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THE COUPON COLLECTOR’S PROBLEM REVISITED: GENERALIZING
THE DOUBLE DIXIE CUP PROBLEM OF NEWMAN AND SHEPP

ARISTIDES V. DouMAs! AND VASSILIS G. PAPANICOLAOU!

Abstract. The “double Dixie cup problem” of [D.J. Newman and L. Shepp, Amer. Math. Monthly 67
(1960) 58-61] is a well-known variant of the coupon collector’s problem, where the object of study is
the number Ty, (N) of coupons that a collector has to buy in order to complete m sets of all N existing
different coupons. More precisely, the problem is to determine the asymptotics of the expectation (and
the variance) of T5,,(N), as well as its limit distribution, as the number N of different coupons becomes
arbitrarily large. The classical case of the problem, namely the case of equal coupon probabilities,
is here extended to the general case, where the probabilities of the selected coupons are unequal. In
the beginning of the article we give a brief review of the formulas for the moments and the moment
generating function of the random variable T3, (IN). Then, we develop techniques of computing the
asymptotics of the first and the second moment of T,,,(N) (our techniques apply to the higher moments
of T (N) as well). From these asymptotic formulas we obtain the leading behavior of the variance
V[Tm(N)] as N — oo. Finally, based on the asymptotics of E[T,,(N)] and V[T, (N)] we obtain the
limit distribution of the random variable T, (NN) for large classes of coupon probabilities. As it turns
out, in many cases, albeit not always, T;,,(IN) (appropriately normalized) converges in distribution to a
Gumbel random variable. Our results on the limit distribution of 75, () generalize a well-known result
of [P. Erdés and A. Rényi, Magyar. Tud. Akad. Mat. Kutatd Int. Kozl. 6 (1961) 215-220] regarding the
limit distribution of T, (N) for the case of equal coupon probabilities.
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1. INTRODUCTION

The “coupon collector’s problem ” (CCP) pertains to a population whose members are of N different types
(e.g., baseball cards, viruses, fish, words, etc.). For 1 < j < N we denote by p; the probability that a member of
the population is of type j, where p; > 0 and Z;\;l pj = 1. We refer to the p;’s as the coupon probabilities. The
members of the population are sampled independently with replacement and their types are recorded. Naturally,
a quantity of interest here is the number T'(IV) of trials needed until all N types are detected (at least once).

CCP belongs to the family of Urn problems among with other classical problems, such as the birthday and
the matching problem. In its simplest form (i.e. when all p;’s are equal and the collector aims for one complete
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set of coupons) the problem has appeared in many standard probability textbooks (e.g., in W. Feller’s classical
work [13], as well as in [10, 19,22, 23], to name a few). Its origin can be traced back to De Moivre’s treatise
De Mensura Sortis of 1712 (see, e.g., [15]) and Laplace’s pioneering work Theorie Analytique de Probabilites of
1812 (see [7]). The problem was related to the Dixie Cup Company, since in the 1930’s the company introduced
a highly successful procedure by which children collected Dixie lids to receive “Premiums”, beginning with
illustrations of their favored Dixie Circus characters, and then Hollywood stars and Major League baseball
players (see [19,25]).

CCP has attracted the attention of various researchers due to its applications to several areas of science
(computer science—search algorithms, mathematical programming, optimization, learning processes, engineering,
ecology, as well as linguistics — see, e.g., [4]).

For the asymptotics of the moments, as well as for the limit distribution of the random variable T'(IV), there is
a plethora of articles obtaining a variety of results (for the case of equal probabilities see for instance [11,14,17];
as for the case of unequal probabilities, see, e.g., [6] — which presents the results of Brayton’s Ph.D. thesis under
the supervision of Norman Levinson — [8,9,20], and the references therein).

Several variants of the original problem have been studied. Among them there is the so-called “double Dizie
cup problem” , which reads: how long does it take to obtain m complete sets of N coupons?

Let T, (N) be the number of trials a collector needs in order to accomplish this goal (obviously, 71 (N) = T(N),
thus the case m = 1 reduces to the more “classical” CCP).

Naturally, the simplest case occurs when one takes p;1 = ... = py = 1/N. For this case Newman and
Shepp [21] obtained that, for fixed m,

E[Tn(N)]=NInN+ (m—1)NlnlnN + NC,, + o(N) (1.1)

as N — oo, where (), is a constant depending on m. Roughly speaking, formula (1.1) tells us that, on the
average, the first set “costs” N In N+O(N), while each additional set has an additional cost of N Inln N+O(N).

Soonafter, Erdés and Rényi [11] went a step further and determined the limit distribution of T,,,(NN), as well
as the exact value of the constant C,,. They proved that

Cpp=v—In(m—1), (1.2)
where v = 0.5772. .. is the Euler—-Mascheroni constant, and that for every real y the following limiting result
holds:

. Tn(N)—NInN —(m—1)NInln N e Y
< = _—— .
NIE]%OP{ N SYp =TT (1.3)

or, equivalently,

lim P

N—o0

{Tm(N) ~NInN —(m—1)NInlnN + NIn(m — 1)! < y} R (1.4)

N

(in the right-hand side of (1.4) we have the standard Gumbel distribution function; recall that its expectation
is v and its variance is 72/6).

Later, and as long as the coupon probabilities remained equal, this result was generalized in [14,17].

In the present paper we extend the results of Newman-Shepp [21] and Erdés-Rényi [11] to large families of
unequal coupon probabilities. Notice that in practically all applications the coupon probabilities are not equal
(for example, in several applications the coupon probabilities follow a generalized Zipf law, a case which is
covered by our results). As we will see, for many families of coupon probabilities the quantity T;,,(IV), after an
appropriate normalization, converges in distribution to the standard Gumbel random variable as N — co. The
correct normalization of T,,(N), which depends on the coupon probabilities, is determined with the help of the
asymptotics of E[T,,(N)] and V[T,,(N)]. We also present families of coupon probabilities for which the limit
distribution of T,,(IN) (again after a suitable normalization) is not Gumbel.
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1.1. Moments and the moment generating function of T, (N)

Suppose that, for j =1,..., N, we denote by W; the number of trials needed in order to obtain m times the
coupon of type j. Then, it is clear that T is a negative binomial random variable (with parameters m and p;)
and

Thn(N) = W,.
m(N) = max W
However, the above formula for T,, (V) is not very useful, since the W;’s are not independent. Instead, one can
apply a clever “Poissonization technique” found in [23] in order to get explicit formulas for the moments of
T (N).

Let Z(t), t > 0, be a Poisson process with rate A = 1. We imagine that each Poisson event associated to
Z is a collected coupon, so that Z(t) is the number of collected coupons at time ¢. Next, for j = 1,..., N, let
Z;(t) be the number of type-j coupons collected at time ¢. Then, the processes {Z;(¢)}i>0, j = 1,..., N, are
independent Poisson processes with rates p; respectively [23] and, of course, Z(t) = Z1(t) + ...+ Zn(¢t). If X,
j=1,..., N, denotes the time of the mth event of the process Z;, then Xi,..., Xy are obviously independent
(being associated to independent processes) and

X = X 1.5
max X (1.5)
is the time when all different coupons have arrived at least m times.

Now, for each j =1,..., N, X; is Erlang with parameters m and p;, meaning that

P{X; >t} = Sp(pt)e P, (1.6)

where S,,,(y) denotes the mth partial sum of €Y, namely

y2 ym—l m—1 yl
S. =1 — 4. /= = 1.7
m)=1+y+ ot T l;u (1.7)
Incidentally, let us observe that
0<e™¥Sn(y) <1 for all y > 0. (1.8)
It follows from (1.5) and the independence of the X;’s that
N
P{X <t} =[] [1 = Sm(pjt)e™]. (1.9)
j=1
It remains to relate X and T,,(N). Clearly,
Ty (N)
X= > U, (1.10)
k=1
where Uy, Us, ... are the interarrival times of the process Z. It is common knowledge that the U;’s are inde-

pendent and exponentially distributed random variables with parameter 1. In order to compute the moments
of T, (N) via formula (1.10) we need the formula

(=)

(the justification of (1.11) is immediate, if we just notice that Uy + ... + Uy is Erlang with parameters M
and 1). Since T, (N) is independent of the U;’s, formulas (1.10) and (1.11) imply

E =MM+1)..M+r—-1)=M",  r=12,... (1.11)

E[X"|Tn(N)] = Tn(N)ME[U;] = T (N)™, 7 =1,2,..., (1.12)
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hence, by (1.12), with the help of (1.6), we obtain
o N
E {Tm(N)(’“)} = E[X"] = r/ 1 JT [t~ Swlpst)e ™ p e d (1.13)
0 iy

for r =1,2,.... The quantity F [Tm(N)(r)] is, actually, the rth rising moment of T,,(N). In particular,

0o N
E[T,,(N)] = / 1- H [1— Sy (pjt)e '] 3 dt, (1.14)
0 j=1
00 N
E[Tm(N) (Tn(N) +1)] = 2/0 1- H [1— Sy (pjt)e Pit] b tdt, (1.15)
j=1
and, of course,
V[Tn(N)] = E[Tn(N) (Tn(N) +1)] = E [T (N)] = E [T(N)]*. (1.16)

Formulas (1.14) and (1.15) were first derived in [6] by a more complicated argument. As far as we know, the
more general formula (1.13) is new.
Using (1.13) one can easily obtain the moment generating function of 7, (N):

G(z) = E [z*TMN)} =1 (2 1)/ 1= T [1 = Sm(pjt)e ] p e =D, (1.17)
0

N
j=1
where R(z) > 1.

