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Abstract

A PATRICIA trie is a trie in which non-branching paths are compressed. The external
profile B, j;, defined to be the number of leaves at level k of a PATRICIA trie on n nodes, is
an important “summarizing” parameter, in terms of which several other parameters of interest
can be formulated. Here we derive precise asymptotics for the expected value and variance
of B, x, as well as a central limit theorem with error bound on the characteristic function,
for PATRICIA tries on n infinite binary strings generated by a memoryless source with bias
p > 1/2 for k ~ alogn with o € (1/log(1/q) + €,1/log(1/p) — €) for any fixed € > 0. In
this range, E[B,, x] = ©(Var[B,, x]), and both are of the form ©(nf(®)/\/logn), where the ©
hides bounded, periodic functions in logn whose Fourier series we explicitly determine. The
compression property leads to extra terms in the Poisson functional equations for the profile
which are not seen in tries or digital search trees, resulting in Mellin transforms which are only
implicitly given in terms of the moments of B, ; for various m and j. Thus, the proofs require
information about the profile outside the main range of interest. Our derivations rely on analytic
techniques, including Mellin transforms, analytic de-Poissonization, the saddle point method,
and careful bounding of complex functions.

Key Words: Digital trees, PATRICIA trie, tree profiles, analytic combinatorics, analysis of algo-
rithms, recurrences, generating functions, poissonization, Mellin transform, saddle point method.

1 Introduction

A digital tree is a fundamental data structure on words in which the storage and retrieval of a word
is based on its digits. Digital trees enjoy many important applications, including data compression
and distributed hashing [16, 22]. There are several variations of digital trees, two of the most
important being tries and digital search trees. Various parameters of random digital trees have
been defined and studied extensively, including height, size, and fill-up level [20, 2, 18, 13, 22].
Many of these can be rephrased in terms of external and internal profiles. The external profile
of a digital tree on n strings at level k, denoted by B, 1, is the number of leaves at distance k
from the root. Study of profiles is motivated by the fact that distributional information about
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them implies information about many other parameters. For instance, the height H,, of a digital
tree is the maximum level & such that B, ; > 0, and studying the distribution of B,, ;, can give
precise asymptotics for the typical height. Moreover, the typical depth D,,, defined to be depth of
a randomly chosen leaf, has a distribution whose mass at any given level is exactly determined by
the expected value of the external profile at that level. Many other parameters can similiarly be
studied in terms of B, j.

This paper makes a large step in the completion of the project of analyzing the profiles of digital
trees under a Bernoulli source model; trie profiles were fully treated in [17], and the expected value
and variance of digital search tree profiles were studied in [5, 12]. We are concerned here with
a variant of tries called PATRICIA tries, which address an inefficiency in standard tries [13]. In
particular, in a standard trie, if many strings share long prefixes, the result is a tree having many
non-branching paths, which is a waste of space. In a PATRICIA trie, non-branching paths are
compressed; that is, a non-branching path corresponding to symbols x;...x,, is replaced by a
single node whose parent edge is labeled with the string z; ... x,,. (see Figure 1 for an illustration).
In addition to their use as data structures, PATRICIA tries also arise as combinatorial structures

Figure 1: A PATRICIA trie on n = 5 strings (s; = 0010..., s =0011...,s3=01...,s4=10...,
ss = 11...). Note the path compression involved in the representation of s; and ss. The external
proﬁle is given by B570 = B571 = 0, B572 = 3, B573 = 2.

which capture the behavior of various processes of interest in computer science and information
theory (e.g., in leader election processes without trivial splits [11] and in the solution to Rényi’s
problem on distinguishing members of a set [19, 2]).

Here we study the expected value E[B,, ] = fin, variance Var[B, ;| = V,;, and limiting
distributional behavior of the external profile of PATRICIA tries built from n strings generated by
a memoryless source with probability of a “1” equal to p > 1/2 and probability of a “0” equal to
q := 1 — p (extension of the analysis to any fixed alphabet size is relatively easy). At a very high
level, the derivations follow lines well trodden in the analyses of profiles of tries and digital search
trees: from the recurrence for the expected value, we derive a functional equation on its Poisson
transform, solve this using the Mellin transform, then invert using the saddle point method and
analytic de-Poissonization.

The mathematical novelty of the challenges arising in the PATRICIA case, which we solve here,
is the fact that, in order to solve the problem for the range of polynomial growth (where k grows
logarithmically with n), we must provide estimates for p,, ; both to the left and to the right of
that range. This comes initially from the peculiar recurrence satisfied by the probability-generating



function Q,, x(u) = E[uP+] of the external profile at level k:

Q) = (" + ") Qualu Z( )pﬂq Q1 () Qs (1), &)

with appropriate initial conditions. The added term (p" +¢")Qy 1 (u) and the incompleteness of the
binomial sum are complications that do not arise in the analyses of tries and digital search trees
(see [21]). They lead to Mellin transforms that can only be written implicitly in terms of an infinite
series involving i, ; for m, j outside the range where the profile grows polynomially. Moreover,
in the Mellin inversion via the saddle point method, we find that we must handle infinitely many
saddle points along the line of integration. Both of these phenomena significantly complicate the
inversion of the Mellin transform in the expected value and variance cases and the bounding of
the remainder term in the expansion of the characteristic function in the proof of the limiting
distribution result.

More precisely, the Poisson transform Gy, (z) = Zmzo o & %e‘m of the expected value sequence
(Hn,k)n>0 satisfies the functional equation

ék(z) = ék_l(pz) + ék_l(qz) + e_pz(ék - @k_l)(qz) + e_qz(@k. - Gk_l)(pz),

and the last two terms present the main challenge, since they do not have closed-form Mellin
transforms. We manage to derive a non-explicit formula for the Mellin transform G7.(s) of Gy (2):

Gi(s) = (p™° +q *)"T(s + 1) Ay(s),

where Ay (s) is an infinite series given in terms of ji, j:

I'(m + s)
(s+1DT'(m+1)

k
Z P Y 0"+ a") g — 1) T

m>j

Thus, elucidating the analytic properties of G (s) requires us to study the asymptotics of p, ; in
several ranges.

In contrast, the Poisson functional equations for the expected value in tries and digital search
trees, respectively, are

Gi(z) = Gr-1(pz) + Gr-1(qz)
(see [17]) and ) ) ) )
Gr(2) + Gi(2) = Gr_1(p2) + Gi_1(q2)

(see [5]). Both of these result in (more or less) explicitly given Mellin transforms: for tries,
Gi(s) = (07" + ¢°)" T (s + 1)Gy (),

and for DSTs,
Gi(s) = T(s)F(s),

where Fj(s) is a finite linear combination of functions of the form p~“%¢=*2%. Though the Mellin
transform in the case of DSTs is still quite complicated, it does not present the same challenges as
does the PATRICIA case.

The peculiarities of the recurrence (1) also result in significant challenges in the derivation
of the limiting distribution (wherein we appeal to the Lévy continuity theorem): considering the
exponential generating function Qg (u,z) =Y Qm,k(u)‘% of Qp x(u), then taking its logarithm



I (u, z) = log Qk(u, z), we study the asymptotic behavior of the Taylor expansion of l~k(u, z) around
u = 1, with z — oo. We require precise estimates of the first moments of B,, 1, and we further
need to show that the remainder term is negligible with respect to the first three; to do this, we
derive for it an integral representation which again involves quite complicated expressions in terms
of fiy,,j for various m and j. In this representation of the remainder term, we encounter a function

Qj(w, pr) — Qj—1(w,pz) + Qj(w, qz) — Qj—1(w, gz)
Qj-1(w,pr)Q;-1(w, qx)

)

and in order to bound this, we find that we need to take into account the extensive cancellation
that occurs in the numerator, and we must derive precise lower bounds on |Q;_1(w, cz)| to handle
the denominator. In order to account for the cancellation in the numerator, we again need good
bounds for u,, ; outside the range of polynomial growth.

