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ABSTRACT. For the random interval partition of [0,1] generated by the uni-
form stick-breaking scheme known as GEM(1), let uj, be the probability that
the first k intervals created by the stick-breaking scheme are also the first k
intervals to be discovered in a process of uniform random sampling of points
from [0, 1]. Then uy is a renewal sequence. We prove that uj is a rational lin-
ear combination of the real numbers 1,({(2),...,((k) where ¢ is the Riemann
zeta function, and show that uy has the limit 1/3 as k — oco. Related results
provide probabilistic interpretations of some multiple zeta values in terms of
a Markov chain derived from the interval partition. This Markov chain has
the structure of a weak record chain. Similar results are given for the GEM(0)
model, with beta(1, ) instead of uniform stick-breaking factors, and for an-
other more algebraic derivation of renewal sequences from the Riemann zeta
function.
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1. INTRODUCTION

Consider the following two sequences of random subsets of the set [n

HEEEEERE

) =

{1,...,n}, generated by listing the cycles of a uniform random permutation

of [n] in two different orders: for a permutation m,, with K, cycles,

o let (., Co.p, ..., be the cycles of m, in order of least elements, so Cy.,
is the cycle of 7, containing 1; if Cy., # [n], then Ca.,, is the cycle of m,
containing the least j € [n] with j ¢ Ci.,, and so on, with Ck., = 0 if

k> Ky;

Received by the editors July 24, 2017, and, in revised form, January 10, 2018.
2010 Mathematics Subject Classification. Primary 11M06, 60C05; Secondary 60E05.

Key words and phrases. GEM model, Markov chains, multiple zeta values, occupation time,

random permutations, record chains, renewal sequences, Riemann zeta values.

(©2018 American Mathematical Society

5731

Licensed to Univ of Calif, Los Angeles. Prepared on Fri Apr 12 20:35:32 EDT 2019 for download from IP 128.97.70.111.
License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use


https://www.ams.org/tran/
https://www.ams.org/tran/
https://doi.org/10.1090/tran/7516

5732 JEAN-JIL DUCHAMPS, JIM PITMAN, AND WENPIN TANG

o let Ry, Roup, ..., RK, .n be the same cycles in order of greatest elements, so
Ry., is the cycle of m, containing n; if Ry.,, # [n], then Rs., is the cycle of
7, containing the greatest j € [n] with j ¢ Ry.,, and so on, with Ry., = 0
if k> K,.
For 1 < k < n define the probability

(11) Upep = P (Uql,‘czlci:n = U?:lRi:n) 5

the probability that the same collection of k cycles appears as the first &k cycles in
both orders. It is elementary that the number of elements of C;.,, has a discrete
uniform distribution on [n], and the same is true for R;.,. Since uy., is the proba-
bility that both 1 and n fall in the same cycle of m,,, it follows easily that uy., = 1/2
for every n > 2. For k > 2 it is easy to give multiple summation formulas for wg.p.
Such formulas show that uy., has some dependence on n for k > 2, with limits

(1.2) lim wg., = up for each k =1,2,...,
n—oo

which may be described as follows. It is known [I0, page 25] that the asymptotic
structure of sizes of cycles of 7,, when listed in either order, and normalized by n,
is that of the sequence of lengths of subintervals of [0,1] defined by the uniform
stick-breaking scheme:

(13) P1 = Wl; P2 = (1—W1)W2, P3 = (1—W1)(1—W2)W3,...,
where the W; are i.i.d. uniform [0, 1] variables. In more detail,

k k

(14) Py = |Ii| where I := [Ry_1, Ry,) with R, = > Py =1-][[(1 - W),
i=1 i=1

with the convention Ry = 0. The distribution of lengths (P, Ps,...) so obtained,
with >, P, = 1 almost surely, is known as the GEM(1) model, after Griffiths, En-
gen, and McCloskey. The limit probabilities uy are easily evaluated directly in terms
of the limit model, as follows. Let (Uy,Us,...) be an ii.d. uniform [0, 1] sequence
of sample points independent of (Py, Py, ...). Say that an interval I has been dis-
covered by time ¢ if it contains at least one of the sample points Uy, Us, ..., U,;.
The sampling process imposes a new order of discovery on the intervals I, which
describes the large n limit structure of the random permutation of cycles of 7,
described above. The limit uy in (2] is uy := P(E%), the probability of the event
FE}. in the limit model that the union of the first k intervals to be discovered in the
sampling process equals U¥_, I; = [0, Ry,) for Ry = P, + --- + P; as above. There
are several different ways to express this event Ej. The most convenient for present
purposes is to consider the stopping time n(k,1) when the sampling process first
discovers a point not in [0, Ry). If at that time n = n(k, 1) (for 1 < i < k there is
at least one sample point U; € I; with 1 < j < n), then the event Ej, has occurred,
and otherwise not. Thus for £k =1,2,...,

(1.5) u, =P (N, (U; € I for some 1 < j < n(k,1))),

and we adopt the convention that ug := 1. This sequence (ug, k > 0) is a renewal
sequence appearing in the study of regenerative permutations in [51]. In that context
it is easily shown that the limit uy, := limg_ o ur exists, but it is difficult to
evaluate the wg for general k. However, computation of u; for the first few k& =
1,2,3,..., by symbolic integration suggested a general formula for uj as a rational
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linear combination of the real numbers 1,{(2),...,{(k) where ¢ is the Riemann
zeta function,

C(s) == i % for Re(s) > 1.
n=1

This article establishes the following result, whose proof leads to some proba-
bilistic interpretations of multiple zeta values and harmonic sums.

Proposition 1.1. The renewal sequence (uy, k > 0) defined above by (L) in terms
of uniform stick-breaking is characterized by any one of the following equivalent
conditions:

(i). The sequence (uy, k > 0) is defined recursively by
(1.6) 2ug 4 Bug—1 + up—2 = 2¢(k) withug =1, uy =1/2.
(i). For all k > 0,

3 . : 1
00w 0 (2 g )+ 0 (2 5 ) <)
j=2
(#i). For all k >0,
= 2
1.8 N2
- "L GG
(). The generating function of (ug, k > 0) is

2 1—|—<2—’y—d;(1—z)>z],

(1.9) U(z) := kZ:OUka = ESCE)

for |z| < 1, where v := lim,_,oo (3>, 1/k — Inn) ~ 0.577 is the Euler
constant, and 1(z) :=I"(z)/T(2) with T'(z) := [;° t*"'e~'dt, the digamma
function.