1.2. Discussion

Under the quite restrictive assumption of “nearly equal coupon probabilities”, namely

maxi<;<n {p;}

AMN) =
) mini<;j<n {p;}

<M < o0, independently of N, (1.18)

Brayton [6] obtained detailed asymptotics of the expectation E[T;, ()], while for the asymptotics of the vari-
ance, he only did the case m = 1, where he found the formula

2 Inlnln N
V[Ty(N)] = N2 {%juo(%ﬂ as N — oo. (1.19)

The present paper builds on [8], where the case m = 1 was considered. Our results here are valid for all positive
integers m, including m = 1.

The rest of our work is organized as follows. In Section 2 we calculate the asymptotics of E[T,,(N)] and
V[T, (N)] for the the general case of unequal probabilities. We first show how to create a sequence my =
(p1,...,pNn), N =2,3,..., of probability measures (i.e. of coupon probabilities) by successive normalizations of
the terms of a given, albeit arbitrary, sequence o = {q; }‘;‘;1 of positive real numbers. Thus, we need to focus
on the sequence a. First (Case I) we consider a large class of sequences «, such that a; — co. The main result
for this case is presented in Theorem 2.2.

Then (Case II) we consider classes of decaying sequences « such that a; — 0. This case is much more
challenging. It turns out that in order to obtain the leading term of the variance V[T, (N)] (see Thm. 2.5) one
has to go deep in the asymptotics of E [T, (N)] (up to the fifth term) and E [T},,(N) (T, (N) 4+ 1)] (up to the
sixth term). These asymptotic formulas are presented in Theorems 2.9 and 2.8 respectively.
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Our way of defining the triangular sequence of coupon probabilities may look restrictive. The main advantage
of our approach is that we can obtain very explicit asymptotic formulas. If one considers substantially more
general triangular sequence of coupon probabilities, then it seems hopeless to get explicit results. Furthermore,
among the classes of coupon probabilities we consider there are some popular classes, such as (see Sect. 3) the
polynomial law (in particular, the so-called linear case falls in this category) and exponential families of coupon
probabilities (Case I), as well as, the so-called generalized Zipf law (Case II). Those classes arise in various
areas of science (see, e.g., [12,16], and the recent work of Locey and Lennon in the Proceedings of the National
Academy of Sciences [18]).

The approach presented in Section 2 can be used to calculate the asymptotics, as N — oo, of the rth rising
moment of T, (N), for any positive integer 7.

Section 3 is a short section where we present some illustrative examples. Then, in Section 4 we take advantage
of our formulas in order to find the limit distribution of T,,,(IN') (appropriately normalized) for a very large class
of coupon probabilities. More precisely, for sequences of Case I the limit distribution is obtained (in Thm. 4.1)
by using formula (1.17). As for sequences of Case IT, we combine our asymptotic formulas with a limit theorem of
Neal [20] (in the spirit of [2]) in order to obtain the appropriate normalization of the random variable T,,, (V') and
arrive into specific limiting distributions. Our main results are Theorem 4.2 (see also Sect. 4.3, whose content
complements Thm. 4.2). It is notable that for the considered class of coupon probabilities the random variable
T,.(N), appropriate normalized, converges in distribution to a Gumbel random variable. This is a generalization
of the classical result of Erdés and Rényi (see (1.3)) for the case of equal coupon probabilities. For the special
case m = 1 the statement of Theorem 4.2 had been established in our earlier work [8]. Section 4.3 is a brief
discussion of the case of slowly decaying sequences. As an illustration we consider the sequence a; = 1/47, where
p > 0. Such sequences were never studied before, not even in the case m = 1. An interesting phenomenon arises
regarding decaying sequences: If the decay of « is subexponential, then, at least for the great variety of cases we
have analyzed, the limit distribution of T,,(N) is always Gumbel. However, if a decays to zero exponentially,
then the limit distribution of T,,(N) is not Gumbel and we expect that the same is true for sequences decayng
to zero superexponentially. In the latter case the behavior of T;,,(IN) seems similar to the corresponding behavior
for the case where a tends to infinity.

The proofs of Theorem 2.2 and of some technical lemmas of Section 2 are given in the Appendix (Sect. 5).
Finally, Section 6 is a short epilogue containing a comparison with earlier works and some remarks on the
construction of the coupon probabilities.

1.3. Some conjectures

We finish this introductory section with two conjectures. Formulas (1.3)—(1.4) suggest the following conjecture:

Conjecture 1. In the case of equal coupon probabilities we have
2
VI[Tm(N)| ~ FNQ, N — 0. (1.20)

Actually, for m = 1, we have already seen formula (1.19), proved in [6], which is a stronger form of (1.20).

Conjecture 2. For fixed positive integers m and N, the case of equal probabilities, has the property that it is
the one with the smallest variance V' [T,,,(N)].

The results of the present work confirm that, for a large class of probabilities, V' [T, (V)] is actually minimized
in the case of equal probabilities, as N becomes sufficiently large.

2. AsymptoTics OF E[T,(N)] AND V[T, (N)]

2.1. Preliminary material

For relatively small values of N it is easy to evaluate E[T,,(N)] and V[T,,(NN)] by using formulas (1.14)
and (1.15) respectively. However, for large N (this case is typical in applications) it is not clear at all what
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information one can obtain for E[T,,(N)] and V[T, (N)] from the aforementioned formulas, e.g., the bounds for
E[T,,(N)] and V[T},(N)], which can be derived from those formulas are crude to the point of being essentially
meaningless. For this reason there is a need to develop efficient ways for deriving asymptotics as N — oco. As
in [5,8,9], let o = {a;}32, be a sequence of strictly positive numbers. Then, for each integer N > 0, one can
create a probability measure 7 = {p1,...,pn} on the set of types {1,..., N} by taking

N
el where Ayn = Zaj. (2.1)
j=1

pj = AN’
Notice that p; depends on « and N, thus, given «, it makes sense to consider the asymptotic behavior of
E[T,,(N)], E[T/(N)(T\n(N)+1)],and V [T;,,(N)] as N — .

Remark 2.1. If a = {aj}fil is such that lim; a; = oo, by rearranging its terms, it can be assumed, essentially
without loss of generality, that a is a nondecreasing sequence (see Sect. 6.2). Likewise, if a = {a;}72, is such
that lim; a; = 0, then by rearranging its terms, it can be assumed essentially without loss of generality, that o
is a nonincreasing sequence.

Motivated by (1.14) we introduce the notation

E,(N;a):= /Ooo 1— ljjl (1 —e %S, (ajt)) dt (2.2)
:/01 1—j11i[[1<1—xa-7’ Sm(—ajlnx)) (Z_x (2.3)

For a sequence o = {a;}32; and a number s > 0 we set sa = {sa;}32, (notice that o and sa create the same
sequence of probability measures 7y, N = 2,3,...). Then, (2.2) implies that E,,(N;sa) = s 1E,,(N;a) and
hence, in view of (1.14) and (2.1),

E[To(N)] = Ay En(N; a). (2.4)

Likewise, motivated by (1.15), let us introduce

Qm(N;oz)::2/Ooot 1-—
J

N
=1

(1 —e %S, (ajt)) dt (2.5)

1 N
1
= —2/ 1-— H (1 —z% Sy, (—a; lnx)) %dx. (2.6)
0 i

From the above it follows that Q,,(N;sa) = s~2Q,,(N; a), hence
E[Tn(N) (Tin(N) +1)] = A} Qu(N; ). (2.7)
In view of (2.4) and (2.7), (1.16) yields
VI[Tu(N)] = AXQm(N;a) = ANEqp(N;a) — AL Ep(N; ). (2.8)

Under (2.1) the problem of estimating E [T;,,(N)] can be treated as two separate problems, namely estimating
Ay and estimating F,,(N;«), (see (2.4)). The estimation of Ay can be considered an external matter which
can be handled by existing powerful methods, such as the Euler—-Maclaurin sum formula, the Laplace method
for sums (see, e.g., [3]), or even summation by parts. Hence, our analysis focuses on estimating E,,(N;«a). Of
course, the same observation applies to the expression of (2.7).
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2.2. The Dichotomy

For convenience, we set

N
fa(x) = H [1—2% S, (—a;Inz)], 0<z<1,
j=1
in particular, f3(0) := fy(04+) =1 and f5(1) =0.
Since
d - _ ymle v
Rl P -

we get that f{ () is monotone decreasing in x. Furthermore, (1.8) implies immediately that f5 ,(z) < f{ ().
In particular

hm fa(zx H 1—a® —a;Inz)) exists for all z € [0, 1].