In the end, we are able to derive precise asymptotic expansions for the expected value and
variance of B, j, in the range of polynomial growth: n — oo with k ~ alogn, where, for any fixed
e>0,a€ (1/log(1/q)+e, 1/log(1/p)—e) (the left and right endpoints of this interval are associated
with the fillup level and height, respectively). Specifically, we show that both the mean and the
variance are of the same (explicit) polynomial order of growth (with respect to n), multiplied by
subpolynomial factors and bounded, oscillating functions whose Fourier series we can determine in
terms of the function Ax(s). The oscillations (which also arise in trie and DST profiles) come from
infinitely many regularly spaced saddle points that we observe when inverting the Mellin transform.
Moreover, we again find that the Fourier series are phrased in terms of iy, j— iy, j—1, which is a result
of the boundary conditions on the recurrences, structurally caused by the compression property of
PATRICIA tries. Finally, for the same range, we show that a central limit theorem (with error

bound on the characteristic function) holds for the normalized profile (B, — Gr(n))/\/Vi(n),
where Vj(z) is the Poisson variance of B, ;. Moreover, as a byproduct of our analyses, we get
estimates for pu,  outside the range of polynomial growth and analytic information about G (s)
and the Mellin transform V;*(s) of Vi(2), all of which will play a key role in the precise analysis of
the height and other parameters (which we will tackle in a subsequent paper).

We do not consider in this paper the analysis of the internal profile, because it is a rather trivial
extension of that of the external case (one need only consider the residue associated with a simple
pole of the relevant Mellin transforms). We also do not handle the symmetric case analysis, for a
different reason: since the “saddle point range” which appears in the asymmetric case collapses to
the empty set, we expect qualitatively different challenges. We save this discussion for future work.
See also [14] for a discussion of the internal profile.

We now discuss the relevant literature about digital trees and their profiles, as well as related
parameters. Profiles of tries in both the asymmetric and symmetric cases were studied extensively in
[17]. The expected profiles of digital search trees in both cases were analyzed in [5], and the variance
for the asymmetric case was treated in [12]. Some aspects of trie and PATRICIA trie profiles (in
particular, the concentration of their distributions) were studied using probabilistic methods in
[4, 3]. The analyses in [11] and [9] feature trie recurrences involving incomplete binomial sums
with extra terms with similarly complicated Mellin transforms; our recurrence, in contrast with
these, is bivariate and features different additional terms, which complicates the analysis. For
other parameters of interest, see, e.g., [22, 6]. See also [8] for background on complex asymptotics.
In [15], we provided some preliminary analysis of the expected profile in the setting that we consider
here.

The plan of the paper is as follows. In Section 2, we introduce some notation, give a precise
formulation of the problem, present the main results in detail, and give the high-level ideas behind



the proofs. In Section 3, we prove the main results.

2 Main Results

Here we give some notation that is used in the rest of the paper, present in detail the basic setup,
and then give our main theorems and some of the intuition behind their proofs. We then discuss
consequences and compare with similar results for other digital tree models. Throughout, the
function 7T'(s) is given by

T(s)=p " +q° (2)

All asymptotic notation is defined with n — oo unless explicitly indicated otherwise.

2.1 Setup

Throughout this paper, we consider a random PATRICIA trie over n independently generated
strings, each an infinite sequence of i.i.d. Bernoulli random variables with probability p of taking
the value “1” and ¢ = 1 — p of taking the value “0”, with p > ¢. Define B, ;, to be the number of
external nodes at level k of such a tree.

The fundamental recurrence for @, x(u) = E[uPr*], the probability-generating function (PGF)
of the external profile, is

n—1
Qui) = (0" + ") Q) + 3 <j)qu”—fc2j,k_1<u>Qn_j,k_1<u>, (3)
j=1

for n > 2 and k£ > 1. This recurrence arises from conditioning on the number j of strings that
begin with a “1”7. If 1 < j <n—1 strings start with “1”, then @, 1 (u) is a product of contributions
from the left and right subtrees. If, on the other hand, all strings start with the same symbol
(which happens with probability p™ + ¢™), then the path compression property applies, and the
contribution is @, k().

The initial and boundary conditions are as follows:

1 n=20
W=l k=0
Qn,k(u) - u(;[k:[)] n—=1
1 k> n.

Now we state the main theorems.

Theorem 1 gives asymptotics for the expected value in the range of polynomial growth (which
is contained in the range where k = ©(logn)). In particular, it says that the expected external
profile grows polynomially with respect to n (with subpolynomial factors), multiplied by a bounded
function which is 1-periodic in logn. We note that we can give a somewhat explicit expression (in
terms of fi, j, which can be computed using the recurrence) for the Fourier series of this oscillating
function.

We start by deriving a recurrence for p, ,: taking a derivative of Q,, x(u) and setting u = 1, we
get

n—1
n L
pime = (0" + ¢ Vi + Y (j.)p’q” I (Wg k=1 + Ha—jk—1) (4)
j=1



for n > 2 and k > 1, with initial/boundary conditions conditions

O —

on=1] k=0
Hnk = sk =0 n=

0 k>n

The high-level steps of the solution of this recurrence (details are given in Section 3.1) are
similar to the analysis for other digital trees: we first derive a functional equation for the Poisson
transform Gy (z) = ZmZO um,k%e% of fink, which gives

Gi(2) = Gyo1(pz) + Gi-1(gz) + e P*(G), — Gy—1)(gz) + e (Gx — Gj—1)(p2),

which we will write as

Gr(2) = Gr-1(pz) + Gr—1(qz) + Wi (2),

and at this point the goal is to determine asymptotics for ék(z) as z — 00 in a cone around
the positive real axis; later, de-Poissonization will allow us to directly transfer this asymptotic
expansion back to one for ji, k.

To convert this to an algebraic equation for which we can give a more explicit (though analyt-
ically complicated) solution, we use the Mellin transform [7], which, for a function f: R — R is
given by

= [ ) e

0

Using the Mellin transform identities, we end up with an expression for the Mellin transform G (s)
of Gi(z) of the form
Gi(s) = T(s + D AR(s)T(s)",

where Aj(s) is an infinite series whose terms involve fim, j — fim j—1 for various m and j, and we
recall that T'(s) = p~* 4+ ¢~°. Locating and characterizing the singularities of G} (s) then becomes
important. We find that, for any k, Ay (s) is entire, with zeros at s € Z N [—k, —1], so that G} (s) is
meromorphic, with possible simple poles at the negative integers less than —k. The fundamental
strip of Gj(z) then contains (—k — 1, 00).

We then must asymptotically invert the Mellin transform to recover G (z). The Mellin inversion
formula for G7(s) is given by

~ 1 ptioco 1 p+ioco
Gr(z) = / 2 °GL(s) ds = / 27T (s + 1) A (s)T(s)" ds,
p p

278 J p—ioo 270 J p—ioo

where p is any real number inside the fundamental strip associated with ék(z) We evaluate this
integral via the saddle point method [22]. Examining z7*T(s)* and solving the associated saddle
point equation

d
E[k log T'(s) — slogz] =0,

we find an explicit formula (6) for p(«), the real-valued saddle point of our integrand. The mul-
tivaluedness of the logarithm then implies that there are infinitely many regularly spaced saddle
points on this vertical line, for which we must account (these lead directly to oscillations in the
©(1) factor in the final asymptotics for ji, ;). The main challenge in completing the saddle point
analysis is then to elucidate the behavior of I'(s + 1) Ag(s) for s — oo along vertical lines: it turns



out that this function inherits the exponential decay of I'(s+ 1) along vertical lines, and we prove it
by splitting the sum defining Ag(s) into two pieces, which decay exponentially for different reasons
(the first sum decays as a result of the superexponential decay of p,, ; for m = ©(j), which is
outside the main range of interest). We end up with an asymptotic expansion for G (z) as z — o0
in terms of Ag(s).

Finally, we must analyze the convergence properties of Ag(s) as k — oo. We find that it
converges uniformly on compact sets to a function A(s) (which is, because of the uniformity,
entire). We then apply Lebesgue’s dominated convergence theorem to conclude that we can replace
Ap(s) with A(s) in the final asymptotic expansion of G, (z). All of this yields the following theorem
(the proof is in Section 3.1).