The proof is given in Section[8l We are also interested in (ug) when the partition
(I1) follows a more general stick-breaking scheme, where the (W},) in (I3)) are i.i.d.
with an arbitrary distribution on (0,1). We will develop in particular the case,
for 6 > 0, where W}, follows a beta(1,6) distribution—with density 6(1 — 2)?~! on
[0,1]. The sequence uy, so defined is the limit ([2]) if the distribution of the random
permutation 7, is changed from the uniform distribution on permutations of [n]
to the Fwens (0) distribution on permutations of [n], in which the probability of
any particular permutation of [n] with k cycles is 6% /(#),, instead of 1/(1),,, where
(0)p :=0(0+1) - - - (0+n—1) is arising factorial. In that case the limit distribution of
interval lengths (Py, Ps,...) is known as the GEM(0) distribution [10, Section 5.4].
Our expressions for u in this case are less explicit. In the following, the notation

2 indicates evaluations for the GEM(#) model. For instance, it was proved in
[51), (7.16)] that

s TO+2T(0+1) 1 1
1.10 L 11
(1.10) " (20 + 2) 3
A consequence of Proposition [[LI] is that for each k¥ > 1, the right-hand side

of (L) is positive—in fact strictly greater than we, 1 /3. Also, the probability
fir of a first renewal at time k, which is determined by u1,...,u; by a well known
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recursion recalled later in ({.7), is also strictly positive. These inequalities seem not
at all obvious without the probabilistic interpretations offered here. The inequalities
are reminiscent of Li’s criterion [40] for the Riemann hypothesis, which has some
probabilistic interpretations indicated in [I4], Section 2.3]. The GEM(1) model also
arises from the asymptotics of prime factorizations [23], but the results for sampling
from GEM(1) described here do not seem easy to interpret in that setting.

The interpretation of uy sketched above and detailed in [51], that wug is the
probability that the random order of discovery of intervals maps [k] to [k], yields
the following corollary.

Corollary 1.2. For w := (wy,ws,...) € (0,1)N+, let p;(w) := (1 —wy)--- (1 —
wi—1)w;. Then for each k > 1, the expression

k
pﬂ'(l)(w)
(1.11) > [ ey rt dw - duy
2 Jou gl—zj:ipm)(vv)

is equal to (L)) and to (L), where &y is the set of permutations of the finite set

(1,....k}.

The expression (7)) gives a rational zeta series expansion of the multiple integral
(LII). Similar expansions also appeared in Beukers’ proof [13] of the irrationality
of ¢(3). The expression ([LI1)) is a sum of k! positive terms, while (7)) is a linear
combination of 1,{(2), ..., (k) with alternating signs. By symbolic integration, we
can identify each term of the sum in (LI for £ = 2,3, but some terms become
difficult to evaluate for k > 4, and we have no general formula for these terms, and
no direct algebraic explanation of why the terms in (LII]) should sum to a rational
zeta series.

The Riemann zeta function plays an important role in analytic number theory
[15.24], and has applications in geometry [251[56] and mathematical physics [12L[39].
Connections between the Riemann zeta function and probability theory have also
been explored, for example:

e For each s > 1, the normalized terms of the Riemann zeta series define
a discrete probability distribution of a random variable Z; with values on
{1,2,...}, such that log Z, has a compound Poisson distribution [5,34L44].

e The values ((2) and ((3) emerge in the limit of large random objects [4,29].

e The values 1/¢{(n) for n = 2,3,..., arise from the limit proportion of n-
free numbers, that is, numbers not divisible by any nth power of a natural
number; see [1127].

e The values ((1/2 — n) for n > 0 appear in the expected first ladder height
of Gaussian random walks [21].

e The Riemann zeta function appears in the Mellin transforms of functionals
of Brownian motion and Bessel processes [14L[55].

e Conjectured bounds for the zeta function on the critical line R(s) = 1/2
can be related to branching random walks [8].

e There are striking parallels between the behavior of zeros of the Riemann
zeta function on the line R(s) = 1/2 and the structure of eigenvalues in the
random matrix theory [38[45[47].
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In the early 1990s, Hoffman [35] and Zagier [57] introduced the multiple zeta value

(1.12) C(stymvsk) = ) %

n DR n
0<n <--<nyg 1 k

and the multiple zeta-star value

(1.13) O S e e

n ...n
0<n < <nyg 1 k

for each k > 0, and s; € Ny := {1,2,...} with s; > 1 to ensure the convergence.
Note that the multiple zeta-star value (LI3]) can be written as the sum of multiple
zeta values,

C* (81, --58K) = ZC(S*),

where the sum is over all s* = (s10---Osy), with each O filled by either a comma
or a plus. To illustrate,

¢*(s1,52) = ((s1,82) + (51 + 82),
C*(s1,82,83) = ((s1,52,53) + (51,52 + 53) + ((51 + 52, 53) + ((s51 + 52 + 53).

See [6,18,[36] for the algebraic structure and some evaluations of multiple zeta
values. It was proved in [3,[58] that the multiple zeta functions (LI2]) and (LI3)
can also be continued meromorphically on the whole space CF.

These multiple zeta values appear in various contexts including algebraic ge-
ometry, knot theory, and quantum field theory; see [20]. But we are not aware
of any previous probabilistic interpretation of these numbers. In this article we
show how the zeta values ((2),¢(3),..., and (I.I2) and (LI3) arise in the renewal
sequence (uy) associated with the discovery of intervals for a GEM(1) partition of
[0,1]. Equivalently the same sequence (uy) can be expressed in terms of a GEM(1)-
biased permutation of Ny [51], or of the Bernoulli sieve [32] driven by the GEM(1)
distribution.

Organization of the paper: The rest of the paper is organized as follows:

e In Section 2] we introduce the main tool of our analysis, a Markov chain
(Qr) derived from the discovery process of subintervals in the GEM(6)
stick-breaking model, and show its equality in distribution with a weak
record chain.

e In Section Bl we give the proof of Proposition [[LT] for # = 1 and provide
some partial results for general 6.

e In Section @l we define a number of renewal sequences satisfying a recursion
involving the Riemann zeta function.

e In Section [f] we specialize again to § = 1 and examine further the distri-
bution of the Markov chain (@k)7 deriving expressions involving iterated
harmonic sums and zeta values.

e In Section [6] we derive a formula for wus., associated with random permu-
tations, which provides evaluation of us for general 6 as the limit. Among
those we identify the sequence (uy) defined by (LH) in the GEM(1) model.