Thus, by applying the Monotone Convergence Theorem in (2.3) and (2.6), we get respectively

. ! - a; dx
Li(e;m) = lim B, (N; ) = /0 1- 1;[1 [1 = 2% Sp(—a; )] o — (2.10)
and
. ! b o Inz
La(a;m) := hj{]n Qm(N;a) = —2/0 1-— 1;[1 1—2%8,,(—a;Inz)] — dx. (2.11)

Notice that Lq(a;m), La(a;m) > 0, for any « (since, for every z € (0,1), fa(z) < 1 and decreases with V).
However, we may have L1 («; m) = oo and/or La(a;m) = oo. In fact, Theorem 2.2 below tells us that Lq(a;m) =
oo if and only if Lay(a;m) = co.

Theorem 2.2. Let Li(c;m) and La(o;m) as defined in (2.10) and (2.11) respectively. The following are equiv-
alent (for all positive integers m):

(1) Li(oym) < oo;
(ii) La(azm) < oo;
(ii) There exist a & € (0,1) such that

ig% < o0. (2.12)

=1

The proof of the theorem is given in the Appendix.
The theorem implies that we have the following dichotomy simultaneously for all positive integers m:

(i) 0 < Li(a;m), La(a;m) < oo or (ii) Li(a;m) = La(a;m) = o0. (2.13)

Remark 2.3. The word “dichotomy” may be misleading: If p > 0, then, the sequence o = {eP’ };";1 satisfies
L;(a;m) < oo, while for the sequence 8 = {e~ m} °, we have L;(8;m) = oo (i = 1,2). However, it is clear that
a and § produce the same coupon probablhtles( ), i.e. the same sequence of probability measures {7y }_,.
Actually, this is an exceptional case as explained in Section 6.2
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2.3. Case I: Lj(a;m) < oo

Let Ay and Li(a;m) be as in (2.1) and (2.10). We note that, by Theorem 2.2 (see (2.12)), Lq(a;m) < o0
implies that lim; a; = oo (hence limy Ay = o).

Theorem 2.4. If Li(a;m) < 00, then for all positive integers m we have

E[Tn(N)] = AxLi(a;m) (14 0n), (2.14)
E[Tu(N)(Ton(N) +1)] = A% Lo e m) (1 + Ay), (2.15)
V[Tw(N)] = A% [La(a;m) — Li(a;m)?] [1 4 0(1)] (2.16)
(as N — o0), where for the error terms
On :=Li(aym) — Ep(N;a) and Ay = La(a;m) — Qm(N; ) (2.17)

we have on = o(1) and Anx = o(1) as N — oo. Furthermore, in the formula (2.16) it is always true that
La(a;m) — Ly(a;m)? > 0. (2.18)

Proof. Formula (2.14) follows immediately from (2.4) and (2.10), while formula (2.15) follows from (2.7)
and (2.11).
To prove (2.18) we first notice that

(o)
H [1—a% —a;lnx)]
Jj=1

is a nondegenerate distribution function on [0,1]. If X is a random variable with distribution function G(z),
then simple integration by parts in (2.11) and (2.10) gives

Lo(a;m) = Eg [In(2)?] > Eg [In(z)]* = Li(a;m)?,

where Eg[-] denotes the expectation associated to the distribution function G(z). Having established (2.18),
formula (2.16) follows by using (2.14) and (2.15) in (1.16). O

Remark 2.5. If a; grows to infinity sufficiently fast, we can get a better estimate for the errors éy and Ay
of (2.17). By (2.3), (2.10), (A.1) (see Appendix), and Tonelli’s theorem

5N—/ H (I1—2%Sy (—ajlnx)) [1— H (1—-2%8,, (—a;lnx)) dz

j=N+1

<y [/Oxs (o) ] = > Z/ 21 ()

j=N+1 j=N+1 k=0

Integration by parts yields

1
oy < —- .
nEm > . (2.19)
Jj=N+1
In a similar manner one gets

— 1
Ay <m(m+1) Y —- (2.20)

j=ng1 Y
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Remark 2.6. For r =1,2,... let us set

L,.(a;m) := (—1)T17"/1 1-— H [1—2%8,, (—a;lnz)] LI dz
r = 0 o g P )
i.e.
oo oo
L.(a;m) = 7"/ 1- H [1 = Sp(ajt)e "] » ¢ 'dt.
0 i1

Then, Theorem 2.2 is valid for L, («;m), for any r (the proof is similar). Furthermore, it is not hard to see that
E {T (N)”)} AL (;m)[1+0(1)], N — oo,

which is an extension of Theorem 2.2 for all .

2.4. Case II: Lj(a;m) = oo

2.4.1. Asymptotic behavior of E[Tm(N)]

By Theorem 2.2, Ly (a;m) = oo is equivalent to

Zxa7 = for all z € (0,1).

For our further analysis we follow [5,8,9], and write a; in the form
1

a; = m7 (2.21)
where
f()>0 and  f'(z) > 0. (2.22)
In order to proceed we assume that f(x) possesses three derivatives satisfying the following conditions as  — oo:
: o (@)
(i) f(x) — oo, (ii) o) — 0,
o S@)/ (=) RANC )f( ? _

Roughly speaking, f(-) belongs to the class of positive and strictly increasing C3(0,00) functions, which grow
to co (as & — o0) slower than exponentials, but faster than powers of logarithms. These conditions are satisfied
by a variety of commonly used functions. For example,
fl@)=2P(nx)?, p>0, ¢eR, f(x) =exp(z"), 0<r<l,
or various convex combinations of products of such functions. Notice that the smoothness assumption on f does
not impose any restriction on the sequence «, since we only need f(z) to interpolate 1/a; for x = j, j =1,2,...
The restrictions of a come from the growth assumptions (2.23). In Section 4.3 we discuss the case where f(x)
grows slower than any (positive) power of = and hence does not satisfy all conditions of (2.23).
For typographical convenience we set

F(z) := f(z)In (J{((”;))) (2.24)

(notice that (2.22) and (ii) of (2.23) imply that F'(z) > 0, for x sufficiently large). The following lemma plays
an important role in our analysis:

Lemma 2.7. Set
/ fx)*e T *dz, kE€R. (2.25)
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Then, under (2.23) and (2.24), we have

__f@) _rao JIN)HS Eon f(NV)
10 =i e s o (mm)] e
where
w(N) = -2+ % (2.27)

uniformly in s € [sp,0), for any fized so > 0.

The proof is given in [8] in the case where x > 0, while it is straightforward to check that the lemma above is
still valid when x is negative. Notice that the condition (iii) of (2.23) says that w(N) = O(1) as N — oc.
Using Lemma 2.7, as well as (2.22)—(2.24), we have as N — oo

/1N S, (ff(f)) > &~ {1“ (f%) } e U/ijzvv))] - (228)

where, as usual, E1(N) ~ E3(N) means that Ey(N)/E2(N) — oo as N — oo. From (2.28) we obtain

hm/ 551 (F(N) s> dr = {
oo, if s < 1,

hm/ iC 585 (F(N) s) dx = { 1,if s =1, (2.30)
0,1

N
lim/ B
N J1

N)
It is easy for one to check that the function h(z) :=e” 7@ °S,, HE) s) is increasing. Hence,

N N
/ e b;"%)SSm <F(N) s) dz < e_%sSm <F(N) s)
1

(2.29)

while, for m > 3

(2.31)

7(@) 2 7G)
N kv F(N) ) F(N) F(N)
< e T@® S, s|de+e FT®3S,, (—s) .
/1 ( f(x) f(N)
It follows (see (2.24) and (ii) of (2 23)) that the limits in (2.30) and (2.31) are valid, if the integral is replaced

by the sum, namely Z e o *Sim (F(N)) ) Finally, by the definition of F(-) and the Taylor expansion for

the logarithm, namely In(1 — ) ~ —z as x — 0, we get

N
. _FM) F(N) oo, ifs <1
]g{lgln <1 —e fM°9 < f(j) 8>> = { 0, if s > 1, (232)
N o) F(N) —00, if s<1
lim » " In (1 —e TS, ( : s)) = 0, if s > 1 (2.33)
N3 £G) 1 if s =1,

N

) _EQ) F(N) [ —o0,ifs<1

lll{lnzm (1—e Eie) Sm(f(j) s)) —{ 0.if s> 1, (2.34)
Jj=1
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form =1, m =2,and m = 3,4,... respectively. Next, we take advantage of the above limits. Starting from (2.2),
and for any given ¢ € (0,1) we rewrite E,,(N;«) as

En(N;0) = F(N) [1+¢ — (V) — B(N) + I5(N) ], (2.35)
where
I (N)~—/1_E _x iln (1— ~F6rs (F(N) )) | d (2.36)
1 = exp 2 e \ 75 s s, .
I+e [ N F(N ]
I(N):= /1—5 exp jzzgln (1 —e” f(w'))sSm (f;((iv)) s)) } ds, (2.37)
o0 N F(N
Is(N): = /14_5 1 —exp ]Z::lln (1 - e_#sSm éf((iv)) s)) ds. (2.38)
For typographical convenience we set )
1 f(N
0= = .
() T .

(notice that as N — oo, § — 0T).