Theorem 1 (Expected external profile for k ~ alogn). Let € > 0 be independent of n and k, and
fixa € <1Og(11/q) + €, log(ll/p) — e). Then for k = kqn ~ alogn,

(@)
BlBn] = H(p():Jogyq(p'n) —mmmme (14 OG71)) (5)
where
_ 1 o alog(l/q) — 1
pla) = oa(p/a) (1 = alog(l/p)> ’ ©)
Bla) = Oélog( (p(a))) = plav), (7)

)
alp) = ((Oi(p/q)) ’ (8)

and H(p,x) (see Figure 2) is a non-zero periodic function with period 1 in x given by

)= Alp+ity)D(p+ 1+ ity)e 27, 9)
JEZ

where t; = 2mj/log(p/q), and

s)=1+ ZT(S)—J Z T(=n)(pn,j — Hnj—1) %(3)7 (10)

n!

where ¢p(s) = H;:ll(s +7) forn > 1 and ¢n(s) =1 for n < 1. Here, A(s) is an entire function
which is zero at the negative integers.

Moreover, we have the following superexponentially decaying upper bound on p, ) when k =
©(n): for any C > 0, there exist c1,ca > 0 such that, for n large enough, whenever m > Cn,

fnn < crnle”2™ m = O(n). (11)

Moving to the variance V,, , = 0’72L7k of the external profile, we start with the recurrence for the
second factorial moment ¢, ; = E[B,), (B — 1)], which is easily derived from that for @, x(u):

n—1

=" +q" an+z<j>p7qn ik + Cnjih—1 + 205k 11n—jk-1), (12)
7j=1
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Figure 2: Plots of H(p,z) for p = —0.5,0,0.5.

for n > 2,k > 1, with initial/boundary conditions
Cnk =0 n<2k<1, ork>n.

To solve this, we define the Poisson variance Vj(z) as

‘ka(z) = ék(z) + ék(z) — Gk(Z)Q,

z

where C’k(z) => >0 cm,k%e_ is the Poisson transform of ¢, ;. It turns out that f/k(z) satisfies

a recurrence reminiscent of that of G (2):
Vi(2) = Vie1 (p2) + Vie1(g2) + Wiy (2),

where kav(z) is analogous to Wk,g(z) appearing in the expected value case (see the proof for its
definition).

The subsequent steps (Mellin transform, Mellin inversion via saddle point method, and de-
Poissonization) are very similar to those in the expected value case. The analytic challenges are
essentially the same (except for a detail in the de-Poissonization step, in which we must estimate
né’;(n)Q), and we have formulated the lemmas in the analysis of the expected value so that they
are readily applicable to the variance case. This results in the following theorem (the proof is given
in Section 3.2).

Theorem 2 (Variance). Let k be as in Theorem 1. Then
nB(@)

2 (pla)k (1+06:7) = OE[B,.)),  (13)

Var[BnJc] = M(p(()&), logp/q(pkn)) ’

where B(a) is as defined in (7), and, for every fized p, M(p,x) is a nonzero periodic function with
period 1 in x, given by the Fourier series

M(p,x) = Blp+it;)T(p+ 1+ it;)e ™, (14)
JEZ
where

_ — 1 Wiv(s)
B(s)=1—(s+1)276t2 £ N ()7 2V
; I(s+1)



Here, W;jv(s) is given by the expression (34). Note that B(s) shares many of the properties of
A(s): it is entire, with zeros at the negative integers.

Moreover, we have the following superexponentially decaying bound on the second factorial mo-
ment ¢y, (and hence Vy, 1) when k = ©(n): for all C € (0,1], there exist positive constants C1,Ca
such that, for all n and k > Cn,

Cnje < Cynle~O2F’ k=0©(n). (16)

Finally, we show that the normalized external profile satisfies a central limit theorem. The
proof uses the Lévy continuity theorem. Since this entails estimating the characteristic function of
(Bnk — Hnk)/0nk as n — 00, we naturally find ourselves studying Qk(u, z), the Poisson transform
of the probability-generating function @y x(u) of B, ;. In fact, we take the logarithm and study
I (u, z) = log(Q(u, 2)), which we find, using the Taylor series expansion of ) (u, z) with respect to
u— 1 (we set u = e7/ok, for 7 =it, t € R), is given by

0 A 3

W) =GB o apy g, am)
where R[l](u, z) is a remainder term which we must show to be negligible with respect to the other
two terms whenever u — 1 quickly enough.

Everything said so far regarding the proof of the limiting distribution result is fairly standard
in the world of digital tree analysis. The new, challenging part of our analysis is showing that the
remainder term in the expansion of l~k(u, z) is negligible. Using Cauchy’s integral formula, we are
able to give an exact formula for it:

1~ R\ 1 log(1 + (w — 1)p? k=i ye—p a7z
gl =3 () g £

=0

le(u,z) = 2+ Gr(2)(u—1) +

S () f e

J

where Ry, (u, z) is a function given in terms of Qx(u,z) and Qx_1(u,z) and C is a contour enclosing
both 1 and u. The first sum we bound by writing the jth summand as e’\9), for an explicitly
determined function v, then taking derivatives to find the term which contributes maximally. As
a result, we find that the contribution of the first sum is O(n?(®). We bound the second, more
complicated summation by proving precise estimates of the asymptotics of @Q;(u,z) and (Q; —
Qj—1)(w,x) (which exhibits a significant amount of cancellation) for various ranges of = and j. We
then split the summations appropriately and apply the asymptotic estimates to conclude that the
second sum is also O(nf(®)). This establishes a central limit theorem in the Poisson model, and
we finally transfer the result to the Bernoulli model via a “bare-hands” de-Poissonization (i.e., a
saddle point evaluation of the Cauchy integral which gives the inverse Poisson transform of G, (z))
to conclude the following (the proof is given in Section 3.3).

Theorem 3 (Limiting distribution). For k as in Theorem 1 and Ur%,k = Vi,

M D N(O 1)

On.k

Bn,k — ék(n) x § —1/2
exp (M )] —ewp (G400,

uniformly for T =1it, t € R.

More precisely,

E




We note that, although G, (n) ~ pp i by de-Poissonization, the chosen normalization results in
a better relative error than if we had subtracted fi, .

Comparing with the limiting distribution derivation for tries, we remark that the main difference
lies in the bounding of the error term in (17), where, again, we must work with the non-explicitly
known functions Q;(w,z) and their differences. A limiting distribution analysis for DST profiles
remains an open problem.

3 Proofs

For a sequence of functions f; : C — C, j =0, ..., we define T[f] : C — C, for k > 1, by
Tflk(z) = e P (frlaz) — fu-1(qz)) + e (fr(p2) — fe-1(p2)).
We define L{f] : C = C, for k > 0, by
L{flk(2) = fr(pz) + fr(qz).

Both are trivially seen to be linear (where addition and scalar multiplication of sequences of func-
tions are defined componentwise), which is helpful in the calculations that follow.
For 6 € [0, 7) We denote by C(6) the cone around the positive real axis with angle 6; that is,

C(6) = {= € C: |arg(2)] < 0},

and for any R > 0,
C(0,R) =C(#)N{z € C||z| < R};

i.e., C(6, R) is the truncated cone of radius R.

3.1 Proof of Theorem 1

In this section, we prove the estimate (5) of Theorem 1. We relegate the proof of (11) to Ap-
pendix 4.2.2.

Our starting point is the Poisson transform Gi(z) = e %), <, umk‘%, which satisfies the re-
currence

Gi(z) = Gr_1(p2) + Gr-1(a2) + Wi (2), (18)
where
Wk’g(z) = T[é]k(z), (19)

with initial condition Go(z) = ze~*. We then apply the Mellin transform [7]

to Gx(2) to get a functional equation for G (s):
Gi(s) = T(s)Gy-1(s) + Wi (s), (20)

with G(s) = T'(s + 1), where the fundamental strip associated with Go(z) is R(s) € (—1, 00).

10



We define I; = {s : %(s) € (—j — 1,00)}, so that the fundamental strip of Go(z) becomes .
In fact, we will show that the fundamental strip of each G(z) contains Ij. It suffices to analyze
the growth of Gi(2) as z — 0 and z — oo on the real axis. For z — 0,

3 Skt

Gr(z) = G_Z(Mk+l,km

+ O(zk+2)) _ O(Zk+1).
In order to bound the growth of ék(z) as z — oo for each k, we use the following lemma.
Lemma 1 (Growth of Gi(2) as z — oo, upper bounds). Fiz any 6 € (0,7/2).

