N — 0o, where i :=
E(X) and p = E(X?).

(ii) If (6) holds with « = 2 then the model is in the domain of attraction of the
continuous-time Kingman coalescent and the coalescence probability cy sat-
isfies cy ~ 20(N)/(u*N) as N — oo, where j := E(X) and €* is defined
via (7).

(iii) If (6) holds with o € (1, 2) then the model is in the domain of attraction of the
continuous-time A-coalescent with A := B(2 — o, ) being the beta distribu-
tion with parameters 2—o and o.. Moreover, the coalescence probability cy sat-
isfiescy ~ aBQR—a, )u “4(N)/N* ' =T Q—a)T(a+ 1) “4(N)/N*!
as N — oo, where ju := E(X).

(iv) If (6) holds with o = 1, then the model is in the domain of attraction of the
continuous-time Bolthausen—Sznitman coalescent. If (an)neN IS a sequence
of positive real numbers satisfying £*(ay) ~ ay/N as N — oo, where €*
is defined via (7), then the coalescence probability cy satisfies cny ~ £(an)/
£*(an) ~ Ne(an)/an as N — oo.

(v) If (6) holds with a € (0, 1), then the model is in the domain of attraction of
the discrete-time E-coalescent, where the characterizing measure v(dx) =
E(dx)/ Z?il xi2 is the Poisson—Dirichlet distribution v = PD(«, 0) with pa-
rameters a and 0 := 0. The coalescence probability satisfies cy — 1 — a as
N — 0.

(vi) If (6) holds with o = 0, then the model is in the domain of attraction of the
discrete-time star-shaped coalescent and the coalescence probability satisfies
cy —> las N - oo.

In particular, for the first four cases (i)—(iv), cy — 0as N — oo.

The six cases of Theorem 1 are summarized in Table 1. In the table, u := E(X),
o = E(X?), *(x) := flx L(t)/tdt, x > 1, and (ay)neN is a sequence such that
£*(ay) ~an/N as N — oo.

Remark 1. If £(x) = C for some constant C > 0, then £*(x) = Cf1 ~ldr =
Clogx as x — o0o. Assume now in addition that « = 1. In this case, in part (iv)
of Theorem 1 one can choose a; := 1 and ay := CNlogN, N € N\ {1}. The
coalescence probability thus satisfies cy ~ CN/ay ~ 1/log N, in agreement with
Proposition 6 of Huillet [15] for the Pareto example P(X > x) = 1/x,x > 1. The
same asymptotics for the coalescence probability holds for the related model consid-
ered by Schweinsberg (see [37, Lemma 16]) and, for example, when X is discrete
taking the value k € N with probability P(X = k) = 1/(k(k + 1)).
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Table 1. Asymptotics of the ancestry of mixed multinomial Cannings models of the form (1)
under the tail condition P(X > x) ~ x~%£(x) asx — o0

Condition Limiting coalescent Coalescence probability
E(X?) < 00 Kingman ~—_
(x?) g N
20%(N
a=2 Kingman ~ 2( )
u=N
re—-or 1e¢(N
l<a<?2 B2 —a, ) ~ ( o)l + DEN)
ue No—1
14 Nt
a=1 Bolthausen—Sznitman ~ (@) ~ @)
*(an) ay
ae(0,1) discrete time PD(«, 0) ~1—-«
a=0 discrete time star-shaped ~1

Remark 2. One may doubt that Theorem 1 is valid when X takes values close to
0 with high probability such that E(1/Sy) = oo for all N € N. Typical examples
of this form arise when the Laplace transform ¢ of X satisfies ¥ (u) ~ L(u) as
u — oo for some function L slowly varying at co, or, equivalently (see Feller [12],
p. 445, Theorem 2 and p. 446, Theorem 3), if P(X < x) ~ L(1/x) asx — 0.
A concrete example is P(X < x) = 1/(1 —logx),0 < x < 1. In this case, L(x) =
1/logx, x > 0, and, hence, E(1/Sy) = [;°(¥ )V du = oo for all N € N. By
Theorem 1 this model is in the domain of attraction of the Kingman coalescent, since
E(X?) < oc.

The finiteness or infiniteness of E(1/Sy) turns out to be irrelevant for the state-
ments in Theorem 1, since the convergence results of Theorem 1 solely depend on
the limiting behavior of the joint moments of the weights Wy, ..., W; as N — oo.
For example (see Lemma 3), the asymptotics of E(Wlp ), p > 0,as N — oo is deter-
mined by the values 1 () of the Laplace transform 1 for values of u close to 0. For
any fixed 6 > O the values u > § do not play any role.

Conjectures and open problems.

Theorem 1 should also hold for Schweinsberg’s model [37], since sampling with-
out replacement (instead of sampling with replacement) should neither influence the
asymptotics of the coalescence probability nor the limiting processes arising in Theo-
rem 1. Note that in [37] the subclass of models without replacement is studied where
the function £ in (6) is constant. We leave the analysis of Schweinsberg’s model under
the more general assumption (6) for the interested reader.

In contrast, conditional branching process models [16, 17, 19] seem to be harder
to analyse and behave quite differently in general. Even for the subclass of so-called
compound Poisson models, only partial results are available. Theorems 2.2 and 2.3
of [19] clarify that many unbiased compound Poisson models are in the domain of at-
traction of the Kingman coalescent, and [19, Theorem 2.5] (subcritical case) demon-
strates that the limiting behavior of compound Poisson models can differ substantially
from all scenarios arising in Theorem 1. To the best of the authors knowledge, the
limiting behavior of the ancestral structure of unbiased conditional branching process
models as N — oo under assumptions of the form (6) has not been fully addressed
in the literature. We leave this analysis for future research.
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3 Examples

Example 1 (Pareto distribution). Let X be Pareto distributed with parameter o« > 0
having tail probabilities P(X > x) = x~*, x > 1. Clearly, (6) holds with £ = 1, so
Theorem 1 is applicable. Note that E(X?) < oo if and only if p < « and in this case
E(X?)=«a floo xP~¢"ldx = a/(a— p). In particular . := E(X) = a/(a—1) < 00
fora > land p := E(X?) = o/(¢—2) < oo fora > 2. By Theorem 1, for ¢ > 2 the
model is in the domain of attraction of the Kingman coalescent, for « € [1, 2) in the
domain of attraction of the B(2 — «, v)-coalescent, and for « € (0, 1) in the domain
of attraction of the discrete-time Poisson—Dirichlet coalescent with parameter «.
Note that £*(x) = flx 1/tdt = logx, x > 1. In part (iv) of Theorem 1, we can
therefore choose ay := Nlog N and obtain cy ~ L(ay)/L*(ay) = 1/€*(an) ~
1/log N as N — oo. Thus, by Theorem 1, the coalescence probability cy satisfies

o = % ifa > 2,
% — lggNN ifa =2,

N~ % ifa e (1,2),
10g1N ifa =1,

|~ ifa € (0, 1).

