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1. Introduction

Order statistics are a subject of interest in statistics and applied probability. Sometimes data come from order
statistics of counts, for instance, in the study of avian fauna some researchers use the maximum of a series of replicated
observations (Chamberlain et al., 2009; Hartill et al,, 2011); in sports such as soccer, the amount of points achieved by
a team at the end of the season is modeled according to their final position (Emparanza and Ninez-Ant6n, 2010); in
citometry, the median of individual counts is frequently used to measure the presence of various cell types (Lesko et al.,
2013; Nielson et al., 1991), and in discrete process control, it is common to monitorize certain quantiles (Jiang, 2010; Wu
et al, 2014).

Discrete and continuous log-concave distributions play an increasingly important role in probability, statistics, opti-
mization theory, econometrics and other areas of applied mathematics. Log-concavity is connected to different branches
of mathematics and statistics, including concentration of measure, log-Sobolev inequalities, MCMC algorithms, Laplace
approximations, and machine learning (Saumard and Wellner, 2014). The preservation of log-concavity and ultra log-
concavity under different operations such as marginalization, convolution, formation of products, and limits in distribution
has been object of study by a number of authors (Saumard and Wellner, 2014). The class of ultra log-concave discrete
distributions plays a fundamental role in the characterization of the Poisson distribution as a maximum entropy
distribution and in the study of the Law of Small Numbers (Harremoés, 2001; Johnson, 2007).

Definition 1. Let A = (ai);2__, be a sequence of non-negative real numbers. Then

(a) A is said to be log-concave if a,2< > ay_10a,+1 for all k.
(b) A is said to be ultra log-concave if kai > (k 4+ 1)ax_1ax+1 for all k.
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Let X be a discrete distribution with fy = P(X = k). We identify the sequence (f;);2,, with the infinite sequence
(R _oo» Where f; = fi for k > 0 and f; = 0 otherwise. For simplicity, hereafter, the sequence (f;) will be denoted as f;. In
this sense, considering the sequences given by the probability function of different discrete variables, some distributions
including Bernoulli, Bernoulli sums, hypergeometric, Poisson, and truncated Poisson, have the property of being ultra
log-concave. Other distributions, including the geometric and the negative binomial distributions, are log-concave but
not ultra log-concave. The logarithmic distribution and in general, bimodal distributions are not log-concave.

Log-concavity of order statistics has been extensively studied in the continuous case, however, due to the presence of
ties, the discrete case presents more difficulties. Recent works by Alimohammadi et al. (2015) and Kim et al. (2018) have
focused on studying the strong unimodality of discrete sequences, being this notion equivalent to log-concavity (Keilson
and Gerber, 1971). They showed that the probability mass function (p.m.f.) of order statistics preserve the log-concavity
of the original discrete distribution.

The aim of the present work is to show that order statistics of an ultra log-concave distribution are also ultra log-
concave. Since ultra log-concavity is connected to underdispersion (del Castillo and Pérez-Casany, 2005; Johnson, 2007),
it is shown as a corollary that Poisson order statistics are underdispersed. Statisticians should take this property into
consideration when modeling this type of data.

2. Discrete order statistics

The distribution of order statistics for discrete distributions does not have a simple formulation due to the presence of
ties. Let X be a discrete distribution with f, = P(X = k), F, = fozoﬁ, and Sy = 1— F, denoting the p.m.f,, the cumulative
distribution function, and the survival function respectively. Given a sample of size n, let X;., be the rth order statistic.
Its p.m.f. can be expressed using the beta integral form (Arnold et al., 2008):

P(Xrn = k) = IF,((r, n+1-r)—Ip (r,n+1-r) (1)
where L(a, b) = fo t=1(1 — t)>=1dt/B(a, b) is the incomplete beta function and B(a, b) = F(z‘;ﬁé’;) is the beta function.

Alternatively, we propose an expression for order statistics using a recursive approach which will be used in proving
the main theorem. First of all, define P(X;., = k) = 0 wheneverr < lorr >nand(n—r)B(r,n—r)=1ifn=r.