Lemma 2.8. Let Iy(N), I2(N), Is(N), and 6 be as defined in (2.36)—(2.39) respectively. Then, for any given
e € (0,1) and for all positive integers m we have, as 6 — 0T,

L(N) =0 (54—%—5/5) . (2.40)
Furthermore,
L(N)=e+ (m—2)6Iné+[In(m —1)! —~]6 + (m —2)*6*Ind
+[m = 2)In (m — 1)! = (m — 2) 7 — (m — 1) — w(N) (m — 1)1 62
+0 (53 (1n5)2) . (2.41)
and .
L(N) = (1(; i)l)! 5"}—3 (14 0(8) as 6 — 0T, (2.42)

The proof of the lemma is given in the Appendix.

Observation 1. It follows by Lemma 2.8 that both integrals I;(N) and I3(N), are negligible compared to the
sixth term in the asymptotic expansion of the integral Io(N). Hence, all the information for the E [T,,(N)], at
least for the five first terms, comes from I5(N).

We are, therefore, ready to present the following theorem.

Theorem 2.9. Let § be as defined in (2.39) (hence § — 07 as N — o0) and w(N) as given in (2.27). Then (v
is, as usual, the Euler—Mascheroni constant)

E|[Tm(N)] :ANf(N){%—(m—2)1n5+['y—1n(m—1)!] —(m—2)%6In¢

+[(m—1) + w(N)(m — 1)l = (m — 2)In(m — 1)! + (m — 2)7]0 + O (6* In* ) } (2.43)
Proof. The result follows immediately by combining (2.4), (2.35), and Lemma 2.8. O
To follow Newman and Shepp [21], although the first set “costs” Ay f(NN)/d, all further sets cost Ax f(N)Ind.
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2.4.2. Asymptotics of the second rising moment of Tm(N)

We will follow a similar approach as in Section 2.4.1, in order to find the sixth(!) term in the asymptotic
expansion of the second rising moment of the random variable T, (N), so that the leading behavior of V[T, (N)]
will be obtained. Let us expand Q,,(N;«) as

Qm(N;a) =2F(N)? B +e+ § — I4(N) — Is(N) + Ig(N)] : (2.44)
where
L(N) = /01_5 exp i::ln (1 _ e TS, (};fé\;) s)) sds, (2.45)
= [ et S (1-e 58, (S0 s 240
and
Is(N) = /: 1— exp ﬁ:ln (1 _ oS, (F((j)) 5)) s ds. (2.47)

Lemma 2.10. Let I4(N), Is(N), I¢(N), and 0 be as defined in (2.45)—(2.47), and (2.39) respectively. Then,
for any given € € (0,1) we have, as § — 07T,

L(N)=o (54*%*5/5) . (2.48)
Furthermore,
Is(N)=¢+ ? +(m—2)0nd+[In(m—-1)—~]d— @521&5
+[(m=2)* = (m—2) (n(m - 1) = 9)] 8°In
+m=2)In(m—-1)'—=(m—-2)y—w(N)(m—-1)!—(m—-1)
L (In (m — 1)!)* — L (72 + 12) +~1In (m — 1)!} 2 +0 (53 (111(5)2) (2.49)
2 2 6
and
m—1
T6(N) = (1(; i)l)! 5m1_3 /(14 0(5)). (2.50)

The proof of lemma above is given in the Appendix.

Observation 2. By Lemma 2.10 we have that both integrals I,(N) and Is(IN), are negligible compared to
the seventh term in the asymptotic expansion of the integral I5(N). Hence, all the information regarding
E[T,,(N)(T(N) +1)], at least for the six first terms, comes from I5(N).

By combining (2.7), (2.44), and Lemma 2.10 we obtain the following theorem.
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Theorem 2.11. Let § be as defined in (2.39) (hence § — 07 as N — o0) and w(N) as given in (2.27). Then
for all positive integers m
1 Ind 1
B T (9) (T (N) 4 1)] = 23 £ { 5 = 20m = 2) 52 = 2ftnm = 1)t =31
+ (m —2)2% 6 +2(m — 2)[In(m — 1)! —y — (m — 2)]Ind
+2m—=2)y=2(m—=2)In(m — 1)+ 2w(N)(m —1)!

+2(m—1)+ (In(m— 1)1+~ + (x2/6) — 2y1In (m — 1)!]
+0 (61n*6) } (2.51)
We are now ready for our main result regarding the variance (in Case II).

2.4.8. Asymptotics of V [Tm(N)]

Theorem 2.12. Let a = {a;}32, = {1/f(j)}32,, where f satisfies (2.22)) and (2.23) (hence, Li(a;m) = o0).
Then for all positive integers m we have as N — 0o

2 7 1 7 1
V[Tn(N)] ~ — A} f(N)? = = ——————— 2.52
(Tu)) ~ T AR SOV =T =T (252)
where Ay = Z;\;l a; (pj = a;/An are the coupon probabilities).
Proof. From Theorems 2.9 and 2.11 one gets
2
T
E[Tn(N)(Tn(N) +1)] = E[Tn(N)]* ~ = A} f(N)? as N — oc.
In view of (2.8), in order to finish the proof it only remains to show that
E [T, (N)]
Lm0, N — oo 2.53
% SN (259)
The proof of (2.53) is given in the Appendix. O

Remark 2.13.
(a) It is notable that for the sequences of Case II the leading behavior of the variance of the random variable
T (N) is independent of the value of the positive integer m (which is in agreement with (1.19)). The reader
may compare this with (2.16) where the leading behavior of the variance depends on m.
(b) Regarding the asymptotics of Ay let us mention that if
o0
Cy = Zl/f(n) < 00,
n=1
then
Ay = Cf [1 + 0(1)] .
On the other hand, if Cy = oo, then, as N — oo, we have
N
dz
An ~ —_—
1 f(@)

Remark 2.14. Using the techniques presented in this section it can be shown that

(r) ~ AT r f(N) " —

E {Tm(N) ] nF(N) In <f’(N) . reN:={1,2,...),
where, as usual, the coupon probabilities are given by (2.1) with a = {a;}32; = {1/f(j)}72;, where f satis-
fies (2.22) and (2.23).
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3. SOME EXAMPLES

Example 1 (The positive power law). Consider the sequence a = {j7}32;, where p > 0. Here we have
(see (2.10) and (2.11) and Thm. 2.2),

Li(a;m) = / 1-11 {1 —e " Sm(jpt)] dt < oo (3.1)
0 =1
and
Lo(a;m) = 2/ -1 [1 et sm(jpt)] tdt < oo, (3.2)
0 =1

where Sp,(+) is given by (1.7). By Theorem 2.4 it follows that

E[Tn(N)] = An Li(a;m) (14 0n), (3:3)
E[Tm(N)(Tn(N)+1)] = A% La(a;m) (1 + An),
where
5N = 0(1), AN = 0(1) (3 5)
and
al NP+l 1
AN—ZJPZ +1{+O<Nﬂ’ N — o0 (3.6)
Thus, (1.16) yields
2p+2
VIT(N)] = o alosm) = La(osm)?] [ +0 (1) (3.7

as N — oo, Actually, by (2.19) and (2.20) of Remark 2.5 we have

1 1
Sy<m Yy 7:0<Np_1>, if p>1 (3.8)
j—N+1J
and
=1 1 _ 1
j=N+1

(for the equalities in (3.23) and (3.9) see, e.g., [1]). Thus, if p > 1, formula (1.16) gives

N2p+2

V[Tm(N)]Zm

[Za(asm) — Lafesm?] 140 (57 )| (3.10)

where (p — 1) Al =min{p—1,1}.
In the case p = m = 1 we can get explicit values for Lq(a;1) and La(a;1) as well as more accurate estimates
for 65 and Ay [5,8].

Example 2 (The generalized Zipf law). . Here, let us consider the sequence a = {1/;j7}32,, where p > 0.
Clearly L (a;m) = oo. Furthermore, the function

flzx) =2 (3.11)
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satisfies the conditions of (2.23), thus Theorems 2.9-2.11 can be applied. Formula (2.39) becomes
1 1

0= = . (3.12)
N InN —1
In ( J{/((N))> n np
Hence, Theorems 2.9-2.11 yield
E[T,(N)]=ANN?[InN+ (m —2)Inln N —Inp+~v—1In(m — 1)! 4+ o(1) ] (3.13)
E[T(N) (Tn(N)+1)] = AAN?*(InN)? {1 + 0 (I?ITEVN)} , (3.14)
n
and )
T 42 Ar2p
VI[Tm(N)] ~ FANN (3.15)
where
S
— )P
Jj=1
Thus (see, e.g., [1]),
Ay = N o2 if
N—l_p+<(p)+ (m), if 0<p<l, (317)
1
ANzlnN—&—’y—l—O(N), if p=1, (3.18)
and ) )
An = e e — — if 1 1
N =¢(p) (p—l)Np1+O(Np)’ if p>1, (3.19)

where () is Riemann’s Zeta function (recall that {(p) < 0 if 0 < p < 1). For instance, if 0 < p < 1, then, in
view of (3.17), formulas (3.13) and (3.15) yield

N
E[T.(N)]= T [InN+ (m—2)lnlnN —Inp+~y—In(m—1)!]+ O (NPInN) (3.20)
and > N2
™
VIThW(N)|~— —— 3.21
Ta()]~ B 2 (3:21)
respectively. Formula (3.20) should be compared with (1.1)—(1.2); likewise formula (3.21) should be related to

formula (1.20) of Conjecture 1.