(i) For any € > 0, there exist some R € R and positive C = C(R) such that, for z € C(0) with
|z| > R, 3
|Gr(2)] < Clz|™e,

for any k > 0.
(i1) For any fixzed C > 0, there exists C' > 0 such that, for all j < C, z € C(0), and € > 0,

|é](z)| < Cl|z]1+€e*qc\ZI cos(6)

The proof can be found in Appendix 4.2.1. Part (ii) implies that the right endpoint of the
fundamental strip of each ék(z) is 0o, so that each ék(z) is analytic at least in Iy, as claimed.

Now, in order to derive a formula for Gj(s), we note that, for any s € ﬂ;’;o I; = Iy, we can
iterate the recurrence (20) to get

k
Gi(s) = T(s)" | Gi(s) + Y T(s)Wj(s)

=1

It remains to determine W7 (s), which we do, for arbitrary j, by expressing e (192G (c2) as

_ cz)™
3 e Z,Um,j( ) 7

m)!
m>j+1

then applying the Mellin transform to each term (the interchange of integrals may be justified by,
e.g., Tonelli’s theorem). Factoring out I'(s + 1) results in the expression

Gi(s) = T(s)F Ax()T(s + 1),

where

Pn(s)

n!

I

k o0
Ap(s) =14 T(s)7 Y T(=n)(ptnj = bn,j—1)
J=1 n=j
with ¢, (s) as in the statement of Theorem 1:

n—1 .
Sn(s) = {Hjl (s+j) n>1

1 n <1.

Provided that we can show that this expression is analytic for any s € I, we can then extend
this equality to I by analytic continuation.

In order to do this, we need a lemma to the effect that certain series (which appear in the
expression for Aj(s)) converge absolutely and are entire. This lemma will be stated in greater
generality than might appear immediately necessary; this is so that we can apply it later in a
similar situation in the variance analysis.
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Lemma 2 (Convergence and analyticity of a class of series). Let F(s) be given by
o0
—g(n) Pn(s)
Fi(s) = Ze g(n)f;li!,
n=j

with g(n) = Q(n). Then
(i) the sum defining F;(s) converges absolutely for all s € C, and
(it) Fj(s) is entire.

The proof of this lemma can be found in Appendix 4.1.

We now demonstrate the existence and analyticity of Ag(s). Since the outer sum of Ag(s)
has a finite number of terms for any given k, showing existence boils down to showing that the
inner sum converges absolutely for all s € C. For this, we can use Lemma 2, part (i). In the
case of Ay(s), we note that T'(—n) < p" + p" = 2p"™, and pnj — pinj—1 < n — 0 = n. This yields
T(—n)(pnj — pnj—1) = e O so that we can take g(n) = ©(n), which satisfies the condition
required by Lemma 2. This establishes existence of Ag(s).

To show that Ay (s) is entire, it suffices to apply Lemma 2, part (ii). Then, since G} (s) and
T(s)* Ag(s) are analytic at s = {—k, —k+1,---—1} while I'(s 4 1) is not, and T'(s)* # 0, Ay(s) = 0
for these points.

We summarize the above derivation in the following theorem.

Theorem 4 (Exact formula, fundamental strip for G}.(s)). For all k > 1 and all s for which G}(s)
18 holomorphic,

Gils) = T(s)* Ag(s)0 (s + 1), (21)
where Ag(s) is an entire function given by

k 00

—j Pn(s)
Ap(s) =14 ) T(s)7 > T(=n)(ptnj — ptnj-1) n<! ,
i=1 n—j
with ¢n(s) as in the statement of Theorem 1:
n—1 .
bu(s) = [[[Z(s+5) n>1
1 n < 1.
Furthermore, A(s) =0 for s = —1,..., =k, so that G}.(s) is analytically continuable everywhere,

except possibly at the negative integers less than —k. Thus, the fundamental strip of G}(s) contains
the strip R(s) € (—k — 1, 00).

3.1.1 Further properties of Ax(s)

Here we prove some technical lemmas about Ag(s) that will play a role in the inversion of the Mellin
transform. For convenience, we write Xx(s) = Ag(s)I'(s 4+ 1). We will prove that Xj(s) converges
as k — oo to a function X (s) = A(s)['(s + 1) pointwise and uniformly on compact sets (so that
X(s) is entire). Then we will show that Xj(s) inherits the exponential decay of I'(s + 1) along
vertical lines.

12



POINTWISE CONVERGENCE OF Xj(s) AND RELATED SERIES

In the next lemma, we prove pointwise convergence of a class of series related to Ag(s). Com-
bining this with the upper bound (11) will give us a pointwise convergence result for Ag(s). In fact,
the convergence will turn out to be uniform for s in any compact set, which implies that Ag(s)
converges to a function A(s) which is entire.

Lemma 3 (Pointwise convergence of a class of series). Let

i —-m - o(n’ r n,+ )
Un(s)=> T(s)™ ) e ot o 4 1)
m=0 n'=m

for any 0, which satisfies

o Superexponential decay for n' < Cm: for any C > 0, there exists some function g(m) > 0
satisfying g(m) > m such that, if n’ < Cm and m is sufficiently large, then

| m| < e—9(m)

e Polynomial uniform upper bound: |1y | < cin/®® for some constants c1,ca > 0 and alln', m.

Let U(s) = Ux(s). Then U(s) is absolutely convergent for any fivzed s = p + it € C for which
|Uk(s)| < oo for k large enough.

Proof. Define
I'(n' +s)

bn(s) =T(s)™™ Z e_e(n/)ﬁn’,mm-

n'=m
Le., b(s) is the mth term of the series defining U(s). The plan is to show that |b,(s)| is upper
bounded by the tail of a convergent geometric series. Intuitively, for m = ©(n’), the terms of the
sum are small because 7, ,,, is. For larger n/, the same is true as a result of the smallness of =0,
More precisely, we have the following, for some ¢ > 1 which we will choose later:

_ o _ ’ F(n’ =+ S) _ > _ ’ F(n’ =+ S)
m o(n’) m O(n') 7
ol < 2™ 3 &l e ) 3 e .

I'(n'+s)
I'(n'+1)

Since s is fixed, ~n'P as n’ — oo (which is the case when m — oo [1]).

Upper bounding the first sum: Since ¢ > 1, n’ < e¢m implies m > Cn/, with 0 < C < 1, so
that we can apply the superexponential decay of |1, ,,|, which yields the following upper bound
for the first sum:

T (s)| e~ O e=9(mg (mpt).

Since g(m) > m, provided m is sufficiently large, this can be upper bounded by any e~ for any
cx > 0.

Upper bounding the second sum: For the second sum, by the uniform upper bound on |7, |,
we can upper bound
I'(n + s)

_@(TL ) nn/’mir(n/ + 1)

e

13



—0("") 30 that the sum is upper bounded by

6—0@(m)7

which gives an upper bound of
e~ log |T'(s)|—cO(m)

for the second term, where the O(-) hides constants depending only on the uniform bound on |7,/ 1|
and R(s). Since |T'(s)] is fixed, so long as c is sufficiently large (dependent only on R(s)), this is
exponentially decaying to 0. Thus, |b,,,(s)| can be bounded by the mth tail of a convergent geometric
series, so that it is at least exponentially decaying in m, which implies absolute convergence of |U(s)]
by the ratio test. O

In fact, for any compact domain £ C C, the convergence is uniform for s € Q (this is a
trivial modification of the above proof). We also have the following classical fact about uniform
convergence of analytic functions [23]:

Theorem 5 (Uniform convergence of analytic functions). Let S be an open subset of C, and let
{fn}22 be a sequence of functions from S — C. If there is a function f : S — C such that, for
each compact subset D C S, {fn} converges uniformly for s € D to f, then f is analytic on S.

Applying Theorem 5 and Lemma 3 to Ag(s)I'(s + 1) (justified by the superexponential decay
property of fi, ; when j = ©(m), the upper bound i, ; < m for all m, and the fact that Ay (s)I'(s+
1) is analytic everywhere except possibly at the integers less than —k), we have the following
corollary.