Theorem 1. Let X be a discrete distribution with X,.,, the rth order statistic. Then, for n >1,
1
1Sk 1

P(Xr:n = k) = P(Xr—1:n—1 = k) Fi + P(Xr:n—1 = k) Sk +fkm

Proof. Using expression (1), different properties of the incomplete beta function and taking into account that F, = F,_1+fj,
PXyp =k) =Ig(r,n+1—=r1)—1I ,(r,n+1-r)
= Flp,(r—1,n+1—-r)+Sdg(r,n—r)
—Felp r—=1,n+1—-1)=S_1lf_,(r,n—r)
=F(p(r—1n+1—r)—Ip (r—1,n+1-r1))+
Sk (Ip(r,n—1) —Ig_,(r,n—r)) +
Sdp_r=1,n+1—-r1)—filg,_,(r,n—r)
= P(X;—1:n—1 = K)F + P(Xp:n—1 = K)Sk +
flg_r=1,n+1—r)—=1Ig_(r,n—r))
Finally, we find that
1S

P(Xr:n = k) = P(Xr—l:n—l = k)Fk +P( rin—1 = k)sk +fk—
(n—r)B(r,n—r)

3. Log-concave and synchronized series

We start by reviewing basic properties and notation for log-concave sequences. Let A+ B, A x B denote the sequences
with coefficients (a, + by) and (a, x by) respectively, whereas uA denotes the sequence with coefficients (uay), for any
constant u > 0. The convolution of A and B, denoted as AxB, is defined to be the sequence with coefficients: Zl_foo ay—ib;.
For any sequence A = (ai), we define the associated offset sequence A~ = (a, ) by a, = a,_; for all k. We highlight the
following properties of log-concave sequences:

1. Log-concavity of discrete sequences is preserved by products. If A and B are log-concave sequences then the
sequence A x B is also log-concave.
2. The convolution of two log-concave sequences is log-concave.
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3. Given a log-concave sequence A, the offset sequence A~ is log-concave.
4. If fi is a log-concave sequence, so are the sequences Fy and Sy.
. i ] l . . .
5. If fi is a log-concave sequence, F.F,_;S,S;"; for any i, j, [, m > 0 is a log-concave sequence.

Properties (1) and (3) are straightforward using the definition of a log-concave sequence. For a proof of the second
property see Theorem 4.7.1 in Prékopa (2013) . To assess property (4), it suffices to consider the convolution between the
log-concave sequence f, with the constant sequence q, = 1, and the convolution between f, with the constant sequence
q, = 0 respectively (see Theorem 4.7.2. in Prékopa, 2013). An alternative proof of property (4) can also be found in
Theorem 2.2 in Alimohammadi et al. (2015). Property (5) is clear using properties (1) and (3).

In a series of recent works focused in the study of topological graph theory and combinatorics, and the Genus
distribution of a graph, Gross et al. (2015) introduced new tools to deal with sums and convolutions of log-concave
sequences; in particular, the concept of synchronized sequences.

Definition 2. Let A and B be two log-concave series. They are said to be synchronized, denoted as A ~ B, if they satisfy

agby > ax_1bxy1 and agby > agi1by—1 for all k.

Proposition 1. The following properties hold:

1. The sequence resulting from a linear combination of synchronized sequences is log-concave, ie. let A and B be
synchronized sequences, and let u, v > 0; then uA + vB is log-concave.
2. Given a set of n pairwise synchronized sequences denoted as (A;)\_,, for any numbers uy, vy, ..., Uy, vy > 0, we have

Do Ui ~ YL v
3. IfA~Band C ~ D, then (A x C) ~ (B x D).

and if fi is a log-concave sequence,
4, Flf ~ Fk—] and Slf ~ S’,‘_l
5 F,~F,_,and S, ~S,_; fori> 0.
6. FeSk ’\’stk L -~ FxSk ~ Fr1Sk-1 o
7. FkF] ~FF_, withi+j=1i4j;and SIS | ~ SYS™, with [+ m =1 +m'.
8. FkF,’(_ls,{Sk_1 F'E_s's™ withi+j=1i+j andl+m=1+m.

