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Stieltjes Classes for Discrete Distributions of Logarithmic Type
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Abstract. Stieltjes classes play a significant role in the moment problem since they permit to expose
explicitly an infinite family of probability distributions all having equal moments of all orders. Mostly, the
Stieltjes classes have been considered for absolutely continuous distributions. In this work, they have been
considered for discrete distributions. New results on their existence in the discrete case are presented.

1. Introduction

Stieltjes classes initially appeared in [11], while the name may be viewed as present-day. For good
reasons, J. Stoyanov [12] suggested to use the name ‘Stieltjes classes’ and triggered their systematic study,
which is still in progress. See, for example [6, 8, 13]. Mostly, Stieltjes classes have been considered
for absolutely continuous distributions. However, they may also be used to construct sets of discrete

distributions with the same sequence of moments. For the sequel, we need the following definitions, which
are discrete analogues of those introduced in [12].

Definition 1.1. Let X be a random variable possessing a discrete distribution with probability mass function px = p
given by p(x;) = pj, j € No. A sequence h = {hj}jeN, is a perturbation for p if

My :=suplhjl=1 and Zx’]?pjhj =0 forall ke Ny.
i j=0

It has to be noticed that not all probability mass functions own perturbations. Clearly, the existence of

a perturbation implies the moment indeterminacy of the underlying distribution. In this connection, the
next definition can be formulated.

Definition 1.2. Given a probability mass function p and a perturbation h, the set
S:={g:9=p(1+¢h), ec[-1,1]}

is called a (discrete) Stieltjes class for p generated by h.
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Examples of discrete Stieltjes classes are provided in [2] and [13, Section 11]. It has to be pointed out
that, since [2] had appeared before [12] was published, the name ‘Stieltjes class” had not been used in the
former. However, the results of [2] can be easily restated in terms of Stieltjes classes. It is worth mentioning
that C. Berg characterizes discrete moment-indeterminate distributions possessing Stieltjes classes as the
ones which are not extreme points in the set of distributions with the same moment sequences. He also
constructed an example of a moment-indeterminate distribution, whose probability mass function has no
Stieltjes classes. See [2, Propositions 1.1 and 2.2].

In the present paper, the existence of Stieltjes classes is investigated related to certain families of discrete
distributions. More precisely, given a non-negative integer-valued random variable X, this study aims to
examine the presence of Stieltjes classes for the probability mass function of Y = a%,a > 0, a # 1. We refer
to the distributions of random variables of this form as logarithmic type. Obviously, when a € (0,1), the
distribution of Y is moment-determinate as it has a bounded support. Therefore, only the case a > 1 will
be considered. Denote by p; = P{X = j}, j € INy. Correspondingly, the probability generating function of X
can be written as:

flz) = ijzj, zeC.
j=0

Clearly, Y has finite moments of all orders if and only if f(z) is entire. Some conditions in terms of coefficients
and growth estimates of f(z) for the Stieltjes classes of Py to exist are established. It will be proved that,
under the condition

pj > CaU™V2 forall j € Ny and some C > 0,

the probability mass function of Y has a perturbation and, as a result, the distribution is moment-
indeterminate. On the other hand, if

p; = 0(,171'0‘71)/2) as j — oo,

then no perturbation functions exist. The application of these results to the case when X has a log-concave
distribution is provided.

Last but not least, it has to be acknowledged that this study is motivated by Examples 11.7 and 11.8 of
[13].

2. Results and examples

To begin with, let us recall some facts and notation from the g-calculus, which will be needed for the
sequel.
Given g > 0 and j € Ny, the shifted g-factorial (g; ); is defined as:

] 00
@o=1  @a=]]a-¢ ad (@a.=]]a-g
s=1 s=1

The following identity established by Euler - see, for example, [4, formula (1.23)] - will be used repeatedly:

ﬁ( ; ) i qf(j—l)/z . M
1+4g/t)= t, 0<g<l, teC 1
o = @)

Throughout the text, the letter C - with or without indexes - denotes a positive constant whose value
is of no concern. Note that the same letter may be assigned to denote constants with different numerical
values.
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Theorem 2.1. Let a random variable X have probability mass function px(j) = pj, j € No,and Y =a*, a > 1. IfY
has finite moments of all orders and

pj = Ca UV forall j>0, )
then a perturbation of py exists and, therefore, the distribution of Y is moment-indeterminate.