Corollary 1 (Convergence of Ax(s)I'(s+1)). Recall that Xj(s) = Ag(s)I'(s+1). Then the sequence
{X} converges pointwise to an entire function X (s), uniformly on any compact set. Moreover, for
any s € C,

X < T+ D1+ X 1™ Y Tl [t .
m=1 n=m

DECAY OF Xj(s) ALONG VERTICAL LINES
In this section, we analyze the decay of X(s) = Ag(s)I'(s + 1) along vertical lines (that is, for
s = p +it, where p is fixed and |t| — o). This is a key ingredient in the justification of the
application of the saddle point method to the inverse Mellin integral.

It turns out that the decay is exponential. We will show this by proving a more general lemma,
from which the exponential decay of X (s) follows as a special case.

Lemma 4 (Decay of Xj(s) along vertical lines). Let Ug(s) be as in Lemma 3, with an additional
condition on Ny m: for any n' and m with m > n', we stipulate that

TIn' m = 0 m > n/- (22)
Then for any p € R, there exist constants v,r > 0 such that, for s = p + it with |t| sufficiently

large, and for any k,
U (s)| < e 1",

The same holds for U(s) in place of Ug(s).

14



Proof. For the proof, we first recall a standard fact about the I' function: there exists some positive
constant C' such that, as z = p + it — 0o in a cone |arg(z)| < m — ¢, for any fixed € > 0,

IT(p+it)| < Clt]P~/2e7mH/2, (23)

—m

We start by upper bounding via the triangle inequality. Then we upper bound |T'(s)]
that, for any s = p +it, T'(s) # 0 and

(o]

T(s)|™™ < |L(p)| ™.

: noting

there exists some L(p) such that

The formula (23) immediately gives an exponentially decaying upper bound on I'(s + 1) which
holds for sufficiently large [¢|.

In order to bound, for each m, the n’ sum, we split it into two pieces: an initial part, to be
bounded using (23), and a tail part, which we bound using the exponential decay of e*@("/)nn/’m
More specifically, provided m < [\/WW, we split the n’ sum as follows:

Vil 00
) F (n —|— ') I'(n'+s) —o(m) I'(n' +s)
Z e nn m Z e 77n mr<n,+1) + Z e nn’,mr(n,+ 1)
n'=m n'=m n/:[m]_H
(24)

Bounding the initial sum: To upper bound the initial sum of (24), we apply (23), which gives
us an upper bound of
V1t

"1t
(\IV 1 +p=1/2 ,—7lt] /2 ¢ m'ml
clel ,Z L(n'+1)
n'=m
Since |1y | < €1m/°?, we have that
|—\/|?-| _@ n o0 —O(n'
|77n m| e~ o)
—_— =06(1).
Z 'n"+1) — Z n'! (1)
n/= n’=0

Furthermore,

| [VI) = ([v/HNog i — (i)

so that, clearly, for sufficiently large |t|, the initial sum can be upper bounded by some e~
whenever m < [4/|t|]. For larger m, the initial sum is 0, by the property (22) of 7,/ .

o'

Il

Bounding the tail sum: To upper bound the tail sum of (24), we note that e=®")|n,, .| can
be upper bounded by 6*9(”/), for some g(n’) which is monotone increasing and which satisfies
g(n') = Q(n'). Then

e—9(n)/2 < o—9([\/1t+1)/2

by the fact that e~9("") is monotone decreasing with respect to n/. Furthermore,

IT(n" +s)] < |T(n" + p)],
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noting that n’ is larger than —p provided that |¢| is sufficiently large, so that |I'(n’+ p)| < co. Thus,
we can upper bound the tail sum of (24) by

—g([V/IH1+1)/2 EOO —g(n')/2),, , L(n' +p)
e € |77n ,m|'r(n,+1) .
n/=[/It]+1

Collecting the contribution of the tail sum over all m gives and upper bound of

o0

S e 92, L' +p) .
T (! 4+ 1)
n/=[/It[]+1

As noted earlier, we can upper bound |T'(s)|™"™ by |L(p)|™™. Furthermore, since 7, ,, = 0 when
m > n/, we can replace the lower index of the n’ sum by m to get an upper bound, yielding

> [ r'(n’+p)
L m g(n )/2 , - 7
SO S €

o—9([V/1t1+1)/2 S IT(s)
m=0

9

n'=m

and by Lemma 3, this is less than oo, so O(1) with respect to |¢t|. Thus, the total contribution of
the tail sum is at most

O(e=9VIHI+D/2),
O

As an immediate consequence (in particular because pi, ; = 0 for j > m), we see that there is
some r > 0 for which

| Xk(s)| < e (25)

as [t| — oo with s = p + it.

3.1.2 Inverting the Mellin transform

To extract asymptotics for 2 — 0o of G(2), we next evaluate the inverse Mellin transform of G (s):

B 1 c+100 1 c+1i00
Gr(z) = / Gr(s)z °ds = — 27T (s + 1) A (s)T(s)* ds, (26)

211 — 0o 2mi c—100

where —k — 1 < ¢ < co. When k is in the range specified by the theorem, the asymptotics of this
integral are dictated by the saddle points of the function s +—+ 27*T'(s)* (note that both factors are
tending to infinity as |z| = n — o0). Thus, we choose the line of integration to coincide with the
real solution p = p(«) of the saddle point equation

d
E[kj log T'(s) — slogz] = 0.
Solving this, we get s = p as defined in the statement of the theorem:

1 o alog(l/q) — 1
log(p/q) o <1 - alog(l/p)> ‘

Furthermore, since |T'(p + itj)| = |T'(p)| for all j € Z, we find that the integrand has infinitely
many regularly spaced saddle points p; with real part equal to p, which will turn out to lead to

pla) =

16



a fluctuating factor in Gi(z). A fact about p should be noted here: as we vary a from log(l 75y to

log(ll/pg’ p goes from oo to —oo, which corresponds to the boundaries for the range we consider: at
the left endpoint, the numerator inside the logarithm is 0, while at the right, the denominator is.

Our evaluation of (26) then proceeds as follows: we split the contour into two parts: the outer
tails, which we will show to be negligible, and the central region. By the negligibility of the outer
tails, we then need only consider the contribution of the finitely many saddle points in the central
region. Around each such saddle point, we consider a small region in which the tails are negligible,
and the central part is approximable by a Gaussian integral. Summing the contributions gives the
desired result. We note that we follow the high-level plan of [17], but the bounding of the tails and
the evaluation of the central regions crucially relies on the information that we have derived about
the behavior of Ag(s)I'(s+ 1).

In what follows, we define

Je(n,s) = n T (s)* Ap(s)T(s + 1).

Furthermore, we define the outer tails, the inner tails, and the central parts as, respectively,

1
00 — Cg,k = — Ji(n, p +it) dt
[t|>v1ogn
1
) ‘
CI Cn 2, ) Jr(n, p+it) dt
k=25 <=t < oz fe7ay

1

cl=cl =~ Tl p i) di.

n,k,
J 2 |t_tj|§k72/5

We let jo = O(y/logn) denote the index of the furthest saddle point from the real axis in the
central region. Finally, we denote by le the contribution of the region around the jth saddle point,

including its center and tails:
I 10 11

The choice of @(k_Q/ %) for the central region lengths is a result of the following heuristic: for the
application of the saddle point method to evaluating the contributions of the integral on the central
regions, in writing n=*T'(s)¥ in the form e®() and applying the Taylor expansion of d(t) around
t = t;, we want to ensure that the remainder term, which is O(k(t — ¢;)?), is negligible, while the
previous term, d;“;(t) (t —t;)% = O(k(t — t;)?), is not. That is, if we assume that |t — ¢;| = O(k™°),
for some 9, then it is natural to enforce the constraint that 1 — 20 > 0 and 1 — 30 < 0; that is,
9 €(1/3,1/2), and it is easy to check that § = 2/5 satisfies these constraints.

OUTER TAILS
First, we bound the outer tails. To be precise, we have the following claim.

Lemma 5 (Bound on CO). There exist positive constants v, such that
09 = O(n_pT(p)ke_V(log”)r/Q),
uniformly in n and k.

In the proof, we will need the following elementary lemma about 7'(s) near the saddle points.