Proof. Property (1) is a particular case of property (2). See Theorem 2.3 from Gross et al. (2015) for a proof of property
(2). Property (3) can be assessed using the definition of synchronicity. The first condition for synchronicity in property (4)
is obvious. The second condition becomes FyF,_1 > Fy1Fx—2, which is true since F is a log-concave sequence. Properties
(5) and (6) can be proven using (3) and ( )- In order to prove property (7), without loss of generality we assume that
i > i'. Thus, the property becomes F,i’l (F'F_ ) ~ F’ J(FI'FL_,), which is true by (5) and (3). Finally (8) is a consequence
of (7)and (3). O

4. Ultra log-concavity of discrete order statistics
Theorem 2. Discrete order statistics preserve log-concavity and ultra log-concavity.

Proof. Consider a discrete random variable X with fi as its p.m.f. and assume that f; is a log-concave or ultra log-
concave sequence. In order to demonstrate the theorem we will first show that P(X;.,, = k)/fy can be expressed as a
linear combination of log-concave synchronized terms:

r—1 n—r

PXe = K)/fi =Y Y cli, mFF - TSpsp )

i=0 m=0

i.e. a linear combination of terms where the sum of the exponents in F; and F,_; is r — 1 and the sum of the exponents
inSyand Sy_qisn—rforallk>1andr > 1.
The proof of this property follows by induction:

e Forr = 1 n =1 expression (2) holds:
P(X1.1 =K)/fi =1

e Suppose that for some ng € N, ng > 1 and Vr € N, r < ng, the property is true. Using the representation given by
Theorem 1 and choosing an arbitrary ry (< ng + 1), we can write:

P(Xrozn0+l = k)/fk = ka(xro—lzno = k)/fk
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F;O—ls’no—roJr]
—1 “k—1
(no — 19)B(ro, ng + 1 —19)

Each one of the three terms can be expressed as a linear combination of terms fulfilling the desired property. Using
properties (2) and (7) from Proposition 1 it follows that P(X;., = k)/f is a log-concave sequence. Thus, if f; is a log-concave
sequence so are their order statistics because P(X;., = k) can be expressed as a product of log-concave sequences and log-
concavity is preserved by products. On the other hand, the ultra log-concavity of the p.m.f. sequence for a random variable
is equivalent to its log-concavity with respect to the Poisson distribution, given pj the p.m.f. of the Poisson distribution,
fx is ultra log-concave if and only if fi/py is log-concave. Thus, if f; is ultra log-concave, P(X;., = k)/py is log-concave, and
P(X:., = k) is ultra log-concave. These results lead us to conclude that discrete order statistics preserve log-concavity and
ultra log-concavity. O

+SkP(Xr0:n0 = k)/fk +

Remark 1. The fact that discrete order statistics preserve log-concavity was also proved by Kim et al. (2018) using a
totally different approach in terms of strong unimodality.

Corollary 1. Order statistics of a Poisson distribution are under-dispersed distributions (i.e. variance is strictly smaller than
the mean).

Proof. According to Johnson (2007), given X a discrete ultra log-concave random variable,
EIX(X — 1)] < (EIX])? (3)

Since the Poisson distribution has the maximum entropy property within ultra log-concave distributions (Johnson, 2007)
this is the only ultra log-concave distribution fulfilling equality in (3). On the other hand, Poisson order statistics are not
Poisson distributed, as can be assessed using formulation (1). O

Remark 2. Corollary 1 can also be proved using Corollary 4 in del Castillo and Pérez-Casany (2005) using the fact that
the distribution of Poisson order statistics can be expressed as a weighted Poisson distribution, and the function defining
the weights is log-concave.
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