Example 3 (The exponential law). As in Remark 2.3, let p > 0 and consider the sequences a = {e}22,
and 8 = {e P };’il We have already observed that o and 8 produce the same coupon probabilities. We have
Li(B8;m) = oo. Furthermore f(z) = eP” does not satisfy condition (ii) of (2.23), thus Theorems 2.9-2.11 cannot
be applied. Let us consider, instead, the sequence a, where we have Lq(a;m) < co. Here

N ap(N+1) _ o p(N+1)
Av=Yew =1 S +0(1), N — . (3.22)
j=1

el —1 el —1

Also, formulas (2.19) and (2.20) of Remark 2.5 give
oy =0 (epr) , and Ay =0 (efQPN) . (3.23)
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Therefore, Theorem 2.2 yields (as N — o)

eP(N+1)
E[Tu(N)] = S—Li(aim) + 0(1), (3.24)
e2p(N+1)
E[T(N)(TW(N)+1)] = ng(a;m) +0 (ePN), (3.25)
and
e2p(N+1)
V[Tm(N)] = @12 (La(a;m) — Li(a;m)?) + O (ePN) . (3.26)

It follows that, regarding the sequence 3, the associated asymptotics are also given by (3.24)-(3.26). In this
way we get cheaply a counterexample for Theorems 2.9-2.11, in case where f(-) does not satisfy all conditions
of (2.23).

4. LIMIT DISTRIBUTIONS

4.1. Case I: Lj(a;m) < oo

Theorem 4.1. Let a = {a;}52, be a sequence such that Li(a;m) < oo (recall (2.10) and Thm. 2.2) and, as
in Section 2,

N
_ % _ )
pj—E, where AN—;%.
Then, for all s € [0,00) we have
Tm(N) - —a;s
P{TN<5}—>F(3) ::H[l—Sm(ajs)e ], N — o0, (4.1)

where Sy, () is given by (1.7).

Proof. Setting z = e* with R()\) > 0, formula (1.17) can be written as

I N
E [e**wm] =1-(*—1) /O 1 T] [t = Smlpst)e ™ b exp (—(e* — 1)) dt, (4.2)
j=1

where R(\) > 0.
Substituting ¢ = Ans in the integral of (4.2) we obtain
0o N
E {e*’\T'"(N)} =1— (- 1)AN/ 1- [1— Sp(ajs)e”%*] 3 exp (—(eA —1)Ays) ds,
0 =1

<

or

0 N
E [e*ATm(N)/AN} =1— (eMAv — 1)AN/ 1- [1— Sp(ajs)e”%°] b exp (—(e)‘/AN — 1)ANs> ds. (4.3)
0 paie}
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Finally, in view of Section 2.2 and (4.1) (for the definition of F') dominated convergence gives
lim B [o (/4] =1y / 1= F(s)] e ds — / e MR (s),
0 0

for all complex A such that ®(\) > 0. O
Notice that the limit distribution depends on the sequence a.

Remark 4.2. Notice that the function F(s) appearing in (4.1) is the distribution function of the random
variable X' = sup;cy X, where X1, Xo,... are independent random variables, such that each X; is Erlang
with parameters m and a;. It is remarkable that for the linear case a; = j, which is of particular interest in
applications, we can get other more convenient explicit expressions for F'(s) by invoking the celebrated Euler
pentagonal-number formula. For more details see [8].

4.2. Case II: Lj(a;m) = oo

Neal [20] has established a general theorem regarding the limit distribution of T}, (N) (appropriately normal-
ized) as N — oo, where my = {pn1,PN2..-,PNN}, N = 1,2,..., is a sequence of (sub)probability measures,
not necessarily of the form (2.1).

Theorem N. Suppose that there exist sequences {by} and {ky} such that kn /by — 0 as N — oo and that,
for y € R,

bm—l N .
An(y;m) = h lezvj "exp (_pNj (by + ykN)) —g(y), N — oo, (4.4)
iz

for a nonincreasing function g(-) with g(y) — oo as y — —oo and g(y) — 0 as y — oo. Then

Tm(l\;ﬁ Ly, N — oo, (4.5)
N

where Y has distribution function
Fly)=P{Y <y}=e¢ ¥, yeR (4.6)

Theorem N does not indicate at all how to choose the sequences {by} and {ky}. Here our asymptotic
formulas can help.
The conclusion (4.5) of Theorem N suggests that as N — oo

by ~ E[T,,(N)] and kn ~ e/ V[T (N)], for some ¢ # 0.

Recall that for the Case II the coupon probabilities pnj, 1 < j < N, N =1,2,..., are taken as

N
a]‘ . 1
PN = —— with Ay = aj, ;= -——, 4.7
J AN ]2:; J J f(]) ( )

where f(x) satisfies (2.23). Then Theorems 2.9 and 2.11 propose the choices
by = AN f(N)[p(N) + (m — 2)In p(N)] and kEn = Anvf(N), (4.8)

where

p(N) :=1/0 =In(f(N)/f'(N)) (4.9)
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(notice that, as N — oo we have that p(IN) — oo, and hence ky /by — 0 as required). In this case, An(y;m)
of (4.4) becomes

Atyim) = T () + (= 2) ()" (i), (4.10)
where
SRR _fV) B
vt =3 f(j)mlexp( ) + (m 2>1np<N>+y1).

Since f is increasing and satisfies (2.23) we have for sufficiently large N

£ .
wtwim) = [ e (<200 9+ = 21 4

+0 (Wem(— [p(N)+(m—2)1np(N)+yD>- (4.11)

Let us consider the integral

N
Intwim) = [ Wexp (—f ) () + (m — 2) I p(V) +y}) .

Integration by parts gives
P [ [ MY
IN(y’m)‘{M' e ep(‘ﬁ))]z_
/
/

(x)
where for typographical convenience we have set
M i= F(N) [o(N) + (m — 2)In p(N) + 3] .

By (2.23) it follows that the integral in the right-hand side of (4.12) is o(Ix(y;m)) as N — co. The quantity

ﬁ . %exp (—%) is, also, o(fN(y;m)). Hence, as N — oo

_ _ FIN)?>™™ exp(—p(N) — (m —2)Inp(N) —y)
An(y;m) ~ In(y;m) ~ (N p(NM)+ (m—2)Inp(N)+y

In view of (4.9) and the fact that p(IN) — co as N — oo, the above formula becomes

An(ysm) ~ f(N) 7" p(N) e
Using the above asymptotics in (4.10) yields

e Y
An(y;m) — =1 N — oo.

Therefore, by invoking Theorem N we obtain the following limit theorem.
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Theorem 4.3. Suppose the coupon probabilities come from a sequence « as in (4.7), where f(x) satisfies (2.23).
Then, for all y € R we have

P{Wgy}eexp (_(mL_yl)J N — oo, (4.13)

where by and ky are given by (4.8)—(4.9).

Notice that the limiting distribution in (4.13) is independent of the choice of f(x).

Remark 4.4. The fact that for the sequences by and ky of (4.8)—(4.9) the limit g(y) in (4.4) exists and has
the right behavior is an independent confirmation that the statements of the Theorems 2.9-2.11 are correct.

Example 4 (continued). For p > 0 let us take f(x) = 2P, so that a; = 1/jP. Then, (4.9) becomes
p(N)=InN —Inp (4.14)
and hence by and ky of (4.8) can be taken as
bN:ANNp[lnN—i—(m—Q)lnlnN—lnp] and kn = AyNP, (4.15)

where Ay is given by (3.17)—(3.19) (it is enough to use the leading asymptotic term of Ay). If, in particular,

0 < p < 1, then formula (4.13) holds with
N N

by =——[InN+ (m—2)Inln N —Inp] and kny = ——-

4.1
T T (4.16)

This example should be compared with the limiting behavior (1.3) of the case of equal coupon probabilities.

4.3. Slowly decaying sequences

Suppose that our sequence o = {a;} decays to 0 slower that 1/j” for every p > 0 (of course, Li(a;m) = 00).
Then, the corresponding function f(z) (for which a; = 1/f(j)) may not satisty all conditions of (2.23) and,
hence, the method presented in Section 2.4 for determining the asymptotics of the expectation and the variance
of T,,,(N) may not work. Nevertheless, Example 2 together with formulas (1.3)—(1.4) for the case of equal coupon
probabilities (i.e. when a; = constant) suggest that the limit distribution of T, (IN), appropriately normalized,
should be Gumbel and, furthermore that the sequences by and ky of Theorem N should be taken as

by=NInN+(m-1)NInln N and kn =N (4.17)

(also, that, as N — oo, V[T, (N)] ~ (72 /6)N?2, while E[T,,(N)] = NIn N+ (m—1)N1Inln N + ¢,,,(a)N +o(N),
where ¢, () is a constant depending on m and « such that ¢,,(«) > v — In(m — 1)!).