For o > 2 these results coincide with Proposition 7 of [15] with § = 0, for ¢ = 2
with Proposition 9 of [15], for « € (1,2) with Lemma 4 and Proposition 5 of [15]
with 8 = 0, for « = 1 with Proposition 6 of [15] with 8 = 0, and for & € (0, 1) with
Theorem 3 of [15] with 8 = 0.

The Pareto example is easily generalized in various ways by replacing £ = 1 by
some other slowly varying function. For example, choosing for £ (a power of) the
logarithm leads to the following example.

Example 2. Fix o > 0 and assume that X has tail behavior P(X > x) ~ x~%€(x) as
x — oo with £(x) := c(log x)ﬂ’l, x > 1, for some constants ¢ > 0 and 8 > 0. This
example includes the Pareto model (¢ = B = 1). Clearly, (6) holds, since ¢ slowly
varies at co. By Theorem 1, for ¢ > 2 the model is in the domain of attraction of the
Kingman coalescent, for @ € [1, 2) in the domain of attraction of the 8(2 — «, «)-
coalescent, for @ € (0, 1) in the domain of attraction of the discrete-time Poisson—
Dirichlet coalescent with parameter «, and for « = 0 in the domain of attraction of
the discrete-time star-shaped coalescent. Note that

X b p—1
0 (x) = / 0 4 = c/ g™ 4 — Saogn)f. x> oo
1 t 1 t :3

The asymptotics of the coalescence probability cy as N — oo can hence be ob-
tained from the formulas provided in Theorem 1. In particular, for « > 1 the asymp-
totics of ¢y depends on the concrete value of u := E(X). For « = 1 the asymp-
totics of ¢y is obtained as follows. The sequence (ay)nyen, defined via a; := 1 and
ay = (¢/B)N(og N)? for N € N\ {1}, satisfies £*(ay) ~ (c/B)(ogan)? ~
(c/B)(log N)# = ay/N as N — oo. By Theorem 1 (iv), the coalescence probability
cy satisfies ey ~ L(an)/€*(an) ~ B/log N as N — oo.
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For illustration three examples with discrete X are provided.

Example 3 (Yule-Simon distribution). Let X be Yule—Simon distributed [28, 38]
with parameter « > 0 having distribution P(X = k) = aB(a¢ + 1,k) = ol'(o +
DIC(k)/T(x 4+ 1+ k), k € N, where B(., .) and I"(.) denote the beta and the gamma
function respectively. It is easily checked that P(X > k) =T'(a¢+ DI'(k+ 1)/ 'k +
a + 1), k € Nyp. In particular, P(X > x) ~ I'(e + 1)x™* as x — oo. Thus, (6)
holds with £ = I'(e + 1). Note that E((X)x) < oo if and only if k¥ < « and in
this case E((X)r) = ak!B(a — k, k). In particular, u = E(X) = a/(a¢ — 1) for
a > land E((X)2) = 2a/((a¢ — 1)( — 2)) for « > 2, which yields p = E(X?) =
o2 /(e — D(a —2)) fora > 2. By Theorem 1, for ¢ > 2 the model is in the domain
of attraction of the Kingman coalescent, for « € [1, 2) in the domain of attraction
of the B(2 — «, av)-coalescent, and for « € (0, 1) in the domain of attraction of
the discrete-time Poisson—Dirichlet coalescent with parameter . Note that £*(x) =
INCES 1)f1x 1/tdt =T'(¢ + 1)logx, x > 1. In part (iv) of Theorem | we can thus
choose ay := I'(e + 1)N log N and obtain cy ~ £(ay)/€*(any) = 1/logay ~
1/log N as N — oo. Thus, by Theorem 1, the coalescence probability cy satisfies

a—1

o .
m = —(a—Z)N ifa > 2,
Zf;(]]\y) _ IOiN ifoa = 2,
~ p— 2 .
v~ ) et g ¢ (1,
@ ifa=1,
11—« ifa € (0, 1).

The Yule-Simon model is a discrete analog of the Pareto model discussed in Ex-
ample 1. We refer the reader to Kozubowski and Podgoérski [28] for some further
information on Sibuya and Yule—Simon distributions.

Example 4 (Sibuya distribution). Let X be Sibuya distributed with parameter o €
(0, 1) having probability generating function f(s) = 1 — (1 — 5)%, s € [0, 1].
Note that f(s) = Y g2, (—DF!(%)s*, so X takes the value k € N with proba-
bility P(X = k) = (—l)k_l(Z) = o'k — a)/(I'(1 — w)k!). The Laplace trans-
form ¢ of X satisfies 1 — Yy (u) =1 — f(e™) =1 —-—e™)* ~u*asu — 0,
i.e. relation (2.1) of Bingham and Doney [3] holds withn = 0, 8 = o € (0, 1)
and L = 1. By Theorem A of [3] this relation is equivalent (see Eq. (2.3b) of [3])
to P(X > x) ~ ('l — @))"'x~® as x — oo, which shows that (6) holds with
¢ =1/T'(1 — a). Part (v) of Theorem 1 ensures that the model is in the domain of
attraction of the Poisson—Dirichlet coalescent with parameter o and the coalescence
probability cy satisfies cy — 1 — o as N — oo. The same results are valid when
X is a-stable, @ € (0, 1), with Laplace transform v (1) := e ", u > 0, since in this
case the same asymptotics 1 — ¥ (u) ~ u® as u — 0 holds. In this sense the Sibuya
example is a discrete version of the «-stable case with « € (0, 1).