Lemma 6. For [t —t;] < .7,

IT(p+it)] < T(p)e 0t (27)
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where cy is given by

_ 2pPq"log(p/q)*

Co = (28)
(T (p))?
We omit the proof, which can be found in [17].
Proof of Lemma 5. To bound |n=*T(s)*|, we apply Lemma 6 to conclude that
n=*T()*| < n~T(p)".
Thus, we are left with the task of upper bounding
/ | Xk(p +it)| dt,
[t|>v1ogn
which we write as
| X% (p +at)| dt. (29)

—t. PR S
it 1> vIogn * 41 gl

Next, we apply (25) and the assumption that n — oo to conclude that (29) can be upper
bounded, for some positive constants v and r, by

0 Z e MLl = O(elos n)’"/z)_

J:ltj|>+/logn
Thus,
: _ —p k,—7(logn)"/?
Ji(n, p+it) dt = O(n=PT(p)"e ).
[t|>+/logn
This completes the proof of Lemma 5 that the outer tails are negligible. O

INNER TAILS
Now we move to the central region. We first show that the tails in the central region are negligible.

Lemma 7 (Inner tails are negligible). The total contribution of the inner tails is
_ _ enkl/5
Z CJIO:O(N pT(p)kk 1/106 cok )7
7]<30
which is negligible compared to G(n).

First, we recall a simple fact [22] bounding incomplete Gaussian integrals, which will be useful
when we apply Lemma 6 to handle the contribution of T'(p + it).

o
>0 = / et dt < %e—cwz_ (30)
= cx
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Proof of Lemma 7. We will start by bounding the contribution of CJIO for an arbitrary j. Since

Xk (p + it) is uniformly bounded above by a constant whenever |t| < y/log(n) as a consequence of
(25), we can pull it out of the integral defining CJ[O. Next, we use the equality [n=(P+?)| = n=°
and Lemma 6 to conclude that

cj¢=0 (m(p)k /
k=2/5<t—t;|<

Applying the substitution ¢ — ¢ —¢; in the above integral and extending the domain of integration
from [k=2/°, m] to [k~2/%,00), we are left with the incomplete Gaussian integral

oo
e—cokt? gy
k—2/5

C]IO = O(n_pT(p)kk:_3/5e_COkl/5).

o co(t—t;)%k dt) '

Tog(/a)

Applying the inequality (30) then yields

Since this bound is uniform in j for |j| < jp, the total contribution of the inner tails is then given
by

O(npr(p)kkfl/loefcoklm);
that is, we multiplied by k/2. Now, the factor f—1/10g—cok!/® _ o(k~1/2), so that the inner tails
are negligible compared to the entire integral. O

CENTRAL REGION
We now show that a quadratic approximation to the integrand holds in the central region around
each saddle point.

Lemma 8 (Central region). We have, for each |j| < jo,

) 0 PT(p)*

CI =T(p+ 1+ it;) Ap(p +itj)e it loelwn
21k (p)k

(1 + O(lfl/z)) .

Proof. Suppose that, for some j, |t — t;| < k™2/5 and let s = p + it and s; = p + it;.

First, we develop the quadratic approximation to n~*T(s)*. Noting that n="~%T(p + it)* =
e(—p—it)log n-i-klog(T(p-i—it))’ we define

dp(t) = —(p +it)logn + klog T(p + it).

We note that
n Pt — n—p—i(t—tj)—itj — et lognn—p—i(t—tj)

and

T(p+it)* =T(p+i(t —t;) +it;)"
— (p—(p+i(t—tj))p—itj + q—(p+i(t—tj))q—itj)k

it \ k
= pritsk (p—(p+i(t—tj)) 4 g (prit=t) (};) J>

=p T (p +i(t — t;))F,
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so that
di(t) = —(p+i(t —t;))logn+ klogT(p+ i(t —t;)) —itjlogn(l + alogp).

Then we have, by Taylor expanding dj(t) around t;,

dj(t)
2

di(t) = dy(t;) + (t—t;)% +r (1)

where we note that dj (t;) = 0, since t; is a saddle point of dj(t), and T]E:?)) (tj) is the remainder

corresponding to the Taylor polynomial of degree 2. Taking derivatives, we have

T'(p+i(t —tj)* = T(p+i(t — t;))T"(p+i(t — t;))

We also need d,(f’) (t) for the analysis of the remainder term, and it can be similarly explicitly
computed, but it suffices to note that, since it is a function of ¢ — t;, evaluating it at ¢t = t; gives
a function which is a constant with respect to j and ¢. Thus, considering the Lagrange form of
r,(:’) (t;) shows that it is O(k(t — t;)%) = O(k%/5=6/5) = O(k~1/), so the remainder is negligible in
comparison to the first and second terms. Evaluating d(t;) and dj(t;) gives

di.(t;) = —plogn + klog T(p) — it; log(p*n)

and
LL'(p)* = T(p)T"(p)
T(p)? ’

di(t;) =

which we will denote by kr.(p).

We consider separately the cases where |j| — oo arbitrarily slowly and where |j| remains
bounded.

J tending to oo: First, we need to show that I'(s + 1) Ax(s) = Xy (s) ~ Xi(s;) for s in this range

(recalling that t; = O(y/logn) and |s — s;| = O(k=2/%)). Recall that Xj(s) is a double sum of the
form i

m I'(n'+s

Z T(S) Z T(_n/)(un’,m - Nn’,m—l)r( )

YA
m=0 n'>m (n + 1)

By the analysis in Lemma 3, we have that the mth term of this sum is O(e*@(m)), so that if
m > log k = ©(loglogn), then these terms are negligible (i.e., they decay superpolynomially in k).

It remains to handle the terms with m = O(log k). First, we note that, by the Taylor expansion
for T'(s),

Now we must determine the contribution of the inner sum, indexed by n/. We split it into initial
and final parts:



where n” is to be determined. We will handle the initial part using the Taylor expansion for the T’
function, and the latter we show to be negligible thanks to the T'(—n’) factor.

For the initial sum, we recall that the first-order Taylor polynomial for I'(n’ + s) around n’ + s;
is given by

L(n' +s)=Tn +sj) +T'(n +s;)(s — s). (31)

Now, recall that, for any x for which I'(z) is analytic,

where 1(x) is the digamma function (see [1]). Continuing the derivation in (31),
L(n' +s)=Tn +s;)(1+p(n +s;)(s—sj)),

and the second term in parentheses is o(1) if ¥(n/ + s;) = o(k*/°). We have that, as 2 — oo with
x bounded away from the negative real axis, ¥ (x) ~ logz, so that it suffices to note that (since

sj = O(y/logn))

!/

n' = o(ek2/5) = |n'+s;| = 0(ek2/5).

kl

Thus, we choose, say, n” = e ® to split the sum, and for the initial sum, we have

T(n' +s) =T(n' + 5;)(1 + O(k~/?)).

1/5
Because of the presence of T(—n), the final sum is O(e=©©" " )). Putting all of this together, we
get that
Xi(s) ~ Xi(s5),
as claimed.

Then we have

1 )
clf=— Xi(p+it)yn P4 (p+it)* dt
27 |t—t;|<k—2/5

21

— (L +o(U)Xulp +ity) 5 | 1)+ EEE PO gy
|t—t;|<k=2/5
and invoking the saddle point method on the remaining integral gives a contribution of

A ~PT(p)*
CIT = ¢=it; log(*n) x, () 4 itj)w (1 + O(k_1/2)) (32)

V27mkky(p)

for j tending to oo with j < jo = O(y/logn).

|7| bounded: Meanwhile, for |j| bounded above by any fixed C, we have that Xj(s) ~ X (s;), by
continuity. Invoking the saddle point method again on this integral gives the same contribution as
(32). O
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COLLECTING ESTIMATES
To complete the computation, we add all of the contributions of the saddle points:

G(n) = ) C] +O(n="T(p)*e '5m)

17150
) —p k

— Z T(p+ 1+ it;)Ap(p + itj)e log(pFn) 1 "T(p)" (1 + O(k_1/2)>

141<jo 2mk.(p)k
+0(n~PT(p)ke1VIoem)

“PT(p)* _
= Hy(p,1 b)) (14 o(k1?))
k(p ng/q(p n)) 27T/€*(pn7k.)k‘ ( ( ))

where Hy(p,x) is given by

Hy(p,x) =Y Ap(p+it))T(p+ 1 +itj)e ™",
JEZL
Note that we extended the limits of the j sum to +0o by virtue of the exponential decay of Xk(s)
on vertical lines.