Let us illustrate the above comment with the function f(x) = (Inx)P, p > 0, which does not satisfy condi-
tions (iii) and (iv) of (2.23):

Suppose the coupon probabilities come from the sequence a = {a; = (Inj)?}32, for some p > 0. Then, for
all y € R we have

P{Tm(N)—NlnN§(m—l)NlnlnN<y}_}@(p<_%> (4.18)

as N — oo (the proof of formula (4.18) can be found in the version of the article which appears in arXiv.org).
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Needless to say that formula (4.18) is equivalent to

P{Tm(N) —NInN—-(m—-1)NInInN —[y+p—In(p+1) —In(m -1 N
N

< y} —e ¢’ (4.19)

as N — oc.
Finally, let us observe that for a; = (Inj)~?, p > 0, the above example suggests the asymptotic formulas (as
N — o)

ET,(N)]=NInN+(m-1)NInlnN+[y+p—In(p+1) —In(m — 1)]] N + o(N), (4.20)
and )
V [T (N)] ~ %N?

Notice that the expected value in (4.20) is slightly bigger than the corresponding expected value for the case
of equal coupon probabilities (recall (1.1)—(1.2)), due to the term p — In(p 4+ 1) which is strictly positive for all
p>0.

APPENDIX A.

Here we give the proofs of Theorem 2.2 and some technical lemmas which appeared in Section 2.

Proof of Theorem 2.2. Before proving the theorem we recall the following inequality which can be proved easily
by induction and limit:
Let {b; }511 be a sequence of real numbers such that 0 < b; <1, for all j. If 3772, b; < 0o, then

oo

1-JJa-1b) gibj- (A1)
=1

Jj=1 J

Let us prove the equivalence of (i) and (iii). The equivalence between (ii) and (iii) is similar.
Assume that there is a £ € (0, 1) such that (2.12) is true. Then, by (2.10) and (A.1) we have

e dz bdz
Li(a;m S/ %S, (—ajlnz)) — + —
e < [T @S ) Tt S

Using Tonelli’s Theorem we have, in view of (1.7)

co m—1 _1\k k 13
Li(a;m) < Z (%/0 2% (Inz)* da:) +1Iné.

For the integral above we have by repeated integration by parts

k

3
/ 21 (1ngg)k dz = aij &% Z(—l)i (k);

0

1 s
- (ln g)k ! )
i=0 aj

where (k), = k!/ (k —4)! is the falling Pochhammer symbol. Hence,
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Now, (2.12) implies that £ — 0, hence a; — co. Therefore, min; {a;} = a;, > 0. Thus,

oo m— 1 k —1
. j am—1 3 (lng)
Li(o;m) < Zga aj l Z k' ln§ (Z( 1) (k), T) +In&.
J=1 k=0 =0 Jo
Since £ € (0,1), (2.12) implies
(o)
Zfaja;'kl < 00.
j=1
It follows that Li(o;m) < oco. Conversely, if
D €% =00 for all £€(0,1)
j=1
then for any fixed positive integer m we have
Zfaja;'kl =00, for all €€ (0,1)
j=1
and by a standard property of infinite products (see, e.g., [24]) it follows that
H (1 — 2% Sy, (—ay lnx)> =0, for all € (0,1).
Hence (2.10) yields Lq(a;m) fo (dz/z) = O

Proof of Lemma 2.8 — PART I (the integral I1). Regarding the integral of (2.36), given any ¢ € (0, 1) we have

L(N) = /Olsexp ﬁ;ln {1—epf(57>)5 m(%sﬂ ds

[N
F(N
< exp —Z(f ?((Jf\g)(lfs)Sm <L (1 —6)>
= ()
[ m—1 e s [ N
1— N C(1—e) E(D
< exp € 1(' ) Zf(])ike (1 5)};(17\])
| k=0 ’ j=1

since In(1 — z) < —z, for 0 < z < 1. Let us now consider the function

g(z) = f(x) " exp (=AF(N)/f(x)), v €[1,N], k=0,1,....,m—1, A€ (0,1).

It is easy to check that conditions (2.23) imply that for sufficiently large N g(-) is strictly increasing in [1, N].
Hence,

/1N szz: /N (z)dz + g (N).
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Moreover, by Lemma 2.7 it is easy to see that g(N) = o (le g(z) dx) as N — oo. Thus,

N

N
Zg(j)w/l g(x)dx as N — occ.

j=1

Applying Lemma 2.7 for K = —k one arrives at

el k ’ 2—k F(N
L) < e [—Z U OOt [ S 0o (14 f(M)H’

[= ) F(M (V) F(N)

where M; is a positive constant. Using (2.24) and (2.39) i.e. the definitions of F(-) and 0, we have

m-1 (1—¢) k=1 e/s
ILi(N) < exp Z TR 7 (L+ M9)
k=0

m—(1—-¢e)™

= exp |:— (1 —6) mes/é (1+M16):| .

Since § — 07 and ¢ € (0,1) we have
I1(N) << 64 me=e/9,
for sufficiently large N, m =1,2,3,... g

Proof of Lemma 2.8 — PART II (the integral I5). Our first task is to compute a few terms of the asymptotic
expansion of the integral of (2.37). For convenience we set

N
9=l {1 o5 (F(N s>] . (A.2)
— 2
J
Since PN
(—,) — 00 as N — o0,
fG)
and In(1 — z) = —z + O(z?) as * — 0, we have (as long as s > sg > 0)

N
(N
m(N73) = Z l—e_i()

LG o )] e

Using (1.7), (A.3) yields

I M 2
CD
ZA
:5

RN
£ < s %r)-

Since f(-) is increasing and under conditions (2.23), it follows from the comparison of sums and integrals that
for sufficiently large IV

N
Zf(j)’k

) N F(N) F(N)
‘= / flz) Fe 7@ %Az + 0O (f(N)’ke_Ws) . (A.5)
1
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In view of (A.5) and Lemma 2.7 (for K = —k), (A.5) yields (as long as s > so > 0),

Bm(N;s):—tz:;F(]\Q!kSk{ HOP e ) et [0 (L)),

sE(N)f'(N) s?F(N)?f'(N) F(N

(A.6)
For typographical convenience we set )
f(N

= . A.
A= P D
(notice that A — oo as N — 00). Using (2.24) and (A.7), (A.6) yields
Bu(N;8) = o= i 1)!A1—ssm—2 (InA)™"?
1 —S . .m— m— 1
i) feo ()] s

Hence the quantity (see, (2.37))
1+
I(N) ::/ ePm(Nis) g g
1—¢

via the substitutions s = 1 — ¢ and u = A* (In A)™* (and in view of (1.7)), yields

( ) 5 §52—m exp(e/d) 1 [ 5 ( )5 5} 9
I,(N) = / exp{—iu 1—6lnu— (m—2)5lnd]™"
62—™m exp(—e/9) (m - 1)'

- (w(N)+ ﬁ) ud [1—dlnu— (m—2)5ns]" "> (1+O(5))} %“,

where (see (2.39))

P S SRR ()
. — = N ==
mA 1, ( ff/((N))) F(N

(hence, A — oo implies § — 07). We have

1/V3 827 exp(e/8)
I, =9 / + / . (A.9)
§2=m exp(—e/8)  J1/V/38

First we get an upper bound for the second integral of (A.9) as follows:
637 exp(e/9) 1 m—2 1 5(1+0(5)) du
e u(1—6n(us™ 2 1 N —
o ool O mom )™ 1 (w0 + ) 2t [
=0 (\/S e—l/(m—”‘ﬁ) . (A.10)

Let us denote K;(d) the first integral of (A.9). We use the binomial theorem to expand the quantities
[1—0lnu—(m—2)6nd]" ?and [l —dlnu — (m —2)81Ind]™ >, Next, we expand the exponentials and get

1/\/3 efu/(mfl)! m—2 9
— m—2 2 m—2
K1(5)—/52_mexp(5/5) " {1+(m_1)!u51n(u5 )+ w0 [61n (ud™?)] }

X {1 - (w(N) + ﬁ) ud (1+0(8) +u?0 [éIn (u5m2)]2}du
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(since €® = 1+ z + O(2?) as ¢ — 0). Hence,

1/V/6 —u/(m—1)! _
K1(6):/ S 1+L2u5 ln(uém_2)
§2=m exp(—e/9) u (m - 1)'
1 2
— N)+ — 1 2 1 m=2 .
(w( )+(m—2)!> ud (14 0(8) +u*0 [6In (ud™ ?)]"| du

We split the integral above as

Kl(é):/ —/ . (A.11)
§2—=m exp(—e/d) 1/

However (and this is an easy exercise)

* ey m=2 wh In (ud™ ) —(w N u u? n (u6™2)]%| du
/ws - {1+(m_1)! 5 In (ud™2) ((N)+(m_2)!> 5 (140 (6)+u0 [1n (u )]]d

=0 (\/Se_l/(m_l)!\/g> asd — 0", (A.12)

It follows that in the expression for K;(d) we can replace the upper limit of the integral by co and therefore as
§— 0t

B =5 [ i (a9 ) - () ) us 1400
= + wd In (ud™ 7)) — |w + | u +
’ §2-m exp(—¢/6) u (m—1)! (m —2)!