Example 5. Let o € (1,2) and b € (0, 1/( — 1)]. Assume that X has probability
generating function f(s) = (b + 1)s + b((1 — 5)* — 1), s € [0, 1]. Note that X
is discrete taking values in N with probabilities p; := P(X = k), k € N, given by
p1=b+1—baand p; = b(—l)k(‘,’é) =bl'(k —a)/(T'(—a)k!) fork € {2,3,...}.
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From f'(s) = b+ 1 — ba(l — 5)*~ ! it follows that u := E(X) = f'(1) = b+ 1.
The Laplace transform v of X satisfies ¥ (u) — 1 4+ (b + Du ~ bu® asu — 0, i.e.
relation (2.1) of Bingham and Doney [3] holds withn = 1,8 = o — 1 € (0, 1),
and L = b. By Theorem A of [3] this relation is equivalent (see Eq. (2.3b) of [3])
to P(X > x) ~ b(=T'(1 —a))"1x~% as x — oo, which shows that (6) holds with
£(x) =b/(—T (1 — «)). By Theorem 1 (iii) the model is in the domain of attraction
of the B(2 — a, a)-coalescent and cy ~ (o — DI (a + Db/ (u*N* 1) as N — oo.
We close this section with a concrete example belonging to the boundary case (vi)
(¢ =0).
Example 6. Let 8 > 0.If P(X > x) = 1/(1+logx)?, x > 1,then P(X > x) ~ £(x)
as x — oo with £(x) := 1/(log x)B. By Theorem 1 (vi), the model is in the domain
of attraction of the discrete-time star-shaped coalescent and cy — 1 as N — oo.

4 Proofs

The following auxiliary result (Lemma 1) is a modified version of Lemma 5 of
Schweinsberg [37], adapted to our model. The result may be also viewed as a weak
version of Cramér’s large deviation theorem (see, for example, [10, Theorem 2.2.3]).
Recall that i := E(X) € (0, oc].

Lemma 1. For every a € (0, n) there exists q € (0, 1) such that P(Sy < aN) < qN
forall N € N.

Proof. Let f denote the moment generating function of ¥ := X/a, ie. f(x) :=
E(x"), x € [0, 1]. From E(x¥/) > fio _ \x¥/*dP > xVP(Sy < aN) it fol-
lows that P(Sy < aN) < x VNE@3V/*) = (x~1 f(x))N for all x € (0, 1]. Since
f() = 1 and f'(1) = E(Y) = wu/a > 1, there exists xog € (0, 1) such that
f(x0) < x9. The result follows with g := xo_lf(xo). U

We now prove part (i) of Theorem 1.

Proof of Theorem 1 (i). We first verify that Ncy — p/u? as N — oo. We have

2
Ney = N*E(W?) = N2/ E((L) )Px(dx)
(0,00) X+ Sn-1

= / Sn () Px (dx),
(0,00)

where fy(x) ;= E((x/(x/N+Sn_1 /N))z). By the law of large numbers, (x/(x /N +
Sn—1/N)?* — (x/w)? almost surely and, hence, also in distribution as N — oo. For
any r > 0 the map x +— x A r is bounded and continuous on [0, co). Thus,

2
liminf fy(x) > limianE(( ) /\r) = (x/,u)z/\r.
N—00 N—o0

x SN-1
vt N

Letting r — oo yields liminfy_, o0 fi (x) > (x/u)?. Therefore, by Fatou’s lemma,

liminf Ney = liminf/ Sn@x) Px(dx) > / (x/w?Px(dx) = %
N—o00 N (0,00) "

— 00 (0,00)
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In order to see that limsupy_, ., Ncy < p/u? fixa € (0, ). By Lemma 1 there
exists g € (0, 1) such that P(Sy <aNlN) < qN for all N € N. Therefore,

Ney = NZE(W]) = N?E(Wiisy<an)) + N E(X1/S8)* 1 (sy=an})
< N?P(Sy < aN)+ NE((Xi/@N)?) = Nq¥ + 2 - £
a a

as N — oo. Thus, limsupy_ o Nexy < p/a*. Letting a 1 p shows that
limsupy_, o Ney < p/u?and Ney — p/u? is established.

It is well known (see [29, Section 4]) that any sequence of Cannings models
with population sizes N is in the domain of attraction of the Kingman coalescent
if and only if CDEN) (3)/cy — 0as N — oo. Thus, we have to verify that E(Wf)/
IE(WIZ) — 0as N — oo. Since E(le) > EW)))? = 1/N2 it suffices to verify that
N2]E(W13) — 0as N — oo. Fix again @ € (0, i) and choose ¢ € (0, 1) as above.
We have

N2E(W;) = N*E(W]1sy<any) + N?E(W; 1 (sy=an))-

Since NZ]E(WEI{SNSQN}) < N?P(Sy < aN) < N%¢N — 0as N — oo it remains
to verify that N2E(W; 1(s,~an}) — 0as N — co. We have

NzE(Wfl{SN>aN}) = NZE(X?S]\_/31{SN>anX1§aN})
+NZE(W; (s, >an, X1 =an})

IA

1
mE(X31{X§aN}) + N*P(X > aN).

Clearly, N’P(X > aN) < a?E(X’lix=qn}) — 0as N — oo, since p :=
E(X?) < oo. It hence remains to verify that N_lE(X?’l{XSaN}) — Qas N — oo.
Let ¢ > 0. Choose L sufficiently large such that IE(XZI{ x>1)) < €/(2a). Then, for
all N e Nwith N > 2pL /e,

NTEXC 1 x<any) = NT'EXlix<an.x<r) + NTTEX3 11 x<any)
& £
= NTLp+aE(XClixer) = 545 =8
which shows that N~'E(X3 1 {x<4n)) — 0as N — oc. O

We now prepare the proofs of the parts (ii) and (iii) of Theorem 1. We need the
following two auxiliary results.