Licensed to Univ of Calif, Los Angeles. Prepared on Fri Apr 12 20:35:32 EDT 2019 for download from IP 128.97.70.111.
License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



5736 JEAN-JIL DUCHAMPS, JIM PITMAN, AND WENPIN TANG

2. ONE-PARAMETER MARKOV CHAINS AND RECORD PROCESSES

Recall the definition (I3]) of the length Py, = |I;| of the kth interval in a stick-
breaking partition and the uniform sequence (U;) of points that we use to discover
intervals. Now define a random sequence of positive integers (X;) by setting

So X is the rank of the interval in which the ith sample point U; falls. Conditionally
given the sequence of interval lengths (Py, Ps,...), the X; are i.i.d. according to
this distribution on N := {1,2,...}. Formula (L) can be recast as
(22) U = P ({Xl, XQ, N >Xn(k,1)71} = {1, 2, ey k}) 5
where n(k,1) =inf{i > 1, X; > k+1}.

The key to our analysis is the Markov chain (Qy) given by the following lemma
from [5I, Lemma 7.1]. This lemma is suggested by the work of Gnedin and coau-

thors on the Bernoulli sieve [30L31], and subsequent work on extremes and gaps in
sampling from a residual allocation model by Pitman and Yakubovich [49,52].

Lemma 2.1. Let X1, Xo, ..., be as in 1) for a stick-breaking partition with i.i.d.
factors W; D W as in ([L3) for some distribution of W on (0,1). For n € Ny and
k=0,1,..., let

n n

(2.3) Qn(k) = _1X; > k)= 1(U; > Ry

i=1 i=1
represent the number of the first n sample points which land outside the union
[0, Ri) of the first k intervals. Form =1,2,..., let n(k,m) := min{n : Q (k) = m}
be the first time n that there are m sample points outside the first k intervals. Then

(i). For each k and m there is the equality of joint distributions
* . . d) (A . a
24) (@B =005 <k) 2 (Q;,0<j<k|Qo=m),

where (@0, @1, ) with1 < @0 < @1 -+ 18 a Markov chain with state space
N4 and stationary transition probability function

(25) atmn) = (
(ii). For each k > 1 the renewal probability uy, defined by (Z2) is given by
(2.6) up =P(Qo < Q1 <--- < Qx| Qo =1).

(iii). The sequence uy, is strictly decreasing, with limit us, > 0 which is given by
(2.7) Uso =P(Qo < Q1 < -+ |Qo = 1).

Here we study the Markov chain (Qy,) for the GEM(#) partition and show that it

has an interpretation as a weak record chain. Let X1, Xo,..., be a random sample

from the GEM(6) model with i.i.d. stick-breaking factors W; D W for w following

a beta(l,§) distribution. Consider
k

(2.8) G’ =Y UQnuo () = Quup(G — 1} fork>1,

j=1

" 1>EW”m(1 W)™ form <mn.
m—1
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the number of empty intervals among the first k intervals at the first time n(k, ¢)
there are ¢ points outside the first k intervals. To study the random variables Cﬁ’e,
we introduce a family of one-parameter Markov chains (Qﬁ’e, j > 0) with

e the initial value @6’9 =/( e N4,
e the transition probability function g(m,n) given by (3] for W the beta
(1,0) distribution.

For W the beta(1, §) distribution,

n—m m __ (1)n—m 0 or m n
where
(@); =a(@+1)-(c+j—1) = %

So the transition probability g? of the Qz ¥ chain is given by

—m0
2.9 @’ (m,n :M for m < n.
( ) q ( ) (9 + m)n—m+1 o
Let
k
(2.10) GHo( Z =i} fori>¢

be the occupation count of state ¢ for the Markov chain (@?’0, 1<j<k). Accord-
ing to Lemma 2] (i), for each k > 1,

211) ¢ @aee Z Q" = Q5%

Jj=1
—Zl{@”—@”l—m Z Zl{@“—@”l—z}
i=L+1 j5=1
(2.12) =G (k) + (G (k) - )T,
i=0+1

where the last equality follows from the fact that the process (@f’e, j > 0) is weakly
increasing starting at /.

Now we establish a connection between the one-parameter chain @M and a
record process. Fix £ € N;. For X7, Xo,..., ii.d. with support {6, +1,...}, let
(Rj, j > 0) be the weak ascending record process of (X;, j > 1). That is,

Ro:=( and R;:= X, forj>1,
where L; is defined recursively by
Ly:=1 and Lj :=min{i>L;:X;> Xy} for j > 1.

The sequence (R;, j > 0) was first considered by Vervaat [54]; see also [9, Section
2.8] and [46], Lecture 15] for further discussion on records of discrete distributions.
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It is known that (R;, j > 0) is a Markov chain with the transition probability
function r(m,n) given by

(2.13) r(m,n) = % for m <mn.

Proposition 2.2. Let (R;, j > 0) be the weak ascending record process of the i.i.d.
sequence (X, j > 1) with X; @ @f’e; that is,

P(X,=n)= @ W,n) forn>1,
where §° is defined by @3). Then there is the equality in joint distributions

(2.14) Q4.5 >0) 2 (R;, j>0).
Proof. Observe that for £ < m < n,

O+0pn—t41  O+m

Sum this identity over n > m to see that P(X; > m) = (£)y,—¢/(6+£)pm—¢, and hence
that ¢%(m, -) is the conditional distribution of X; given X; > m, as required. O

It is known [62, Theorem 1.1] that the counts Gf’e(oo) of records at each possible
value ¢ = £,/ + 1,..., are independent and geometrically distributed on Ny :=
{0} U N, with parameter i/(i + #). Combined with Proposition 222, we get the
following result which is a variant of [33], Proposition 5.1].

Corollary 2.3. Let C.? and é,fﬁ be defined by (Z8) and ZII). Then there is
the increasing and almost sure convergence
0,0 () ~eo
Ck = Ck T Ccl;,jgu
along with convergence of all positive moments, where the probability generating
function of C52 is given by

T(0+1+0)(+06—02)
T(OT((+ 1+ 20— 02)

(2.15) Fro(z) = E20%" =
Consequently, the random variable C%Y has the mized Poisson distribution with
random parameter —0log H, where H has the beta(¢,0 + 1) distribution.