Proof. To establish this result, it suffices to find a bounded non-zero sequence f = {i j}]i‘io satisfying

Z ak]p]]jlj = O fOI' all k € NO‘ (3)
j=0

Set
- (=1)ia7G-D/2

1= Wa ey, <N @

Obviously, /1 # 0, and owing to (2),

h g_j(j_l)/z 1 C
| < < = Cy.
I (1/a;1/a),Ca-iG-D2 = C(1/a;1/a)ee '

The validity of (3) follows immediately from (1) because for
= t
o0:=[](1-7)

one has

(o) (o]

(—1)aii-D/2 o
0= (p(ak) = Zak]((l)/;'—l/a)j = Zak]pjhj forall ke INp.
=0 ' =0

Taking h := h/Mj, where Mj, = sup I |j|, one obtains a perturbation & for py and in this way completes the
proof. [
Corollary 2.2. Let X and Y be as in Theorem 2.1. Then, the set
S={g=1gj):9;=p;(1 +eh)), e € [-1,1]},
where h is constructed by means of (4), forms a Stieltjes class for py.

Example 2.3. (Log-Poisson distribution) Let X have Poisson distribution with parameter A. Then, the probabilities
pj = Me™/jl, j € Ny satisfy condition (2) for every a > 1. Indeed, with the help of Stirling’s formula, it can be
observed that

i
pj~CexpljinA—(j+1/2)Inj+j} > Clexp{—y na}.

Hence, by Theorem 2.1, the distribution of Y = a*, a > 1, is moment-indeterminate and a Stieltjes class for py can be
written in the form:

S:={g:9=py(1 +eh), e e[-1,1]},

(=1)ierjla=1Gi-D/2
Ai(1/a;1/a);

where h = h/M;, and h;j = j € No.
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The result of Theorem 2.1 can be complemented by the next result. The proof below is similar to the one
presented in Lemma 2.6 of [7]. For the convenience of the readers, it will be presented in detail here.

Recall the standard notation M(r; f) := maxp=|f(z)| where f(z) is analytic in {z : |z| < r}. The following
estimate will be needed.

Lemma 2.4. Leta > 1and p,(z) = Y, a~10=V/2z]. Then,

=0
M(r;pa) < C 1n21’+ln_r C=C(a)andr > r (5)
P SCXP\ g T [ ST C@andr=ro.
Proof. First, we estimate the sum of the following auxiliary series: Sy(r) := )E b="rl, where b > 1 and r > 0.
j=0
Clearly,
Sp(r) = iex {— 2Inb + 'lnr} = ex In*r iex —lnb('— Inr )2
b - = P ] ] - p 41nb P P ] 2Inb
= ex In®r i p-(i-Inr/@Inb))*
Plame ) & :

Observe that, for every t > 0, there holds:

00 L£] 0 L£] s
S =Y e 3 <Y Y <2 Y e
j=0 j=0 j=0 j=0 j

j=l+
independently of t. Consequently, for r > 1, we conclude that

8

I
(=}

2
Sy(r) < C(b) exp {irl‘n;j} . (6)

Writing pa(r) = ¥.32o( \a) 7 (+/ar)l, one obtains with the help of (6):

2 2
M(r; pa) = pa(r) < Ci(a) exp{%} = Co(a) exp {;rlln; + lnTr}

as stated by (5). O

Theorem 2.5. Let X and Y be as in Theorem 2.1. If
pj = o(a‘j(j_l)/z) as j— +oo,

then there are no perturbation functions for py.