Lemma 2. If(6) holds for some o > O then for all p > «,

14 —
E(( : )) ~ e a)x_“ﬁ(X), x — 00,
X +x T'(p)

X \? P _
E ~ x"%(x), X — 00.
XVx p—o

and
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Proof. Let T be a nonnegative random variable and f : [0, c0) — R be a continuous
and piecewise continuously differentiable function such that f(7') is integrable. Then,

E(f(T)) — f(0)
=/ (f@) = f(©)Pr(dx) = / f'(@®) A(dt) Pr(dx)
[0,00) [0,00) J[0,x)

=/ f'( Pr(dx) A(dt) = /oof/(t)IP’(T > t)dt. (8)
[0,00) (1,00) 0

Let x > 0. Applying (8) to T := X/x and f(¢) := (¢/(t + 1))? shows that

X p 00 ptp_l
IE(<X+x> ) - /0 WP(X>Xt)dt.

By Theorem 3 of Karamata [22], applied to the function ¢(x) := P(X > x), which
is regularly varying at co with index y := —a, it follows that, as x — oo,

X P ptP~ ! P
E((XH)) N P(X”)/ TSR

Mo+ DHI'(p — @)
I'(p)

The same steps, but applied to f(¢) := (¢/(¢ Vv 1))?, show that

E(<X)\(/x>p)

= P(X >x)

/oo fOPX > xt)dt ~ P(X > x)/Oo (O ar
0 0

1
- PX >x)/ ptP= el = P(X > x)—L
0 p—

Lemma3. forall je{l,...,N}and py,...,p; >0,

EW/" - w!') = T )/ uP 1 E(e75N- f)]_[E(XP’ Xydu, ()

i=1

where p := p1+---+p; and Sy := 0. Moreover, for any fixed j € N the asymptotics
of the latter integral as N — o0 is determined by the values of u close to 0, i.e. for
any fixed j € Nand § > 0, as N — 00,

1 ) J
E(W/' - Wiy ~ o ) u B S [EXP e ) du. (10)
i=1

In particular, for any fixed § > 0,

1 )
v = E(W;) ~ / E(Xe “X)E(e V1) du, N — oo. (11)
0
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Remark 3. The fundamental relation (9) is well known from several references (see,
for example, Cortines [9, Proposition 4.4] or Huillet [15]).

Proof. Let j € {1,..., N} and py,..., p; > 0. From the representation Sl;p =
(C(p) ™" [ uP=Te™SN du it follows that

1 o .
= —/ u”_lE(Xf'~-~XI-7’e_”SN)du
I'(p) Jo !

1 /OO e Cux
= — | T EE S TTEXP e ) du,
I'(p) Jo n

i=1

which is (9). To check (10) fix j € N and § > 0 and let ¥ denote the Laplace
transform of X. Decompose IE(WI‘Dl . Wf’) = An + By with

T /
Ay = —/ uP 1R Sv=i) [ TE(XP e %) du
I'(p) Jo E

and )
1 * 1 S - X
By = —/ uP='E(e N0y | | E(XPie ™) du.
L'(p) Js E
The map u +— E(e #5N-1) is nonincreasing on [0, co). Thus,

1

—3SN—j
By < E(e )F(p)

. J
s i=l1

and

8/2 J .
Ay = %p) /0 uP*‘E(e*”SN*f)EE(X"fe*“X)du > ey (/2N

with constants

1 /
c1 = ci(pt,...,pj,8) = —/ uP T TEXPie Xy du
! L(p) Js 11

and
. , . 1 52 p—1 ! pi ,—uX
¢ = ca(p1,..., pj,08) = ﬁp)[o u EE(X e )du.
Note that 0 < ¢1, ¢ < oo and that ¢1 and ¢ do not depend on N. Thus,

_ BV Wi By L @)Y
- AN Ay T a@e/2N

c1< ¥ (8) )Nf
+ — —
2 \¥(5/2)
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as N — oo, since ¥ (5/2) > ¥ (8). Eq. (11) follows by choosing j := 1 and p; :=1
in (10). O

We now turn to the proofs of the parts (ii) and (iii) of Theorem 1. We first consider
part (iii) (1 < a < 2). The boundary case o« = 2 (part (ii) of Theorem 1) will be
studied afterwards.

Proof of Theorem 1 (iii). The idea of the proof is to apply the general convergence
result [32, Theorem 2.1]. Having (3) in mind the main task is to derive the asymptotics
of the moments of Wj or, more generally, the asymptotics of the joint moments of

the random variables Wy, ..., W; as N — oo. The following proof is based on
Schweinsberg’s [37] method. We first verify that
(LN)* k
E(W{) = aBk — «, o), ke N\ {1}. 12
Nl_r)nooﬁ(N) (W)) = aBk — o, ) \ {1} (12)

For all A > u := E(X), by the law of large numbers, P(Sy_1 < AN) — 1 as
N — oo. Thus,

E(Wf) > EWlxyttxy<iny)

X1 k
> E{| ———— P(X o4+ Xy < AN
> ((XH—AN)) (Xo+---+ Xy <AN)

<< . )k) o
E ~ aB(k — o, @) , N — o0,
X +AN (AN)“

where the last asymptotics holds by Lemma 2, since £ is slowly varying at co. Multi-
plication with N*/£(N) and taking lim inf shows that

¢

NO{
liminfz E(W)) > aB(k —a, @) /A%,

N—oo £(N)

Letting A | w it follows that lim infy_, oo N“/E(N)E(Wlk) > aBk — o, a)/u”.
To handle the lim sup, fix a € (0, ) and decompose
EWD) = EW{ 1ttt xyzan) + BVttt xy=any)-

From Lemma 1 it follows that there exists Ny € Nand g € (0, 1) such that P(Sy_1 <
aN) < g forall N > Ny. Thus, E(Wf1{x,4.txy<an) < P(Xo+ -+ Xy <
aN) =P(Sy_1 <aN) < ¢" forall N € N with N > Njp. It hence suffices to verify

that
N)*

. 7
lim sup E(W{1(x, 4t xy=an) = Bk —a, ). (13)
In order to see this, let A € (a, n) and decompose

E(W{ (x4t Xy =aN})

= E(Wfl{aN<X2+-~+XN§)LN}) + E(Wlkl{X2+---+XN>AN})

<E LkPS < AN)
< <<X1+aN>> Sy-1 =
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IE(( Xi )k)IP S AN)
+ m (Sn—-1 > .