The dependence of Hy(p,z) on k must now be analyzed. This is the content of the following
claim.

Lemma 9 (Convergence of Hy(p,x)). The limit
lim Hy(p,x)
k—ro0

exists and is equal to H(p,x). Furthermore, the convergence is uniform for (p,x) in any compact
set.

Proof. We can write

-/

J
Jim Hy(p,2) = lim lim Z' Ap(p+it;)D(p + 1+ it;)e 2™,

k—00 j'—00 | ,
J==J

and our task is to show that the limits exist and can be interchanged. It suffices, by the dominated
convergence theorem (which holds when the functions to be dominated take values in a Banach
space), to show that Ag(s) converges pointwise for all s, and then that the sum

D A(sj)T(sj + 1)e ™7 (33)

jJEL

converges absolutely for all p, z. Pointwise convergence of Aj(s) was already established in Corollary
1. The absolute convergence of (33) is a simple consequence of (25) and the ratio test. Note that,
implicitly, we’ve used

> IA(s)T(s5 + 1)
JEZ

as our bounding function. O

To complete the derivation, we must recover asymptotics of py, r, from ék(z) See Appendix 4.3.1
for the justification of this step.
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3.2 Proof of Theorem 2

Here we prove (13) of Theorem 2. The proof of the superexponentially decaying bound (16) can be
found in Appendix 4.2.4. The derivation of asymptotics for the variance runs along lines very similar
to that of the expected value, and the technical machinery developed in the proof of Theorem 1 is
applicable here. The main difference lies in the de-Poissonization step, where we use Theorem 6
of [10]. The resulting expansion for V;, ; involves néfk(n)Z, which we must show to be negligible in
order to get the claimed result. This we can easily do via the Cauchy integral formula for derivatives
and our knowledge of the asymptotics of Gj(n).

The Poisson variance is given by Vi(2) = Cy(2) + G1(2) — (Gr(2))?, where Cy(z) is the Poisson
transform of Cn,k, the second factorial moment of B, ;. Our first task is to derive functional
equations for Cy(z) and Vi (z). We recall the recurrence for ¢, x, which holds for n > 2 and k > 1:

Cn,k:— an"’Z( >qun j C]k 1+ - —7,k— 1+2,U],k: 1Hn—j,k— 1)

with ¢, x = 0 whenever n < 2,k < 1, or k¥ > n. Introducing the exponential generating function
Cy(z) for the sequence ¢, i, we get a functional equation:

Ck(2) =Ci_1(pz)e?* + Cr_1(qz)e?* + 2Gx_1(pz)Gr-1(qz)
+ [Cr(pz) — Cr—1(p2)] + [Cr(qz) — Cr-1(g2)],

valid for £ > 1, with initial condition Cy(z) = 0. 3
Multiplying by e~ on both sides to form the Poisson transform Cj(z) of the sequence ¢, j and
abbreviating using the linear operators L[-] and T[], we get the following functional equation:

Ci(2) = LICj—1(2) + T[Ci(2) + 2Gr—1(p2)Gr—1(q2),

with Cp(z) = 0. i ) i
Now we derive a functional equation for Vi (z). Applying the equations for Gy (z) and C(z) to
the definition of Vi (z), we have

Vie(2) :L[C’]k_l(z) + T[C’]k(z) +2Gh_1(p2)Gr_1(q2)
+ L[Glr-1(2) + TGk (2) — (L[Glk-1(2) + T[GIr(2))*.

To handle the squared term in the previous equation, we need the following identity on L[-]:
(LIf1k(2))? = LIk (2) + 2fr(p2) fr(g2)-
Now, expanding the squared term, we get

(L[G]k-1(2) + T[GI(2))? = LIGk-1(2)* + 2L[Gle-1(2) TG (2) + TGl (2)?
= L[G®)k-1(2) + 2Gk-1(p2)Gr-1(g2) + 2L[Gle-1(2) T[G](2) + T[Glu(2)*.

Substituting this last expression into the derivation of f/k(z) above gives, after noting the cancella-
tion of terms and applying linearity of L[] and the definition of Vj_1(z),

Vk(z) = L[V]k_l(z) + T[C + G]k(z) - T[G}k(Z)Z - 2L[G]k_1(Z)T[G]k(Z).
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Adding and subtracting L[G]s_1(z)? and applying the functional equation for Gy (z), this reduces
to

Vii(2) = LIV]j—1(2) + T[C + Gi(x) + L[Glp—1(2)? — Gr(2)? = LV]j_1(2) + kav(z),
where ka(z) is given by
ka(z) = T[é + @]k(z) + L[é]k,l(zf — ék(z)Q.

The above recurrence holds for £ > 1. To derive the initial condition, we write

Vo(2) = Co(2) + Go(2) — (Go(2))? = ze™* — 22e 722,

Now, to solve this equation, the plan is again to apply the Mellin transform and invert using
the saddle point method. We have, by the same derivation as in the expected value case, V;*(s) =
T(s)*T(s + 1) By(s), where we define

k
Bi(s) =1—(s+ 127 13 " T(s)
Jj=1

—j ;V(s)
I'(s+1)

with Wy 1/(s), the Mellin transform of Wiy (2), given by

/

I'(s+n e e
Wiv(s) =) terr) (cw g = ot + it g = o =) T (=) + T(8)27 N7 pu 1 p - 1

n'

n'>j m=0
(34)
n’ n
2 11" = 27N i g |- (35)
m=0 m=0
We have the following information about the singularities and zeros of V;*(s).
Theorem 6 (Special points of V;*(s)). The function By(s) is entire, with zeros at s = —1,..., —k.

The function Vi (s) is analytic except possibly at the integers less than —k, so that its fundamental
strip contains I, = {s € C: R(s) € (—k —1,00)}.

This is analogous to Theorem 4, and the proof is along similar lines. In particular, we can
demonstrate the claim about the fundamental strip corresponding to Vi (z) by estimates of Vj(2)
at z — 0 and z — oo, and the formula for V;*(s) throughout Ij, is demonstrated, as in the expected
value case, by an analytic continuation argument.

We first need some bounds on ék(z) and f/k(z) as z — 0o inside a cone around the positive real
axis. The exponentially decaying upper bound on |V, (z)| as z — oo is analogous to Lemma 1, part

(ii).
Lemma 10 (Bounds on Cy(z) and Vj(z) as z — o0). Let 0 be as in Lemma 1. Then

(i) For every ¢ > 0, there are some R > 0 and C = C(R) > 0 such that, for |z| > R with
z€C(0), .
Cu(2)| < Cle*,

for any k > 0.
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(it) For any fized C > 0, there exists a constant C' > 0 such that, for all j < C and z € C(0),

[Vj(2)] < O'fz el eostO),

The proof is in Appendix 4.2.3.
We now have enough to prove Theorem 6.

Proof of Theorem 6. Existence and entireness of By(s) follow easily from Lemma 2: we simply note
that the inequalities i, ; < m for all m and ¢, ; < m? for all m imply the necessary bound on the
growth of the terms of the series.

Now we estimate the growth of Vi(z) as z — 0 and z — oo in order to establish the existence
of the Mellin transform in a nonempty strip. Applying Lemma 10, part (ii) gives a sufficient bound
as z — oo. Next, recalling the definition of Vi(z) in terms of Cy(z) and Gi(z), it is sufficient
to determine the behavior of C’k(z) as z — 0. By the initial conditions, ¢, = 0 for k > n,
so that Ci(z) = O(z**1) as z — 0. This, in turn, implies the same estimate for Vi (z), since
Gr(2) — (Gr(2))? = O(z**1). We have thus established the existence and analyticity of V;*(s), for
any k > 0, in the strip Ij.