Proof. Assume that 0 # I = {hj} 50 is a bounded sequence such that

o)

Y dipjhj=0 for all ke No. )
j=0

Set ¢; := pjhj. Obviously, the coefficients c; satisfy ¢; = o(a‘f(f‘l)/ 2) as j — +oo, implying that the entire
function ¢(z) = L.72, ¢jz/ enjoys the estimate:

M(r; d) < Z |cj|rf =0(M(r; pa)) as r— co. ®)
=0
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Indeed, given ¢ > 0, there is jo € N such that |c;| < ea/U™/2 when j > jo. Hence, M(r; ¢) < Z;OZO lejlr/ +
eM(r; pa) =: P io () +eM(r; pa). Meanwhile, since P; jpisa polynomial and p, is a transcendental entire function,
it follows that P (r) < eM(r; pa), 1 > 1o leadlng to M(r; ) < 2eM(r; pa) for r large enough. As € > 0 has been
selected arbitrarily, (8) follows. Plugging r = a* into (5), and using (8) one derives

M(@"; ) = o(@®V7?), k- oo. )

On the other hand, by (7), ¢(a) = 0 for all k € Np. Applying Jensen’s Theorem [14, §3.61, formula (2),
page 126] in the annulus {z€ C: 1 < |z < q_k}, one obtains

f n(t;¢)dt <InM(@@;$) + C1,
1

where n(t; ¢) is the number of zeros counting multiplicities of ¢ in the annulus {z € C : 1 < |z| < t}. Since ¢
has zeros at 1,4, ..., a*, one obtains:

k
t.
f n 'qb)dt > K+ 1) Ina,

implying that

K(k +1
In CM(@"; ) > (2+ )ina, keN,

which, however, contradicts (9). The proof is complete. [
To illustrate the results of Theorems 2.1 and 2.5, consider the following example.

Example 2.6. (Log-Heine distribution) It is said that a random variable X has the Heine distribution with parameter

A > 0 -and is written X ~ Heine(A) - if its probability mass function is given by:

PIV2((1 - g)1)
)

pj = eg(=A) , J€Ng, A>0,0<g<1, (10)

where ey(t) denotes the following q-analogue of the exponential function:

o =[J(1-ta-ag) ", 0<g<1, t<1/1-g.

j=0

This distribution is regarded as a g-analogue of the Poisson distribution since, when q — 17, the Poisson distribution
with parameter A is recovered. It is an important q-distribution, see [4, Section 2.3].

If X ~ Heine(A), the distribution of Y = aX,a > 0,a # 1is called log-Heine. It is not difficult to see that the Heine
distribution possesses finite moments of all orders and, moreover, it is moment-determinate as its moment-generating
function exists for all real numbers. The same is true for log-Heine distribution with a € (0,1) since it has a bounded
support. Now, let X ~ Heine(A) and a > 1. Taking into account that (q; q)e < (q;9); < 1, one obtains, using (10),

Pj

. —a)V -2 ¢ 7T
Cr- [0 = Y (ga)™ g T

< G- [AM1 - g))(ga)y U2,

By virtue of Theorems 2.1 and 2.5, the last estimate implies that Stieltjes classes for the log-Heine distribution exist if
and only if eithera > 1/qora=1/qand A(1 —q) > 1
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The next statement deals with discrete log-concave distributions. By definition, a discrete distribution
on integers is said to be log-concave if its probability mass function satisfies the condition:

P} >piapi >0, jeN. an

Such distributions have been studied by many authors from different angles and have been found interesting
for applications. See, for example, [1, 5], and [10].

Log-concave sequences are also of importance in the theory of entire functions. Assume that the
probability generating function f(z) = Y7, p;z/ is entire. Then, for each r > 0, ¥ p;r/ < co, whence
{pjr/} = 0. Thence, the sequence has, for every r > 0, a maximal term which is not necessarily unique.
Now, fix k € Ny and look for r > 0 such that pr* is a maximal term of the sequence {p;r/ }‘]?":0. In general,

for an arbitrary sequence {p;r/ }‘]?":0 such r may not exist, for example, if p, = 0. Nevertheless, condition (11)

guarantees that each term pkr" is a maximal term for some r = ¢, see, for example, [9, Part IV, Ch. 1, problem
43]. This property is crucial for the proof of part (ii) in the next theorem.