The two expectations on the right hand side are both O (¢(N)/N%) by Lemma 2.
Moreover, P(Sy—1 < AN) — 0 and P(Sy—; > AN) — 1 as N — oo. Therefore,
only the last term contributes to the lim sup, and we obtain

o

li E(WK x4
11{,11_)8;10135(]\/) Wilxo++xy>any)
N¢ X k
< lim sup IE<< ! ) )]P’(SN_l > AN)
Nooc L(N) X{+ AN
N« L(AN
~ aB(k — o, o) @.N) = aBk — o, ) /A%,
L(N) (AN)“

Letting A 1 @ shows that (13) holds. Thus, (12) is established.

Choosing k = 2 in (12) yields the asymptotic formula for the coalescence proba-
bility cy = N E(le) stated in Theorem 1 (iii). In particular, cy = O(U(N)/N a=ly,
In summary we conclude that

oMk  EW)H Tk — a)

D Z/ *2Adx), N — oo,
cN E(W?) FOre2 —a) ©,1)

where A := B(2 — «, @) denotes the beta distribution with parameters 2 — « and «.
Moreover,

2y2
XIXZ
(X1 VaN)2(X, VaN)?

_ (& X2 2 2 €@N)\?

B (X vaN)? 2 — o (@aN)®

— 0 ((z(N»Z)

- N2« ’
Since cy > K&(N)/N*~! for some K > 0 it follows that <I>§N)(2, 2)/en =
O(E(N)/N""l) = O(cy) —> 0as N — oo. Thus, for all j, ky,...,k; € N\ {1},
cb;N’(kl, o kpyjen < dV(2,2) /ey — 0as N — oo, By [32, Theorem 2.1], the
model is in the domain of attraction of the 8(2 — «, r)-coalescent. O

E(WEW3i1(sy=an)) < E(

We now turn to the boundary case o = 2, so we prove part (ii) of Theorem 1.

Proof of Theorem 1 (ii). For all x > 0,
o
E(X*1(x=x) = / P(X*1(x<yx} > y)dy
0

o0 X
=f 2UP(X? lx<y) > 12 dr = / APt < X < x)dt
0 0

- fx 2%(P(X > 1) —P(X > x))dr = / UP(X > 1) dt — x2P(X > x).
0 0
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Since [ tP(X > 1)dr ~ [e@®)/tdt = £*(x), ¥*P(X > x) ~ £(x), and
L(x)/€*(x) — 0asx — oo, it follows that E(le{xix}) ~ 20*(x) as x — Q.
Thus, relation (2.3¢) of Bingham and Doney [3] holds with n = 1 and L := £*. This
relation is equivalent (see (2.4) in Theorem A of [3]) to " (1) ~ 2£*(1/u) as u — 0.

Recall that cy = N]ET(le). We now verify the asymptotic relation cy ~
2u~2¢*(N)/N as N — oo or, equivalently, that

2

lim
N—oo £*(N)

2

EW}) = —. (14)
"

We have

E(W?) = /Ooo uy" (W)E(e N1y du = %/()ootw”(t/N)E(e’SNl/N)dt.

Multiplication by N%/¢*(N) and Fatou’s lemma yield

NZ 00 "IN
lim inf E(W2) > / liminf Y /N)
N—oo £*(N) 0 N-ooo £*(N)

o0
2
/ 2te M dr = —,
0 n

since ¥ (t/N) ~ 2£*(N/t) ~ 20%(N) and E(e7"SV-1/N)y 5 ¢=H! 33 N — 0. To
see that limsupy_, o, [*(N)]E(Wz) < 2/u?, fixa € (0, u). By Lemma 1 there exists
No € Nand g € (0, 1) such that P(Sy—_; < aN) < qN for all N € Nwith N > Nj.
Noting that E(lel{xﬁ.i._kx,vfam) < P(Sy—-1 < aN) < qN, it suffices to verify
that

E(e "SV-1/N) g

2

N
N—oo £¥(N) Tou

In order to see this, let A € (a, ) and decompose ]E(lel{xz+...+XN>aN}) =
E(W?1a,) + E(Wi1g,), where Ay := {aN < Xo +---+ Xy < AN} and
By :={X>+4+---4+ Xy > AN}. We have

2
lim sup EWi 1 (x, 4t xy=an) < —5- 15)

N E(Wila,) = i f ww//(u)E(e_uM N<Sy_1<any) du
£%(N) 1 AN *(N) Jo {aN<Sy_1=<AN}

< PSy-1 = kN)Z*(N) /00 uy” (u)e N du

= P(Sy_i §AN)£*(N)/ ty"(t/N)e " dt

~ P(Sy-1 =AN)

i 7(1!
K*(N)w a /N)/ d

~ P(Sy_1 < )»N)—z — 0, N — o0,
a

where the second last asymptotics holds by Theorem 3 of Karamata [22], applied
with f(¢) := te™ and ¢ := ", which is slowly varying at 0. For the second part
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we obtain
2 2 N2 oo " —us,
ﬁ*(N)E(Wl Igy) = W./O uy” (WE(E N gy_ >any) du
N2 [N
< 2 uy (ue du
- Z*(N)/ 1y (t/N)e ™ dr

1//”(1/N)/ te Mdr ~ 2
0

£*(N) 22’

where the second last asymptotics holds again by Theorem 3 of Karamata [22], now
applied with f(¢) := te~" and ¢ := /" Therefore,

2
2
lﬁljgop ) EWT 1{x,4-+Xy>aN))
2 N2
< i E(W21 1 E(W21
= fmsup g vy Vi) +limsup o BV Lsy)
2 2

Letting A 1 p shows that (15) holds. Thus, (14) is established. The rest of the proof
now works as follows. By the monotone density theorem (Lemma 4), applied with
p =0,
—uy” @) —uy @
v’ (u) 205(1/u)
Thus, for every & > 0 there exists § = §(¢) > 0 such that —uv"”'(u) < ey¥”(u) for
all u € (0, 8). Therefore, together with Lemma 3, as N — oo,

— 0, u— 0.