+u20 [51n (usm2))? 1 du. (A.13)

The following asymptotic expansions easy exercises:
o0 eft
/ Tdt:—lnx—7+x+0(ﬂc2) as = — 0%, (A.14)
/ Inte'dt =—y—zlnz+z+ 0 (z* Inz) as x — 0%, (A.15)
x

where v = 0.5772... is the Euler-Mascheroni constant. Applying (A.14) and (A.15) in (A.13) we get
L(N)=e+(m—2)6lné+[In(m—1)!—~]6+ (m—2)°6%Ins
+{(m—=2)In(m—1)! = (m—2)y — (m —1) —w(N) (m — 1)!] 6
+0 (53 (1n5)2> .
Notice that the error term in the above dominates the terms of (A.10) and (A.12). O

Proof of Lemma 2.8 — PART III (the integral I3). Our goal is to compute the leading term of I3(N). Here we
will follow a different approach.
Given ¢ € (0,1), there is a n = n(¥) such that, for 0 < x < 7, we have

—-l+Nr<h(l-z)<—-(1-9)x (A.16)

and
I-Pzx<l—e<(1+9) . (A.17)
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For j=1,...,N, s > 1, we use the definition of F, conditions (2.23), and (1.7) to get

v, F(N) ) — 1 ( )’“
O<x=e TO°S, - — —0as N — oo.
(f(]) Z KU ()

k=

Hence, for a given ¥ € (0,1), there is Ng = Ny(¢) such that, for N > Ny, (A.16) yields
_E(N) F(N) _EMN) (N)
—(1+%)e 7O Sm( - s)<ln[1 e 7O (
e 70) 70)
—(1—-9)e” oy (F > =1,...,N.
(7)

By summing over j and using (A.2) we get

N e F(N) e F(N)
—(1—|—19)jz:;e Sm<—f(j) s)<B (N;s) < Ze Faore ( 7 )
Using (1.7) we have

and from the comparison of sums and integrals (see also (A.5)), we arrive at

—(1+9) f(N)*’“e’ﬁer/ Fla) e 70 "z <Zf(j)*ke*ﬁs
1 ;
(1-9 / f(z) ke T da. (A.18)
Hence,
m—1
F(N)k sk .
_(1+ﬁ)z%[f(]\[ e f(N) / flx L f() d?|
k=0
< By (N; s)
(1-2 FN) & V fla)Fe T ] (A.19)
k:O

Now, by Lemma 2.7 and from (2.33) and (2.34) we have B,,(N;s) — 0 as N — oo uniformly in s € [1 4 ¢, 00),
for all positive integers m. Thus, for given ¥ > 0, there exist Ny = N1 (¢) such that, for N > Ny, (A.17) gives

—(1=9)B(N;s) <1 —ePnVis) « (1 49) B,,(N; ).

Therefore (see (2.37) and (A.2)),

-—(1-9) h B, (N;s)ds < I3(N) < —(1—1—19)/00 B, (N;s)ds.
1+e 1+e
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Using the bounds of B(s; N) of (A.19) in the above formula we get that for all N > Ny = max{No, N1}

a0t S et

(1 —19)%% Uloo ske—%Sds]

de]d

k=0 +e
o pNm—1 k ok
F(N
(1+9) / / ( )' ° {f(x) e 7@ dx}d
+e J1 13 k!
m—1 k
F(N e F(N)
+(1+9)* {/ ske” ﬂN)sds} i A.20
kzz(:) f( kk' 1+e ( )
Using Lemma 2.7, for kK = —k we have

s f(N)Qik > k—1 *ws
flx ke~ f(T de |ds = ———+——— s¥TleT TN 7 ds
/1+s [ 1 F(N)'(N) Ji4-

o) glvggn ., o (a0

Via the scaling F(N)s = f(N)u and integration by parts we have

L) k  poo
/ Sk—l e_%sdsz (f(N)) / uk—le—udu
14e F(N)) Jage) 2@

k-1 f(( )):Igm {1+o(f((é\\[[))e%>}

Hence, (using again, the definition of F'(-) and (2.39) we get)

m— 1 o) N FN)
{/ sk l fz)~* eﬂm)sdx] ds}
= ! 1+e 1

=(1+¢)

SN2 FO) s NS L (PN e JN) ey
= FOVE PN > i (7o) 0+ o (Fe ™)
(1+e)™ 2% 1

- (m—1)1 gm—3 e e/’ (1+0(9)). (A.21)

Likewise as § — 01

m—1 .
F(N)* [/"O o —EQ) ] ( I 5)
—_— s"e” T™ds| =0 e /0. (A.22)
,;) RUFINDR L ige gm—s
In view of (A.21), (A.22), and since ¥ € (0,1) is arbitrary, (A.20) implies
1+e)"% 1
I3(N):( +e) e (1+0(8) as d—0", m=23,... O

(m—1)! §m-3
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Proof of Lemma 2.10. We will discuss briefly, the proof for I5(N). The proofs for I4(N) and Is(N) are similar
to the proofs of the results for I; (N) and I3(N) respectively of Lemma 2.8. For I5(N) of (2.46) and in view

of (A.2) we have

1+
I5(N) == / seBmNVis) g,
1

We can treat I5(N) as we treated I3(NN) of Lemma 2.8. One gets (as N — 00),

527 ™ exp(e/d)

(V) = (V) - & In (u6~)
62—™ exp(—e/9)

xeXp{—ﬁu[l—éln(u(gm—z)]mz
_ (w(N)+ﬁ) ud [1-6In (u5m—2)]m3(1+0(5))} %u’

We have

1/V6 527 exp(e/d)
I (N) = I (N) — & / + / | (A.23)
§2—m exp(—e/d) 1/V58

For the second integral of (A.23) one gets an upper bound (see (A.10)), namely O <ln5 Ve efl/(mfl)!‘/‘j . The
first integral of (A.23) is

1/V5 .
K5(9) ::/5 In (uém_2) exp{—ﬁu [1—51n (uém_2)]m_

2= exp(—e/6)

- (w(N) n ﬁ) wd [1—6n (uem=2)]""

x(1+0(5))d7“}.

If we treat K5(0) as we treated K1(d) of Lemma 2.8, we can replace the upper limit of the integral K5(d) by
oc. Thus, as 6 — 0T,

00 e—u/(m—l)! m — 2
I;(N) =1, N)—52/ In (ué™2 7{1—1—7115111 u ™2
( ( §2-m exp(—e/6) ( ) u (m —1)! ( )
1
_ (w(N) + m) ud (1+0 (9) +u?0 [61n (ud™?)] 2] du. (A.24)
The following asymptotic expansions easy exercises as x — 07:
> eit 1 2 1 2 772
Tlntdt:—iln :E—|—§ vy —|—€ +O (zlnz), (A.25)

o] 2
/ e tln’t dt = (’yz—i— %) —zln*z+0(zlnx). (A.26)
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Applying (A.25), (A.26) in (A.24), and using (2.41), one arrives at

2 — 9)?
Ig,(N)ze—l—%+(m—2)61n5—|—[ln(m—1)!—7](5—%5211125

+ [(m—2)2—(m—2) (1n(m—1)!—7)] 8216
+[(m—=2)In(m—-1)=(m—-2)y—w(N)(m—1)—(m—1)

—% (In(m — 1)1)? — % (72 + %2> +~In (m — 1)!] 2 +0 (53 (1n5)2) . O

Proof of formula (2.53). From (2.43) and (2.39) we have

N
BTN ~ A sV (280
Due to the above, (2.53) is equivalent to

In f(N) —In f'(N)
Ay f(N)

—0, N — o0 (A.27)

Using (i) and (ii) of (2.23) it remains to prove that for sufficiently lage x

In f/(x)

e~ O (A.28)

One arrives at (A.28) starting from (iii) (of (2.23)). There is a positive constant M, such that for sufficiently
large x

[ f'@) @))'.

Since f(z), f'(x) > 0 the above becomes

[ f/(@))'| < M (n f())

For any fixed xy > 0 and z sufficiently large, we have

A

L?mf@»hx

(In f'(z ’dx<M/ (In f(z

SMLFMWY

I f'(2) = In f'(2o)| < M (In f(2) — In f (o))

If we divide the above inequality with the positive function In f(z) and use (i) (of (2.23)) we have the desired
result. This completes the proof. O

Hence,

which implies
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APPENDIX B. FINAL COMMENTS

B.1. Comparison with earlier works

The main task of this paper was to obtain the limiting distribution of the random variable T,,(N) (the
number of trials a collector needs in order to obtain m complete sets of all NV different types of coupons). A key
feature in our approach is that for each integer N > 0, one can create a probability measure 7 = {p1,...,pn}
on the set of types {1,..., N} by taking

aj

N
pj:E, where AN:Zaj,

Jj=1

where a = {a; }‘;‘;1 is a given sequence of positive numbers. Under this setup p; depends on ae and N. Thus, given
«, it makes sense to consider the asymptotic behavior of the moments and the variance of the random variable
T (N). Moreover, since the leading term of Ay is, generally, easy to be found, one focuses in the asymptotics
of B, (N;a) and Qm(N;a) (see formulae (2.3), (2.5)). Theorem 2.2 separates the problem in classes of growing
(Case I) and decaying sequences (Case IT) a. For Case I the asymptotics of the expected value and the variance
of T,,(N) follow easily and depend on m (Thm. 2.4). Having those asymptotics, we were able to establish
Theorem 4.1, which gives the limiting distribution of T,,(N) (appropriately normalized) as N — oco. Notice
that the proof of Theorem 4.1 is new, since only for the case m =1 [8] the result follows from known theorems
together with the asymptotics of the expected value and the variance.