Theorem 2.7. Let X be a random variable whose probability generating function f(z) is entire and Y = a*, a > 1.
@) If

1
0 < limsup n];(r) = f <™ (12)
r—co In“r

and a < exp{1/(2p)}, then the probability mass function of Y has no Stieltjes classes.
(i) Additionally, assume that X has a log-concave distribution. If

i
0 < lim nj;(r) = f<o0
r—o0 ln r

(13)

and a > exp{1/(2p)}, then the probability mass function of Y has Stieltjes classes, and, thus, its distribution is
moment-indeterminate.

Proof. (i) Since the coefficients of f are positive, one has M(r; f) = f(r) and the Cauchy estimates for the
coefficients of f imply that p; < f(r)r~/. By virtue of (12), if ¢ > 0, then

Inp; <Inf() - jlnr < (B+&)In’r—jInr, 7310 = rofe).

2
Taking the minimum with respect to 7, one obtains Inp; < —m for j > jo(e). Hence,
Inp; 1
lim sup —Lg——.
j—o0 ]2 4ﬁ

The latter inequality implies thatifa < exp{1/(2B)}, then the upper estimate for p; gives p; = 0 (a‘f(f‘l)/ 2) L
o0, and Theorem 2.5 is applicable.

(if) It is commonly known that, in general, it is impossible to obtain lower estimates for the coefficients of
an entire function from its growth estimate. Below, under the additional condition that {p;} is log-concave,
such estimates will be derived using the result by V. Boicuk and A. Eremenko about the Dirichlet series ([3,
Theorem 3]). A version of their proof is presented showing that if the conditions of (ii) are satisfied, then
Inp; > —j*/(4B) + aj, where aj = 0(j?) as j — co.

Assume that there exists a subsequence {p}, k € K € INp such that

2

lnpk<—§, O0<y<pB kek
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It follows from (11) that each term p;7* is a maximal term for some r = 7. That is, u(re) = m}ax p jri = pkr’;.

Then, since In M(r¢)/ In u(ry) — 1 as k — oo (we refer to [9, Part IV, Ch. 1, problem 54], for every 6 > 1 and
k large enough, there holds: In M(ry; f) < 61In p(ry). Select 6 > 1 in such a way that 6y < p. Therefore, for
k € K, one derives

2 2
InM(r; f) < O(Inpi + klnry) < 6(—:—)/ + klnrk) < (Smtax(—j:—y + tlnrk) =o6yIn®r, k> k.

Hence,

. In M(ry; f)
limsup ————

k—oc0 rk

<Oy <P,

contrary to (13). The contradiction shows that

Inp;
liminf # > —l,
whence

p;i > expl=7*/(4B) + o(j%)}, j— co. (14)
Now, if a > exp{1/(2f)}, one has:

2

" 2 j(G-1
pid/I D12 > exp {—i—ﬁ + % Ina + 0(]-2)} = exp{]z (lna - %) + o(jz)} — +00 as j— +oo

because Ina > 1/(2p). Since all p; > 0, it follows that p; > Ca/U=D/2 for some C > 0 and all j € No. By
Theorem 2.1, the Stieltjes classes for the probability mass function of Y = aX exist. O

Remark 2.8. It has to be pointed out that for a = exp{1/(2p)} the existence of Stieltjes classes has to be investigated
in more detail, as the following examples demonstrate. If p; = Cexp{—j(j — 1)/(4P)}, then Stieltjes classes exist by
Theorem 2.1, while for p; = Cexp{—j(j + 1)/(4p)}, there are no Stieltjes classes due to Theorem 2.5.

Another example is presented by the log-Heine distribution, see (10). If X ~ Heine(A), then § = 1/[21og(1/9)]
and exp{1/(2B)} = 1/q. Example 2.6 shows that the log-Heine distribution (1/q)X has Stieltjes classes if and only if
Az1/1-9q).

Notice that in all these cases the distributions of X are log-concave.
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