1 )
EW) ~ 3 /0 u? (=" ) (¢ )" du

e [° ” N—1 € 2
< E/ uy” () (Y (1)) du ~ EE(WI)'
0

Thus, lim supy _, o IE(W13 ) /E(le) < g/2. Since ¢ can be chosen arbitrarily small, it
follows that limy 0o @) (3) /ey = limy_, oo E(W?)/E(W2) = 0, which is equiva-
lent (see, for example, [29, Section 4]) to the property that the model is in the domain
of attraction of the Kingman coalescent. O

We now turn to the proofs of the three remaining parts (iv)—(vi) of Theorem 1.
We first consider the case 0 < o < 1 corresponding to part (v) of Theorem 1. The
boundary cases (iv) (¢ = 1) and (vi) (@ = 0) will be considered afterwards. Assume
that 0 < a < 1. Then (6) is exactly Eq. (2.3b) of Bingham and Doney [3] with
n=0,8=ao¢€c(0,1)and L(x) := I'(1 —a)l(x). By [3, Theorem A], (6) is hence
equivalent (see [3, Eq. 2.1)]) to 1 — ¥ (u) ~ u*L(1/u) = I'(1 — a)u*l(1/u) as
u— 0.
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Proof of Theorem 1 (v). For k € Ny and x > 0 define hx(x) := x*P(X > x).
By (6), hx(x) ~ xk’“ﬂ(x) as x — o0o. Karamata’s Tauberian theorem [2, Theo-
rem 1.7.6], applied with U := hy, p := k — «a and ¢ := ['(p + 1), yields for all
k € Ny that hx(u) = u fo7 e xXFP(X > x)dx ~ Tk — o + Du®*e(1/u) as
u — 0. Thus, by (8), forall k € N,

o) = EXre™X) = /Ooi(xke_”x)IF’(X > x)dx
o dx

o0
k~ ~
= / (kx* e — yxke ™ P(X > x)dx = —hp_1 () — he(u)
0 u

~ fr(k —a)u Vg1 /u) = Tk —a + Du* " e(1/u)
u
= al'(k —)u**e1/u), u— 0. (16)

We now turn to the joint moments of Wi, ..., W;. Let a1, az, ... be positive real
numbers satisfying L(ay) ~ ay,/N as N — oo. Moreover, fix some § € (0, 00). The
exact value of § is irrelevant but it is important that § is finite. Let j, ki, ..., k; € N.
Define k := k; +--- + k;. By Lemma 3, as N — o0,

kA
q>§.N)(k1,...,k,-) (N)jE(W{q"'WjJ)

NJ

s J
e ) § LT

i=1

N/ b k—1 tSn—i/ !
t* IR (e~ 15N-j/aN || (t/an)dt.
F(k)aj‘v,/o ( )i:lﬁl)k,(/ V)

Corollary 1, an Abelian result 4 la Karamata provided in the appendix for conve-
nience, applied to xy := 1/ay, fn(t) = tk_lE(e_’SN*/'/“N)1(0,5‘“\,)(t) and ¢ =

{:1 ¢k, » which is regularly varying at O with index Z{:l (¢ — ki) = jo — k, yields,
as N — oo,

NITTL, ex (1/an) (o
T(k)ak, 0

oM k... k) ~ tie TR (e~ SN-ilaNy dr. (17)

In the following the asymptotic relation (17) is used to verify by induction on j € N
that, for all kq, ..., k; € N,

. TG 4 Tk — )
lim @M (k... k) = af! . 18
ym @k k) = @ F(k)EF(l—a) (18)
Since V(1) = NE(W)) = 1, the choice j = k; = 1 in (17) yields
day an 1
/ BTSN aNy gp o~ —— 2~ 2 N — o0, (19)
0 Noi(1/an) a
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where the last asymptotics holds, since ¢;(1/ay) ~ a'(1 — oz)a}v_“ﬁ(aN) and
ay/N ~ L(ay) = I'(1 — a)¢(N). Note that in (19) it is important that § < oo
because otherwise the integral on the left hand side of (19) could take the value co.
For j = 1 and k1 = k € N, (17) thus reduces to
N (1 1 'tk —
oM k) ~ @i ( /zN)_ N (k —a) ’ N - oo,
F'(kay « rerd —ow)

which shows that (18) holds for j = 1. In particular, cy = @™ (2) - 1 —«a > 0
as N — oo. The induction step from j — 1 to j (> 2) works as follows. By the
consistency relation (4) and the induction hypothesis,

oMa,....np = oMa...n-g-neM@r....n

- a1 —a) = /7

Thus, (18) holds for ky = --- = k; = 1 and the choice ky = --- = k; = 1in (17)
yields
8 N .
/aN el etSv-ilany g ~ YDy e TGy
0 NI (gi1(1/an))’ o

Therefore, (17) reduces to

NI T, @i, (1/an) T(j)

N)
oM ky, .. k)~

T (k)ak, o
NGO, @k — )ay“eay)
al (k)ak,
B aj_lF(j)<NF(l—a)€(aN))j L Tk — o)
B I (k) a% o rd—ao
TG fy Tk —
b O EE

riollra-—oa

i=1

since NI'(1 — a)€(ay) = NL(ay) ~ aj as N — oo. The induction is complete.

In summary, ©§N)(k1, ki) > @ik, ..., kj)as N — ooforall j, ki,...,
k; € N. The quantities ¢;(ki, ..., k;) are (see [31, Eq. (16)] for the analogous for-
mula for the rates of the continuous-time Poisson—Dirichlet coalescent) the transition
probabilities of the discrete-time two-parameter Poisson—Dirichlet coalescent with
parameters o and 0. The convergence result (v) of Theorem 1 therefore follows from
[32, Theorem 2.1]. O

Let us now turn to the (boundary) case @ = 1, so we now assume that P(X > x) ~
x~1¢(x) as x — oo for some function ¢ slowly varying at co.
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Proof of Theorem 1 (iv). The proof has much in common with that of part (v). The
details are however slightly different. For all x > 0,

E(X1ix<y)) = / P(X1lix<x) > t)dt = / Pt < X <x)dt
0 0
=/ (P(X >1) —P(X >x))dt = / P(X > 1)dt — xP(X > x).
0 0

Using that [j P(X > 1)dt ~ [, £@)/tdt = £*(x), xP(X > x) ~ £(x) and
£(x)/*(x) — 0 asx — oo, it follows that E(X 1{x<x}) ~ £*(x) as x — oo. Recall
that £* is slowly varying at co. Thus, Eq. (2.3¢c) of Bingham and Doney [3] holds
withn = 0and @« = B = 1 and L := £*, which is equivalent (see [3, Theorem A,
Eq. 2.1)]) to

1—v@w) ~ ul*(1/u), u—0

and as well (see [3, Theorem A, Eq. (2.4)]) equivalent to
o) = EXe ™) = —y'w) ~ €A/u),  u—0.
For k € N'\ {1}, the asymptotic relation
o) = E(XFe™X) ~ Tk — Du'"%e1/u), u—0, (20)

is verified exactly as in the proof of part (v) of Theorem 1. In particular, ¢y is regularly
varying at 0 with index 1 — k, k € Np.