This result, combined with Lemma 2.17i7), leads to the formula (LI0):

9 p(CLe — () — _LO+2)r(@+1)
oo = P(CLY = 0) = F19(0) = F@1a)

Also note that the random variable C%? has a simple representation for § € N,
@ ¢
2,0 (4) 0.0
(2.16) cLl=>"g,
§=0

where gjfﬂ, 0 < j < 6 are independent and geometrically distributed on Ny with
parameter (£ + j)/(£+j+0).
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Proof. The identity ([2.12) shows that

GO =G () + 3 (G0 = 1T as,
i=0+1

where Gf’a(oo), i > ¢ are independent and geometrically distributed on Ny with
parameter p; g := i/(i+6). For G geometrically distributed on Ng with parameter p,

E:C=— L and E6-D7 = P+ M
1-(1-p)z 1-(1-p)z
As a result,
b _ Peo o7 (. (—pigpis
S S (R :,11 (”“9 1o —pi,wz)
B 1 ﬁ i(i+ 20 — 0z)
f+9—6‘zi:£+1 (i4+0)(1+0—6z)

B 14 Fl+14+0)IT(L+1+060—06z)
0+ 0—0z TU+DT(+1+20—0z)
which leads to the formula (2I5). Recall that the generating function of the

Poisson(u) distribution is e=*(*=#) and that the Mellin transform of the beta(p, q)
variable H,, 4 is

L(v+pTl(p+aq)
EHY = fi > —p.
P Tt p+q)

By taking v = (1 — 2), p = ¢, and ¢ = 0 + 1, we identify the distribution of C%?
with the stated mixed Poisson distribution. O

Let ¥(z) := I''(z)/T'(x) be the digamma function, and 1*)(z) be the kth deriv-
ative of ¢(z). For k > 1, define

(2.17) Apao(z) = p* D40 —02) —pFD (0 41+ 20— 62).
A simple calculation shows that Fj,(2) = —0Fe(2)A1,6(2) and A} ,4(2) =
—0Aj41,00(%). By induction, the derivatives of Fy can be written as
(2.18) F{(2) = (=0)* Foo(2) Pr(Bre0(2), -, ro(2)),
where Py(z1,...,2) is the kth complete Bell polynomial [22, Section 3.3]. To
illustrate,
Py(21) = 21,
Py(x1,22) = 23 + 9,
Ps(z1, T2, 23) = =5 + 3z129 + 3,
Py(x1, 20, T3, 14) = x] + 62509 + 42103 + 323 + 14,

Ps(z1, 70,23, T4, 25) = 7 + 10Ii’$2 + 10I%I3 + 153:1:133 + 5x124 + 102023 + 25,
and so on. Now by expanding Fy ¢ into power series at z = 0 and z = 1, we get

—-OFTU+O(L+0+1)
kKl T(OT(+20+1)

(2.19) P(CL =k) = ( Pr(A1,00(0), - -, Ap,e,0(0))
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5740 JEAN-JIL DUCHAMPS, JIM PITMAN, AND WENPIN TANG

and
C«Z,G -0 k
(2.20) IE( ]‘:’) = %ng(ALw(l),...,Auyg(l)),
where Ay ¢ 9(-) is defined by ([2I7). By taking § =1 and k =1 in (Z20)), we get
1424
2.21 ECS — (04 2) — o(0) = T 20
(2.21) Ol = vl +2) =90 = g7,

since ¢(¢) = Zf;} 1/ — ~, with « the Euler constant.

3. PROOF OF PROPOSITION [IL1]

In this section we apply the results of Section [2to evaluate the renewal sequence
(ug) in the GEM(1) case, and extend to the general GEM(6) case. The computation
boils down to the study of the Markov chain (@i’e, k > 0) with £ = 1. We start by
proving Proposition [[L1] corresponding to the case where £ = 1 and 6 = 1. To this
end, we need the following duality formula due to Hoffman [35, Theorem 4.4] and
Zagier [57, Section 9].

Lemma 3.1. Let ((s1,...,sk) be the multiple zeta value defined by [(LI2)). Then
(3.1) ¢1,....,1,h+1)=C¢({1,...,1,k+1) forallhkeN,.
——— ———
k—1 h—1
In particular,

(3.2) ¢Q1,...,1,2) =((k) forall k> 2.

Proof of Proposition [Tl By Lemma 21{ii), for k > 2,
1 A A
Uy = Z ]ID(CQ%’1 :nl,...,Q}C’l = ng)

I<ni<---<ng

= > @(n) g (n,n2) -G (k1)
I<ni<---<ny

1
= Z (n14+1) - (ng—2 +1)(ng_1 + 1)

I<ni<--<ng_1

1
= 2 (1 +2) - (2 +2)(ng—1 +2)

0<ng < <mp_1
For k> 2 and = > 0, let
(3.3)

Cv, o o3 2) = Z 1

0<ny < <ni_1 (nl + x)lﬁ e (nk*Q + ‘/I‘.)Vk72 (nkfl + x)yk71

be the multiple Hurwitz zeta function [19], and hy(x) := ((1,...,1,2;2). Therefore
——

k—2
(3.4) up = hy(2) for k> 2.
We claim that for k > 3,
(3.5) Cviy ook — 1) =C(vy, oy vk—1;2) + 27 C(vay o V15 ).
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In fact,

Cviy.o oy vp—1;2—1)

1
B Z (m+z—1)"-(ng_o+o—1)"2(np_y + 2 —1)"—

0<ny < <Ng—1

1
- Z (nl —+ ‘/L*)Vl oo (nk_2 + x)l’k—’z (nk—l —+ x)Vk—l ’

0<ny<---<np_1

and writing this expression as two sums over the distinct sets {0 =ny < ng < -+ <
ng—1} and {0 < ng < ng < -+ < ng_q} yields the formula (). Consequently,

(3.6) hi(z —1) = hy(x) + 2 hy_1(2) for k > 3.
By taking © = 2 and x = 1 in [B.0]), we get for k > 3,
1
hk(].) = hk(Q) + ghkfl(Q) and hk(O) = hk(].) + hkfl(l),

which implies that for &k > 4,

(3.7) ne(0) = hi(2) + i 1(2) + b 2(2)
According to the formula (32),
(3.8) hi(0) =¢(1,...,1,2) = ¢(k).

k—2

By B4), B70), and B8], we derive the recursion (L) for & > 4. Recall that by

definition, we have uyp = 1, and it is easy to check that wu; = 1/2. By symbolic
integration, we get
1 9 113 3
up = ——+¢(2) and uz=-——-¢(2)+C(3),
4 8 2
which satisfies the recursion for k = 2,3. So the part (¢) of the proposition is proved.
The equivalences (i) < (ii) < (iv) are straightforward, and (ii) < (éit) follow by
partial fraction decomposition. We will see in Section @] that the parts (i) and (iv)
in Proposition [[.T] are valid for general recursions of the form auy_o+bug_1+cup =

C(k). O

In what follows, we aim to extend the above calculation to general 8 > 0. It is
easily seen that

AL,0 A1,0
Z PQy =ni,..., ,1€ =ny)

1<ng < <ny

II=

Uk

— Z " (nk — 1)!