In Case IT we examine sequences a = {a;}32, of the form a; = f(j)~!, where f(-) satisfies some rather weak
conditions (see (2.22), (2.23)). In order to apply the general Theorem N (see Sect. 4.2), we need to come up with
appropriate sequences by and ky. Here, our asymptotics for E [T}, (N)] and V [T}, (N)] indicate specifically
how to choose by and ky (see Thm. 4.3). Furthermore, in Section 4.3 we discuss the case where f(x) does not
satisfy the conditions of (2.23). Formula (4.18) presented there is completely new. Recall that Erdés and Rényi
(1961) [11] proved a limit theorem for the case of equal probabilities. Thus, our paper generalizes that result
for a large class of coupon probabilities.

The computation of the asymptotics of E [T}, (N)] and V [T, (N)] in Case II is quite involved. The heart

F(N)
of our analysis rests in Lemma 2.7, which determines the behavior of the quantity Z;V:1 e 70 Sm(l;((j;g) s).

Hence, it is necessary to rewrite E,,(N;a) and Qn,(N;«a) as in (2.35) and (2.44) respectively. It turns out
that we have to compute the fifth asymptotic term of E,,(N;a) and the sixth term of @Q,,(N;«), so that the
leading term of the variance emerges (notice that this term is independent of the number m). In an earlier
work [8], the authors established these formulas for m = 1. The main difference here comes from the limit

. N _EXRD, F(N) e . .
limy [, e 7@ 7S, ( ) 5) dz, (see (2.29) versus (2.30) and (2.31)). This limit causes some difficulties. Its

different values (for m = 1, m = 2, and m > 3) explain the reason for considering the formulas (2.35) and (2.44).

B.2. Certain issues arising in the construction of coupon probabilities

In this final note we try to re-express in a rigorous way certain statements we have made regarding the
triangular sequence of coupon probabilities obtained from a sequence of positive numbers.

Let 7 := {11, 72,...,7n} be the set of the different types of the members of a population. A probability
measure m on 7 is an N-tuple

™= (p17p27"°7pN)3

where, of course,

N
p;>0, j=12...N, and > pj=1
j=1

(p; is the probability of being of type 7;).
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We say that two probability measures m = (p1,p2,...,pn) and @' = (pi,ph, ..., D)) induce equivalent
distributions on 7', symbolically
d
=7,

if there is a permutation o on {1,2,..., N} such that
p‘;:po_(])’ j:1,2,...,N.

Given a measure m = (p1,pa,...,pn) we denote by 7+ = (pf,p5,...,p}) the (unique) measure such that
2 1 and pl < p3 <...< pjk. Moreover, we denote by 7~ = (p;,p5,...,py) the (unique) measure such
that 7~ iﬂ'andp; >py > ...2Dy-

Observe that if 7 = w,then 7t =wT and 7™ =w™.
As we have seen, a sequence o = {a; }j‘iu where a; > 0 for all j, yields a sequence of probability measures
{7mn(a)}_;, where

N
. a;
nn(@) = (PN1,PN2, - -, PNN) with py; = A—j, Ay = Z%w
N =
If « is increasing, then 7y (o) = mn (o)™, while if « is decreasing, then my(a) = 7y (a)~
We now define some equivalence relations between sequences of positive elements, where by “positive” we
always mean “strictly positive.”

Definition B.1. Two sequences o = {aj};?‘;l and § = {bj};?‘;l of positive numbers are called equivalent,
symbolically

a=p,
if

WN(a)in(ﬁ) forall N=1,2,...,

while o and ( are called essentially equivalent, symbolically

a=p,

if there is a positive integer Ny such that

N (@) 4 N (5) for all N > No.

More generally, if S is an infinite subset of N := {1,2,...}, the sequences a and (3 are called S-equivalent,
symbolically

a=[(S),
if

TN, (@) 4 N, (5) for all N €8S.

Clearly, if a and 3 are S-equivalent and S’ is an infinite subset of S, then a and 3 are S’-equivalent. Two
S-equivalent sequences are essentially equivalent if and only if S¢ (the complement of S¢) is a finite subset of N.
A typical example of equivalent sequences are the sequences v = {a;}32; and Ao := {a;}52,, where A > 0. In
particular, a = al_la, hence every sequence is equivalent to a sequence whose first element is 1.

Proposition B.2. Let a = {a;}32, and 8= {b;}72; be two increasing sequences of positive numbers. Suppose
there is a set S C N for which « and 3 are S-equivalent. Then, there is a A > 0 such that 8 = A\«; in particular,
a and 3 are equivalent.
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Proof. By replacing a by afla and § by b;lﬂ we can assume without loss of generality that a; = b; = 1.
Let S = {N1,No, ...}, where {Ny}72, is a strictly increasing sequence of positive integers (obviously every
infinite subset S of N is of this form). Since a = [ (S) and both sequences are increasing we must have
7N, (@) = 7N, ()T = 7N (B)T = 7w, (B) for all k > 1. Therefore,

(lj bj )
4= 1<j<Ng k=1,2,.... B.1
A, By, <j< Ny (B.1)

For j = 1 the above formula implies that Ay, = By, for all £ > 1 (since a; = by = 1). Thus, (B.1) becomes
a; =b; for all j < Ng,
for any fixed NNVj. Since N — oo we get that a; = b; for all j € N. O

By using essentially the same proof we can show that Proposition B.2 remains true in the case where o and (3
are decreasing sequences.

Proposition B.3. Let a = {a;}72; and 8 = {b;}32, be two sequences of positive numbers such that o is

increasing and (3 is decreasing. If o and (3 are essentially equivalent, then there is a A > 1 such that a; = a4 N1
and bj = by A\ for all j > 1.

Proof. As in the proof of the previous proposition, we can assume without loss of generality that a; = by = 1.
Our monotonicity assumptions for « and § imply that there is a positive integer Ny such that 7wy () =

()T 4 an(8)” = mn(B) for all N > Ny. It follows (from the equivalence 7y ()" 4 7N (68)7) that we must
have

aAN-—j+1 = aN bj and bN—j+1 =byn a; 1<73 <N, (B.Q)
for all N > Ny. Taking j = 2 in the first equation above yields

aN-—1

= by for all N > Ny,
an

hence, there is a constant ¢ > 0 such that
aj=c)N forall j> N, where A = 1/bs. (B.3)
Next, by putting j = N —k and j = N — k + 1 in the second equation of (B.2) we obtain
biy1 =byan—p and by =byan ki1 1<E<N-1,
as long as N > Ny. Therefore, for all N sufficiently large we have

b1 an—k
bi AN — k1

1<k<N-1. (B.4)
Since (B.3) is valid for all sufficiently large j, formula (B.5) yields

b’z—“ =X forall k<1 (B.5)
k

and, similarly, axy1/ar = A for all k > 1. O



398 A.V. DOUMAS AND V.G. PAPANICOLAOU

In general, if a and 3 are only S-equivalent, for some S C N with S¢ infinite, the conclusion of Proposition B.3
may not be true. For example, if we take

1 1
Aok_1 = Dot =M1 and ag = E = a1t k=1,2,...,

where 1 < o < A, then o = §(S) with S = {2k : k € N}.

It will be interesting to characterize the sets S for which Proposition B.3 is valid under the weaker assumption
that a = 3 (S) and, conversely, for a given set S, to characterize all the possible pairs of monotone sequences «
(increasing) and [ (decreasing) such that « = 3 (S).

Finally, suppose o = {aj};?‘;l is a sequence such that a; — oo. Let

Ni=1 and Ny =min{j : a; >an,}, k>1.

Since a; — 0o, we have that Ny (exists and) is strictly increasing in k, and hence N — co. We define a new
sequence & = {a;}72; as follows:
an, = an, forall £>1

and if N < j < Npy1, the elements a; of & are obtained by rearranging the elements a; of « so that & is an
increasing sequence.
Likewise, if 3 = {b;}32; is a sequence (of positive elements) such that b; — 0 we can define a new sequence

0= {Bj}ﬁl as .
g=[e ]

where g1 := {b;l};?';l. Of course, [ is a decreasing sequence.
Observe that o and & are S,-equivalent, with S, = {Ny, Na,...} and a similar statement holds for the
sequences  and (3. It follows that, if for some sequences o = {a;}32,, such that a; — oo, and 3 = {b;}32,

such that b; — 0, we have that & and (3 are essentially equivalent (recall the Definition), then by Proposition 2
there is a A > 1 such that a; = a M1 and b; = b AL for all j>1.
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