We now turn to the joint moments of Wy, ..., W;. Letay, az, ... be positive real
numbers satisfying £*(ay) ~ ay/N as N — oo. As in the proof of part (v) of
Theorem 1, fix some § € (0, 00). Again, the exact value of § is irrelevant but it is
important that § is finite. Let j, k,...,k; € N. Define k := k; + --- + k;. By
Lemma 3, as N — oo,
kj

1P !
B W~ [ B D [T de

i=1

1 ban Sn_i/ d
= T E(e NN | g (2 /a) dt.
I (k)ay, /o E

Corollary 1, applied to xy := 1/ay, fn(t) = t* TE(eSN=1/%)1 (0 s4y)(t) and
@ := [/, ¢x, which is regularly varying at O with index >7_, (1 — k;) = j — &,
shows that, as N — oo,

T(k)ak, 0

kj

E(W}! W)~ IR (e~ ISN-i/avy dr. (21)

Since E(W;) = 1/N, the asymptotic relation (21) turns for j = k; = 1 into
San
< ~ ay'ei/ay) / E(e"Sv-1/n) dt
N 0

(SaN
~ a;,lﬁ*(aN)/ E(e™"$¥-1/aN) dt,
0
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or, equivalently,
Say
/ E(e~'Sv-1/avydr ~ — N o, N — oo.
0 Ne&x(an)
Therefore, for j = 1 and k = k; € N\ {1}, (21) reduces to

g /ay)  — Llan)

k ~
BV T (k)ak, (k — Day’

N — o0,

since gr(1/ay) ~ I'(k — 1)afv_1€(a1v) by (20). Thus, the coalescence probability cy
satisfies

Ne@y) _ tay)

= NE W2 ~ 07 N ’
N WD an L*(an) o
and
(N) k
oM (k E(W 1
LB _EWD =/ F2AM,  keN\ {1},
N E(WD) k—1 [0.1]

where A denotes the uniform distribution on [0, 1]. To see that simultaneous multiple
collisions cannot occur in the limit, note that (N);E(W W) = 1 —cy ~ 1 as
N — oo, or, equivalently, E(W;W;) ~ 1/N2 as N — oc. Thus, (21) reduces for
j=2and ki =k =1to

1 @ (1/ay) [oov

o~ A7 tE(e"SN-2/anYy 4z
N2 alzv 0 ( )
S
- (E*(aN))2/. an tE(e_tSN_Z/aN) dt,
an 0

or, equivalently,
San 2
/ (E(e~!SN-2/aNY dt ~ (a—N) ~ 1, N — oo. (22)
0 N&*(an)
Therefore, for j = 2 and k1, k» € N\ {1}, (21) reduces to

o (1/an) i, (1/an) F(kl—l)l“(kz—l)(é(azv)>2
T(k)ak, T (k) ’

E(W' W52) ~
an

where the last asymptotics holds since ¢y, (1/an) ~ TI'(k; — l)af\}'_lﬂ(aN) by (20).
In particular, ®5"(2,2) = (NLEWZW}) ~ (N(an)/an)*/6 ~ ¢ /6. For
Joki,...,k;j € N\ {1} it follows from the monotonicity property (5) that
oMk, ... kj) < @ (2,2) = 0(c}). and, therefore, @ (k. ... kj)/en — 0
as N — oo, which shows that simultaneous multiple collisions cannot occur in the
limit.

To summarize, by [32, Theorem 2.1], the model is in the domain of attraction of
the A-coalescent with A the uniform distribution on [0, 1], which is the Bolthausen—
Sznitman coalescent. g
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Remark 4. Suppose that (6) holds with o € (0, 1). Using the same techniques as in
the previous proof, it follows for all j € Nand k1, ..., k; > 2 that

k.
OM(ky, .. k) = (N)EWS - W)

F(Hrtky —1)---Tkj — l)c,- N = oo
(k) Ne ’

where cy ~ Ne(ay)/ay ~ €(ay)/€*(any) — 0 as N — oo. Thanks to the mono-
tonicity property (5) this formula is only needed for j € {1, 2} in the previous proof.

We finally turn to the case o = 0 corresponding to the last part (vi) of Theorem 1.

Proof of Theorem 1 (vi). Let Oy denote the distribution of Xp+---+ Xy 4 Sn—1.
For all p > 0,

X p
EW!) = E(ijl{xz+~~+stN})+/<N )E((X——i—x> )sz(dx)- (23)

From Lemma 1 it follows that there exists g € (0, 1) such that
EW! Lix,txy<n) < P(Sn—1 < N) < ¢V

for all sufficiently large N. By Lemma 2, E((X/(X +x))?) ~ £(x) as x — oo, which
implies that

X P
/ E((x—) >QN(dx) ~/ (@) On(dr), N oo, (24)
(N,00) +x (N,00)

Note that the integral on the right hand side of (24) does not depend on the parame-
ter p. For p = 1, taking E(W;) = 1/N into account, Eq. (23), multiplied by N, turns
into

X
1 = NE(W;1 + N E{ —— dx).
Wilixy+ o+ xy<Ny) o <X+X>QN( )

Noting that, for all sufficiently large N,
NE(Wilx,4ixy<n) < NP(Sy_1 <N) < N¢¥ — 0, N — oo,

it follows that limy —, oo N f(N’oo) E(X/(X 4+ x)) On(dx) = 1, or, equivalently,

1 X
N /(N,oo)E(X+X) Onldo ~ /(N,oo)g(x) Qn (dx). N — oo,

where the last asymptotics holds by (24) for p = 1. Therefore, for every p > 0
the integral in (24) is asymptotically equal to 1/N and it follows from (23) that
NE(W]p) — las N — oo for all p > 0. In particular, cy = NE(le) — 1
as N — oo. Moreover, 5")(2,2) = (N)L:E(W2WZ) < (N)EW Wa) = 1 —
cy — Oas N — oo. Thus, for all j.ki,....k; € N\ {1}, @V (ky,... . kj) <
(DéN) (2,2) - 0as N — oo, which shows that simultaneous multiple collisions can-

not occur in the limit. By [32, Theorem 2.1], the model is in the domain of attraction
of the discrete-time star-shaped coalescent. g
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A Appendix

For convenience we present the following version of the monotone density theorem.