1<ny < <ny (9 + 711) e (9 + nk—l)(o + l)nk
1 nk!
=gk o
Z (9+n1+1)(9+nk,1+1) Z (9+1)nk+1

0<ni<--<ng_1 nE>ng—1
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Note that for all £ > 0,

n! _ l(@—l—n—i—l)n!—(n—&—l)!
7; O+ ny1 e 0+ 1)psr

! nl (n+1)!

- ZZ 0 ((9 1), 0+ 1)n+1>

_ ko TOT(R+1)

T 00+1), TO+E+1)
Therefore,
(3.9) w Z0T(0) > 1 T(ng_1+2)

0<ny<--<ng_1 (9 + n1 + 1) T (9 + NE—1 + 1) F(nkfl + 9 + 2)

It seems to be difficult to simplify the expression (B9 for general §. We focus on
the case where § € N . Let

hy.o(x) == 0FT'(0) (ng+x)-- (g1 +2)T(ng_1 +1+z)

0<ny < <ng_1

SO U LA hio(6 +1). Again it is elementary to show that

0
hk,e(CL‘ — 1) = hk’e(l‘) + ;hk,Lg(ac).

Consequently, the sequence (uy, k > 0) satisfies a (6 4 1)-order recursion,

(3.10) Up + a1,9Up—1 + -+ + @g41,0Uk—0-1 = hy 0(0),
where
gi
Qg = Z — for1<i<6+1,
nl DR nl
0<ny <+ <n; <O+1
and hy ¢(0) is a variant of the multiple Hurwitz zeta function.

4. RENEWAL SEQUENCES DERIVED FROM THE ZETA FUNCTION

Look at the sequence

ok
n
41 wu=S "2 (k=012
(4.1) k n§:1q(n) ( )
where
(4.2) q(n) :=an® +bn+c

is a generic quadratic function of n. We are interested in conditions on ¢ which
allow the sequence (ug,k = 0,1,...) to be interpreted as a renewal sequence [28].
Basic requirements are that g(n) > 0 for all n = 1,2,..., so at least a > 0, and
that ug = 1, which is a matter of normalization of coefficients of q. The sequence
1/g(n), n =1,2,..., then defines a probability distribution on the positive integers.
If X denotes a random variable with this distribution, so P(X = n) = 1/q(n),
n=1,2,..., then (41l becomes

(4.3) up =E(1/X)F (k=0,1,2,...).
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That is to say, ux is the kth moment of the probability distribution of 1/X on [0, 1].
Obviously, 0 < ug < 1, and by the Cauchy-Schwartz inequality applied to

(1/X)* = (1/X) =072 (1) x) 072,

(44) ’U,% S Uk —1Uk+1 (]f = 1, 2, .. )

A sequence (uy) bounded between 0 and 1 with ug = 1 and subject to (£4) is called
a Kaluza sequence [37]. By a classical theorem of Kaluza, every such sequence is
a renewal sequence [37]. See [5I] for an elementary proof and further references.
In view of Proposition 1.2, we are motivated to study such renewal sequences (uy)
and the associated distribution (f) of the time until first renewal, whose generating
functions

(4.5) U(z) := iukzk and F(z) := iszk (lz] < 1)
k=0 k=1

are known [2§8] to be related by

(4.6) U)=(1—-F(2)) ' and F(z) =1-U(z)"".

This identity of generating functions corresponds to the basic relation

(4.7) ug = fr + fe—1u1 + -+ frug—1 (k=1,2,...),

which allows either of the sequences (uy) and (fi) to be derived from the other.
Observe that the definition g(n) = an? + bn + ¢ gives

en ™ on~kD g2

(4.8) PR OB G

and hence, for k > 2,

(4.9) cug + bug—1 + aug—2 = Z n=* = (k).

n=1

It follows that U(z), and hence F(z) can always be expressed in terms of the well
known (see [2], formula 6.3.14]) generating function of ¢ values

(4.10) G(z):= Y ()" = —2(y+e(1—2) (2| <1),
n=2

where 7 is Euler’s constant and ¢ (z) := I''(z)/I'(x) is the digamma function, as
c(U(2) — up — ur2) + b2(U(2) — up) + az’U(z) = G(2)
or
q(2)U(z) — c(ug + u12) — ugbz = G(2),
which rearranges as
cug + (bug + cur)z + G(z)
q(2)

Defining r1, 79 € C as the two roots of ¢, we have

(4.11) U(z) =

q(z) = a(z —r1)(z — r2),
b= —a(r; +r2) and ¢ = aryra.
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Note that our assumption that g(n) > 0 for all n = 1,2, ..., implies that the roots
r1 and ro are not positive integers. A straightforward computation shows that the
condition ug = 1 implies

P —r9) — (1 —r1)

if?“17é7“2,
a = r — T2

1/)’(1—7"1) if’f’l =T,

and that we have

1
% (=b+2y+¢(L—r1) + (1 —r2)).
Finally, obtaining F'(z) from ({.0) and (£II)) and taking derivatives gives us
(4.12)  F'(1) = q(1),
F'(1) +q(1)(1 — (1))
(4.13) = (4 —q(1))a—q(=1) +q(1)(c(1 + 2u1) + )
=M@d—-—q1)a—q(-1)+q1)(c+2y+ (1 —r1) + (1 —r2)).
To summarize, and combine with some standard renewal theory, see the following
proposition.

Uy =

Proposition 4.1. Let g(n) be any quadratic function of n = 1,2, ..., with g(n) > 0
for all n, normalized so that ug ==Y oo, 1/q(n) =1, and let uy ==Y oo, n =% /q(n)
for k> 1. Then (uy) is a decreasing, positive recurrent renewal sequence, with

lim ug = 1/¢(1).
k—o0

The corresponding distribution of an i.i.d. sequence of positive integer valued ran-
dom variables Y1,Ya, ..., withP(Y1+- - -+Y,, = k for some m) = uy, has distribution
with mean and variance

E(Y1) = q(1),
Var(Y1) = (4 = q(1))a — ¢(=1) + q(1)(c+ 27y + P(1 — 1) + (1 — 12)),
and probability generating function F(z) := E(2¥') given by @8) for U(z) as in

EIT).