Lemma 4. Let xg € (0, oo] and assume that G : (0, x9) — R has the form G(x) =
f(x‘xO) g(y) A(dy) for some measurable function g : (0, x9) = R. IfG(x) ~ x~PL(x)
as x — 0 for some constant p € [0, co) and some function £ slowly varying at 0 and
if g is monotone in some right neighborhood of 0, then limy_,o x?*1g(x)/€(x) = p.

Remark 5. Note that G'(x) = —g(x). The statement of the lemma is hence equiva-
lent to limy o xG'(x)/G(x) = —p.

The following proof of Lemma 4 almost exactly coincides with the proofs known
for standard versions of the monotone density theorem (see, for example, Bingham,
Goldie and Teugels [2, Theorem 1.7.2] or Feller [12, p. 446]. The proof is provided,
since the monotone density theorem in the form of Lemma 4 is heavily used through-
out the proofs in Section 4.

Proof of Lemma 4. Suppose first that g is nonincreasing in some right neighbor-
hood of 0. If 0 < a < b < o0, then, for all x € (0, x¢/b), G(ax) — G(bx) =
f(ax b 8() A(dy) so, for x small enough,

(b —a)xg(bx) - G(ax) — G(bx) - b —a)xg(ax)
x—PL(x) - X~ PL(x) - x~PLx)

The middle fraction is

G(ax) _pE(ax) B G(bx) b_pﬁ(bx)
(ax)—/’é(ax)a £(x) (bx)=PL(bx) £(x)

— a P’ —-b7P, x — 0,

so the first inequality above yields

. g(bx) a P —bb
lim sup < .
o xPLe(x) b—a

Taking b := 1 and letting a 1 1 gives

. g(x) . a -1
limsup ————— <
o x P he(x) a>1 1—a

By a similar treatment of the right inequality with ¢ := 1 and b | 1 we find that the
liminf is at least p, and the conclusion follows. The argument when g is nondecreas-
ing in some right neighborhood of 0 is similar. ]

The following two results are extended versions of Theorem 2 and Theorem 3 of
Karamata [22] adapted to our purposes. Lemma 5 provides conditions under which
a slowly varying part inside an integral can be moved in front of the integral without
changing the asymptotics of the integral. Corollary 1 is a similar result for the regu-
larly varying case. The results are slightly more general than those provided in [22],
since the functions gy and fy arising in the statements are allowed to depend on N,
which is not the case in the formulation of [22].
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Lemma 5. Let L : (0, 0c0) — (0, 00) be slowly varying at 0 (or o0), let (xy)NeN be
a sequence of positive real numbers satisfying xy — 0 (or xy — 00) as N — oo.

Furthermore, let gy : (0, 00) — [0, 00) be nonnegative, integrable functions with
0< fooo gn(t)dt < ooforall N € N and such that, for some a > 0 and some 1 > 0,

a oo
/ t7Tgn(t)dt < oo and / tgy(@)dt < o0
0 a

forall N € N. Then, as N — 00,
oo o
/ L(xyt)gn(1)de ~ L(XN)/ gn(r)de.
0 0

Proof. Define P(x) := x"L(x) and Q(x) := x "L(x), x > 0. Note that P is
regularly varying with index n and Q is regularly varying with index —n. By [2,
Theorem 1.5.2], P(xyt)/P(xy) — t7 as N — oo uniformly in # € (0,a] and
O(xnyt)/Q(xy) = t~ " as N — oo uniformly in ¢ € [a, 00). Thus, for every ¢ > 0
there exists Ng = Ng(e) € N such that, for all N € N with N > Ny,

Pxy)(1—¢) < t7"P(xnt) < P(xy)(1+¢) forallt € (0, a]
and
0(xy)(1 —¢e) < t"Q(xnt) < Qxn)(1+¢) forallt € [a, c0).

For all N € N with N > Nj it follows that

/0 L(xyr)gn (1) dr

=x1;nf0 t_"P(th)gN(t)dt+x17<,f t"Q(xnt)gn (2) dr

a

Sx;/"P(XN)(lJrE)/O gy (@) dr + x5 0(xn)(1 +8)/ gn (1) dt
= (1+5)L(XN)/O gn (1) dr

and, analogously, [;° L(xyt)gn (1) dt > (1 — )L(xy) [y~ gn (1) dt. O

Corollary 1. Let ¢ : (0, 00) — (0, 00) be regularly varying at 0 (or oo) with index
y € R and let (xy)neN be a sequence of positive real numbers satisfying xy — 0
(or xy — 00) as N — oo. Furthermore, let fn : (0,00) — [0,00), N € N,
be functions such that 0 < fooo t"fy()dt < oo forall N € N and all 1 in some
neighborhood of y, i.e. foralln € (y — e,y + ¢) for some ¢ > 0. Then, as N — oo,

/0 oCent) fr(D)dt ~ p(xy) /0 & fy () dr.
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Proof. Define L(x) := x V¢(x) forx > 0,and gy (¢) := ¥ fy(¢) fort > 0. Choose
n :=¢/2 > 0. Then, for any a > 0,

IA

/af”gN(t)dt = /atV*”fN(t)dt / Ny dt < oo
0 0 0

by assumption and as well

/ t"gn(t)dt =f tY T fy(2) de 5/ YT v dt < oo
a a 0

by assumption. Thus, Lemma 5 is applicable, which yields the result. g
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