Example. Take a = 1/2,b=3/2,¢=1. Then g(n) = (n+1)(n+2)/2 makes ug =
1, 1/us = E(Y1) = ¢(1) = 3, and Var(Y;) = 11. From Proposition [[LT] we know
that this sequence (uy) is the renewal sequence associated with a GEM(1) random
partition of [0,1]. Equivalently in the terminology of random permutations [51],
(ug) is the renewal sequence of the splitting times of a GEM(1)-biased permutation.
Therefore Y7 is distributed as T3, the first splitting time of II a GEM(1)-biased
permutation. In particular, we have E(T}) = 3, Var(Ty) = 11.

5. DEVELOPMENT OF THE GEM(1) CASE

The Markov chain (@k) described in Lemma 2] with uniform stick-breaking
factors—i.e., in the GEM(1) case—was first studied by Erdds, Rényi, and Szlisz
[26], where it appears as Engel’s series derived from U a uniform random variable

n (0,1). More precisely, if 2 < g1 < ¢a < --- is the unique random sequence of
integers such that

1 1 1
U:_+_+...+4+...7
q1 q192 q192 - - - 4n

Licensed to Univ of Calif, Los Angeles. Prepared on Fri Apr 12 20:35:32 EDT 2019 for download from IP 128.97.70.111.

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



RENEWAL SEQUENCES AND MULTIPLE ZETA SUMS 5745

then we have

@

(s —1,i>1) 2 (Qi,i>1),

where we condition on @0 =1.
Here we give explicit formulas for the distribution of Q) in terms of iterated har-
monic sums and the Riemann zeta function. The transition probabilities g(m,n) :=

P(Qr+1=n| Qr = m) are given by

Then the joint probability distribution of @1, ceey @k is given by the formula
(5.1)

~ ~ ~ 1(1<m < - <n._1<n
P(Ql:n1,-~-,Qk—1:nk—th:ﬂk):( (LSm < S me <)

ny+ 1) (ng_1 + ) (ng + Dng

It follows that for £ =1,2,...,
~ 1 1
P(Qr =n) = ———
n(n + 1) 1S”1S'§nk—1§n (nl T 1) o (nk_l T 1)
_ Hy_(n+1)— Hy ,(n+1)
B n(n+1)

where H*,(n) = 0,Hj(n) = 1, and Hj(n) for k£ = 1,2,..., is the kth iterated
harmonic sum defined by

)

(5.2)

- Hl:71(m)

(5.3) Hin) = 37 P 3 ;nk

ninz
m=1 1<n1<ne<--<ngp<n

In particular, Hy(n) = H(n) is the nth harmonic number, and Hj(n) =
S _y H(m)/m. Such iterated or multiple harmonic sums have attracted the atten-

tion of a number of authors [6L[7,[17]. Since (2] describes a probability distribution
over n € {1,2,3,...}, we deduce by induction that

(5.4) ;%:k—kl (k >0).
This identity has the probabilistic interpretation that for each k¥ = 1,2,..., n =
1,2,...,
~ NN Hy (n+1)
(5.5) E ;MQJ‘:”) :;P(Qj:n):W7

where Z?:l 1(C§j = n) is the number of times j with 1 < j < k that @j has value
n. It is easily seen that for each fixed n the sequence Hj_,(n) is increasing with
limit n as k — co. So the limit version of (&) is for n =1,2,.. .,

(5.6) B 1@ =] =Y P@=n = .

n
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As observed by Rényi [53], the random variables S1, S, . . ., with S, ::Z;il 1(@]- =
n), are independent with the geometric distribution on {0, 1,2, ...} with parameter
1-1/(n+1):
67 PGS, =s) = ——([1-—1 ) m=12 0,1,...)

. =s)=——(1—-—— n= ce, 8=

n (n + 1)8 n _"_ 1 ) ) ) ) )

which also implies (5.6)).

Some known results about the iterated harmonic sums Hj(n) can now be inter-

preted as features of the distributions of Q. Arakawa and Kaneko [7] defined the
function

where Li,, is the polylogarithm function
o0
Liy,(2) := Z 2" /n™.
n=1

The integral converges for f(s) > 0, and the function &, (s) continues to an entire
function of s. They showed that values of &,,(s) for s can be expressed in terms of
multiple zeta values, and observed in particular that

§1(s) = sC(s + 1),
which can readily be derived from (5.8) using the identity Li;(1 —e~%) = ¢. Ohno
[48] then showed that for positive integer m and k,

1 - Hy_,(n)

mil Z nm+1

ning - Ng—11y, el

(5.9) En(k) = >

1< <<y,

That is, with the replacement k — k + 1 and taking m =1,

i (n)
(5.10) Z:l L= (k+1)¢(k+2) (k=0,1,2,...).
Subtracting 1 from both sides of this identity gives a corresponding formula with
summation from n = 2 to co on the left. Comparing with the more elementary
formula (54), and using

1 1 1

n 71—!—1:77,(71—¢—1)7

it follows that

(5.11) i%_km_(kﬂ)g(mz) (k=0,1,2,...).

Plugged into formula (2] for the distribution of @k, this gives a formula for the
first inverse moment of Qx + 1,

1

(5.12) IE(A ) =1—-k¢(k+1)+ (k—1)¢(k).
Qr+1

By this stage, we have reached some identities for multiple zeta values which

cannot easily be verified symbolically using Mathematica, though they are readily
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checked for modest values of k to limits of numerical precision. The case k = 1 of

(EI0) reduces to

> 0 _ o),
n=1

which Borwein et al. [17] attribute to Euler, and which can be confirmed symboli-
cally with Mathematica. The case k = 2 of (B.10) expands to

> Hi(n 2(n >, Hy(n
(5.13) > Hig ) _ Hn(z ), 1 > Hn(z ) _ 3¢(4),
n=1 n=1

oo

N
N

3
Il
A

with Hy(n) = Y7 _, 1/mF, which can also be confirmed symbolically with Mathe-

m=1
matica. The decomposition into power sums is found to be

(5.14) %Z Hn(zn) = gc@l),
(5.15) % > HZ(QH) = £<(4),
n=1

and summing these two identities yields (5.13) as required. According to Borwein
and Borwein [I6], formula (G.I4) was first discovered numerically by Enrico Au-
Yeun, and provided impetus to the surge of effort at simplification of multiple
Euler sums by Borwein and coauthors [I1]. Borwein and Borwein’s first rigorous
proof of (5I4) was based on the integral identity

1 (7 11
1 / 62 1og2 (2 cos 0/2)d0 = ¢ (4),
m™Jo 2
which they derived with Fourier analysis using Parseval’s formula. Later [I7], they

gave a systematic account of evaluations of multiple harmonic sums, including (5.14)
as an exemplar case. In particular, they made a systematic study of the Euler sums

(5.16) sn(k,s) = (HA

— n+ 1)
and
N~ k()
(5.17) onlk,s) =Y (nkT)

and a number of other similar sums. They proved a number of exact reductions of
such sums to evaluations of the zeta function at integer arguments and established
other such reductions beyond a reasonable doubt by numerical computation.

With this development, we can prove the following result for C,i’l, the number
of empty intervals among the first k intervals at the stopping time n(k, 1) when the
first sample point falls outside the union [0, Ry) of these intervals.

Proposition 5.1. Let O, be defined by Z8) for £ =1 and § = 1. Then

1 124k—=(k—=1)C(k) fork>2,
(5.18) EC; '= { 1/2 for k= 1.
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Proof. According to (2.11)),
Bl = 3 RQ) -0}

where for j > 2 we use (52) to evaluate IP(Qj’ =n). So for j > 2,

P@ = @) = YR = QY =)

H: y(n+1) — Hi_5(n+1)

- Z = n(n+1)2

n>1

:{1—(j—1><<j>+(j—2)<(j—1) for j > 3,
2-((2) for j =2,

where the last equality follows from (G.IT]). Also note that

P(Q1' = Q") =a"(L1) = 1/2.
The formulas (5I8) follow from the above computations.

]

Recall the interpretation of the binomial moments ]E(Cj’il) from [51} (6.2)]. The

case j = 1 has been evaluated in (5I8)). For j =k,
ot 1.1 1
(5.19) IE( v )= P(C," =k)= o
and for j =k — 1,
't ko
E( * Ry |
(k - 1> or TP )

Note that

P(Cyt =k —1) Z > gk L1, n)g (n,n)k—1-m

m=0n>1

1 1
= 2 :
2k—1 ; n(n+1)(n+2)*

nz
By partial fraction decomposition,
E

2k+1-j 1

1 1 1 +Z
nn+1)(n+2)%  2kp n+1 2kn+2 < 2k+1=5(n +2)77

which leads to

1 k P |
k k+1 kt+1—
= n(n+ 1)(n+ 2) 2 = 2 J
Therefore,
ot A b
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We have proved in Corollary 2.3 that the random variables C,i’l converge in distri-
bution as k — oco. Consequently,

oLt
E(kk 1> — 0 ask — oo.

It is easily seen from the expression (5.20) that this is equivalent to the well known
formula

S -1 =1

n=2
But the formulas for other binomial moments seem to be difficult, even for j = 2.
Generally, we are interested in the exact distribution of C’;’l on {0,1,...,k} for

k=1,2,.... Simple formulas are found for k = 1, 2, 3, 4 as displayed in the following
table.
Table of P(Cp" = j) with 0 < j < k for k = 1,2,3,4.

1 1
1 3 3

2 -1+¢@ 2-4¢((2) i
3 T -3@+¢B) -F+3@ T-3@-¢ §

4] -BHIC@D-HE @ F-F@+3B) T+ +3E) T -C@-3¢B) -¢@) 15

0 1 2 3 i

The details are left to the reader. Observe that up to k& = 4, all of the point

probabilities in the distribution of C’,i’l are rational linear combinations of zeta

values. This is also true with j = 0,k — 1, k for all k. We leave open the problem

of finding an explicit formula for P(C;’l = j) for general j and k, but make the
following conjecture.

Conjecture 5.2. For each k>1 and 0 < j <k,

K
P(Cyt = j) = qra + Z%J‘C(j),

Jj=2

with qi,; rational numbers.

6. EVALUATION OF us., AND ITS LIMIT

In this section we derive an explicit formula for us in the general GEM(6) case,
which is based on evaluation of the combinatorial expressions of us., given later
in (@2). In principle, the analysis of us., can be extended to ug., for k > 3, but
there will be an annoying proliferation of cases. Already for k = 2, it requires
considerable care not to overcount or undercount the cases.

Let II,, be the partition of [n] generated by a random permutation of [n], or, more
generally, by any consistent sequence of exchangeable random partitions of [n], with
exchangeable partition probability function (EPPF) p. See [50] for background.
The function p is a function of compositions (nq,...,n) of n, which gives for
every m > n the probability p(ni,...,ng) that for each particular listing of
elements of [n] by a permutation, say (x1,...,2,), that the first n; elements
{z1,...,zn,} fall in one block of IL,; and if n; < n, the next ng elements
{Zny41,+ -+ Tny+n,} fall in another block of II,,; and if ny + ny < n, the next

Licensed to Univ of Calif, Los Angeles. Prepared on Fri Apr 12 20:35:32 EDT 2019 for download from IP 128.97.70.111.

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



5750 JEAN-JIL DUCHAMPS, JIM PITMAN, AND WENPIN TANG

ng elements {n, 1nyt1;-- - Tnytnatns ) fall in a third block of II,,, and so on. In
other words, p(ni,...,n;) is the common probability, for every m > n, that the
restriction of I, to [n] equals any particular partition of [n] whose blocks are of
sizes mq,...,ny. For the Ewens (#) model, there is the well known formula

k

gkfl
po(ni,...,nk) = m H(l)m—l, where n =nq +--- +ny.
==

This formula for =1,
k
[Tizq(ni — 1)

p1(ny,...,ng) = DT where n = ny + -+ - + ny,

corresponds to the case when II,, is the partition of [n] generated by the cycles of a
uniformly distributed random permutation of [n]. Then the denominator n! is the
number of permutations of [n], while the product in the numerator is the obvious
enumeration of the number of permutations of n in which [n;] forms one cycle,
[n1 + nao] \ [n1] forms a second cycle, and so on. Essential for the following argu-
ments is the less obvious consistency property of uniform random permutations that
p1(ni,...,ng) is also, for every m > n, the probability that [n4] is the restriction
to [n] of one cycle of II,,,, [n1 +na] \ [n1] is the restriction to [n] of a second cycle of
I1,,,, and so on. This basic consistency property of random permutations allows the
sequence of random partitions II,, of [n] to be constructed according to the Chinese
Restaurant Process, so the restriction of II,,, to [n] is II,, for every n < m.

Consider first for n > 2 the probability that the same block of II,, is discovered
first in examining elements of [n] from left to right as in examining elements of [n]
from right to left. This is the probability that 1 and n fall in the same block of IT,,.
By exchangeability, this is the same as the probability that 1 and 2 fall in the same
block, that is,

1
(6.1) U1 := P(1 and n in the same block) = p(2) £ po(2) = 110

Next, consider for n > 3 the probability us., that the union of the first two blocks
found in sampling left to right equals the union of the first two blocks found in
sampling right to left.

Proposition 6.1. For each n > 3, and each exchangeable random partition 11, of
[n] with EPPF p,

g =p(n)+ (n—2)p(n—1,1) + Z p(j—14+n—k?2)
1<j<k<n

n—1
+Y pin—i+ Y. pln—k+1)
j=1

1<j<k<n

(6.2)

Proof. The terms in ([6.2]) are accounted for as follows:

e p(n) is the probability that there is only one block, with 1 and n in this
block.

e (n—2)p(n —1,1) is the probability that there are only two blocks, with
both 1 and n in this block, while the second block is a singleton, which may
be {j} for any one of the n — 2 elements j € {2,...,n — 1}.
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. Zl<j<k<np(j — 14 n—k,2) is the sum of the probabilities that there are
two or more blocks, with both 1 and n in this block, with j the first element
and k the last element of some second block, which is both the second block
to appear from left to right and the second block to appear from right to
left. The probability of this event determined by 1 < j < k < n is the
probability that the set [j] U ([n] \ [ — 1]) of j + 1 + n — k elements is
split by the partition into the two particular subsets [j — 1] U ([n] \ [k]) and
{j}U{k} of j —1+n—k and 2, respectively. Hence the p(j —1+n —k, 2),
by the exchangeability and consistency properties of the random partitions
of various subsets of [n].

. Z?;ll p(j,n — j) is the probability of the event that there are exactly two
blocks [j] and [n] \ [j] for some 1 < j < n.

° Zl<j<k<np(j, n—k+1) is the sum of the probabilities that there are two or
more blocks, with 1 and n in different blocks, with j the first element of the
block containing n, which is the second block to appear from left to right,
and k the last element of the block containing 1, which is the second block
to appear from right to left. The probability of this event determined by
1 < j < k < n is the probability that the set [j]U([n]\[k—1]) of j+1+n—k
elements is split by the partition into the two particular subsets [j —1]U{k}
and {j} U ([n] — [k]) of sizes j and n — k + 1, respectively, and hence the
p(4,n — k + 1), again by the exchangeability and consistency properties of
the random partitions of various subsets of [n]. O

In this classification of five kinds of terms contributing to the probability us.p,
the first three kinds account for all cases in which 1 and n fall in the same block,
while the last two kinds account for all cases in which 1 and n fall in different
blocks. The double sum for the third kind of term is 0 unless n > 4, in which case
it always simplifies to a single sum by grouping terms according to the value h of
j—14+n—Fk:

n—2
63) > p-1+n—k2)=> (h—1)p(h,2)
1<j<k<n h=2
(6.4) 2 [po(2) — po(n) — (n — 2)po(n — 1,1)] pe(2)

with further simplification as indicated by 2 for the Ewens (9) model. For the
Ewens (6) model, the p(h,2) in (63) becomes

o 0()p—1
p@(h’ 2) - (1 + 9)}7,-',—17
while the expression in (64) features
1 (Dn-1 0 (1)n—2
p@( ) 1+97 p@(n) (1_’_0)"717 pg(?’l ) ) (1_’_9)”71

The evaluation < in ([64) is easily checked algebraically, by first checking it for n =
4, and then checking the equality of differences as n is incremented. This evaluation
([64) is an expression of the well known characteristic property of noninterference
in the Ewens (6) model, according to which, given that 1 and n fall in the same
block of some size b with 2 < b < n, the remaining n — b elements are partitioned
according to the Ewens (f) model for n — b elements. The sums in ([G.3]) evaluate
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the probability that 1 and n fall in the same block, whose size b is at most n — 2,
and that the partition of the remaining n — b > 2 elements puts the least of these
elements in the same block as the greatest of these elements. For a general EPPF
the probability that 1 and n fall in the same block, whose size b is at most n — 2,
is p(2) — p(n) — (n —2)p(n — 1, 1), as in the first factor of (G4 for p = py. For the
Ewens (6) model, given this event and the size b < n — 2 of the block containing 1
and n, the probability that the remaining n — b > 2 elements have their least and
greatest elements in the same block is just pp(2), regardless of the value of b, and
hence the factorization in the expression of (6.4 for the Ewens (6) model.

While the sum of the first three kinds of terms in (6:2)) can be simplified as
above in the Ewens (6) model, even for § = 1 there is no comparable simplification
for the sum of the last two kinds of terms in (6.2]), representing the probability
of the event that 1 and n fall in different blocks, while the same union of the
first two blocks is found by examining elements from left to right as in examining
elements from right to left. Asymptotics as n — oo are easy for the sum of the first
three kinds of terms in (€2)). The limit of the contribution of these three terms is
po(2)2 = (14 60)~2 = 1/4. As for the remaining two kinds of terms, it is obvious
that Z;L:_ll p(j,n — j) — 0 for any partition structure, since this is the probability
that there are only two classes, and all elements of one class appear in a sample of
size n before all members of the other class. So for the Ewens () model this gives

0(1)j—1(L)n—k

lim wuo.p, L (14+6)"2+ lim Z 1+0) .
j+n—

n—00 n— 00 :
1<j<k<n

-2
(6.5) (1+96) +Z 9+j—1 0+1)

Jj=

where the limit can also be evaluated as an integral with respect to the joint distri-
bution of Py = W and Py = (1 — Wq)W; for W; independent beta (1,6) variables.
We can write

o 1 1 1,1,6
. L 4 (4F 1) -1
(6.6) 2 (0+1)2+9+1(3 2<9+1,0+2‘ ) )

in terms of the generalized hypergeometric function 3F5. Lima [43, Lemma 1] gives
the following formula for Catalan’s constant G:

1 1,1,1
(6.7) §3F2 ( 3 32 ) =G =p(2),
272
where 8(s) = > 7, (Z(nT)s for s > 0. By manipulating the hypergeometric sF5

function, one can see that for § = n + 1/2 where n is an integer, us is of the form
q + rG, where ¢ and r are rational numbers. Lima’s articles [411[42] contain many
related formulas, as well as references to zeta and beta values.
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