The rest of the proof is very similar to that in the expected value case, so we omit it. O

3.2.1 Mellin inversion

The inversion of the Mellin transform V;*(s) runs along lines very similar to those in the expected
value case. In fact, the saddle point computation used to recover ék(z) generalizes in a straightfor-
ward manner to the variance case, provided that we can show that Lemma 4 applies with By(s) in
place of Ak (s). Finally, the application of the dominated convergence theorem is justified if we can
apply Lemma 3, with U(s) in the lemma corresponding to the sum in the definition of I'(s+ 1) B(s).
All of this boils down to showing that each term inside the brackets in the definition of W;V(s) can
be written as a product of a function which is bounded along vertical lines, e 2(") and a number
M j satisfying the conditions required by Lemma 3, with 7,/ ; = 0 when j > n/. The uniform
boundedness condition on |1, ;| is easily verified using the fact that ¢,/ ; < n'? and oy < ' for
all n’ and 7, and factors of the form e, for any constant ¢, are uniformly bounded on vertical lines:

(ewrj = Cwr gt + s g — pr j—1)T(=n) < (0 40/ )e” )
n/
27" Z Mo, j—1 M’ —mj—1 < 2_"/(n’ + 1)7”/2
m=0

n/

Z . j—1 g1 P < (0 4 Dn?p”

m=0

Moreover, 1,y ; = 0 for j > n' because of the same property for ¢, ; and fu, ;.

In order to verify the superexponential decay condition required of 7, ;, we apply (16) and the
analogous bound for j, ;. By the same analysis as in the expected value case, (16) then implies
that
n~ PO (p(a))*

27 (p() )k

The de-Poissonization step can be found in Appendix 4.3.2.

Vi(n) = M(p(a),log,,(p*n)) - (L+O(k™2)).
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3.3 Proof of Theorem 3
To prove the normal limit law, we apply Lévy’s continuity theorem:

Theorem 7 (Lévy). Let X,, be a sequence of discrete random variables with probability-generating
functions Gy, (u) = E[uX"], mean pn, and variance o2 > 0. If

lim e™#n/onG,, (e7/om) = e /2
n—oo

for all T =it and —oco <t < oo then

X —
An 7l Dy Ar(0,1).

On

The goal, then, is to determine the behavior of @, x(u) for large n and w close to 1 (i.e.,
uw = e7/9nk where 7 is any fixed imaginary number). To do this, we again use the Poisson
transform, defining

Qult,2) = Y- Q) =, Qulu,2) = e~ Quu,2).

m>0

We then have the functional equation

Qj(u, ) = Qj-1(u, pr)Qj-1(u, qz) + (Q; — Q;j-1)(u, px) + (Q; — Qj-1)(u, q),

with initial condition Qo(u,z) = €® — z(1 — u).
Defining lx(u, z) = log Qk(u, z) induces the functional equation (for j > 1)

ij(uvx) = l~j_1(u,pa:) + Zj—l(uv qx) + B]'(uwr)? (36)

e T[Q); (u, )
h]( @) = log (1 i Qj—l(%px)Qj—l(u’ qa:)) ?

with initial condition lo(u,z) = z + log(1 + (u — 1)ze~*). Regarding well definedness of Iy (u, z),
we must demonstrate that the logarithm which constitutes it is well defined for u in a bounded
neighborhood of 1 and z in a small enough cone around the positive real axis, for any k > 0. It is
sufficient to show that Q(u, z) is bounded away from 0. This follows easily from the argument of
Lemma 12 below (we note that, though this is stated and proven later, there is no circular logic
here, as the lemma’s proof does not depend on the existence of Zk(u, z)), which can be extended
to require only that w be close enough to 1 but fixed (since we assume that w — 1 — 0 arbitrarily
slowly).

Now, since we are going to take u LimiaN 1, we Taylor expand I (u, z) with respect to u around
1, which gives

where

2

(u—1)°

31 Rmk(uaz)a

fk(u,z) :z—l—ék(z)(u—l)—i— (u—1)2 +

and the task now is to show that the last term is negligible with respect to the second two. Setting
u = e"/7nk with 7 = it, with t € R, we have

T ’7'2

_l’_

u—1= 5
On k 20n,k

+ O(a;i),
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and after substituting this into the Taylor expansion for Ij,(u,z) and using the fact that Gy(z) =
@(U?L,k) (valid for z — oo inside a cone around the positive real axis), we get

2 3

7o CH) g Vil?) + Ol )+ gy Rll(2) (37)

Ip(u,2) = 2 +

Since Vi(z) = @(Ug’k), the third term is ©(1). Thus, the goal is to show that the last term is o(1)
(in fact, we prove that |R[l|(u, z)| = O(nf(®) = 0(07217,6), so that the last term is O(a;lk) = o(1)).

In order to do this, the plan is to apply an exact formula for the remainder of a truncated
Taylor series, derived via Cauchy’s integral formula.

Lemma 11 (Integral representation of Taylor remainder formula). Suppose f(z) is a function which
is analytic in some region ) containing the point £, and let j be some non-negative integer. Define
fi(z) to be the Taylor polynomial of degree j  around ¢, and  define
(2= &) Re ;(2) = f(2) — fi(2) to be the corresponding remainder. Then, for any z inside the disc
of convergence of the Taylor series of f at &,

1 Flw)
Besls) = 527 § o gpite =77 4

where C is any circle inside € centered at & surrounding z.

Applying this to the Taylor series of l~k(u, z) with 7 and £ in the lemma set to 2 and 1, respectively,
we get,

lR[Z]k(u, z) = 217”% w lkl()lgéz) ) dw. (38)

Here, we choose C to be a circle centered around 1 and such that |w — 1| > |u — 1|, so that,
in particular, u remains inside the region enclosed by C. We will require that |w — 1| tends to
0 sufficiently slowly. We next derive a useful representation for lNk(w,z) in order to bound this
integral. Iterating the functional equation (36), we get

k k—j

i) = 3 () 03 togtr 4w 0z ) £ 3 (M V(e ),

j=0 7j=1m=0

and plugging this into (38) finally gives %Rmk(u, 2) = Ry k(u, 2) + Ra i (u, 2), where we've defined

k j i ki —pigh—i
B k P q" Tz +log(1+ (w — 1)pigFTzeP'47%)
il ‘Z%(j)zm?{ (w—17(w —u) w

k . 1 B(w’pmqk—j—mz)
Ry 1 (u, 2) :]Z:% 0< )27?2%2’ (Jw—l)?’(w—u) dw.
We define
Sj(w, x) = (Q; = Qj-1)(w,pz) + (@) = Qj1)(w, g7)

Qj—1(w,pr)Q;-1(w, qr)

so that we can write

hj(w,z) =log(1l + Sj(w,x)).
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We will show below that both Ry j(u, z) and Ry x(u, 2) are O(nf(®), so that (u—1)3 R[] (u, z)/3! =
O(o,, 1), which is negligible with respect to the first three terms in the expansion (37) of Ij(u, z).
This is sufficient to establish the central limit theorem in the Poisson model. In the subsections
corresponding to Ry j(u, z) and Rs (u, 2), respectively, we first give roadmaps of the proofs of the
bounds and then delve into the details of the derivations.

3.3.1 Bounding R; ;(u, 2)

Roadmap of the bound on R; j(u, 2)

To bound R i (u, ), the idea is first to observe that the logarithm in the integrand of each term of
the summation is given by log(1+ g(w, x)), where g(w, x) = o(1), so that a natural idea to evaluate
the integral is to use the residue theorem, and computing residues can by done via a Laurent
expansion around w = 1 (the contribution of the term outside the logarithm vanishes). This leaves

us with the task of bounding
k
=0

We do this by writing the summand as €”\), for some function v, and using elementary calculus
to determine the maximum of v(j) in the interval [0,%]. This tells us that the largest term is
B(a)logn(l 4 o(1)), which concludes the bounding of Ry ;(u, 2).

Details of the derivation
First, the residue theorem tells us that the term

% pgFiz
dw
¢ (w=13w —u)
vanishes, and we need not consider it for the rest of the derivation. Now, note that the logarithm
in the jth term can be written as

log(1 + (w — D)apj(2)e ")), (39)
where we've defined xy, j(z) = p/¢* 2. Then

‘w _ 1||$k7j(2>€_mk’j(z)’ — |’U) _ 1‘l.k’j(|Z|)e—x;w'(\z|)cos(aurg(z))7

¢ is bounded for real x,c > 0 (which can be seen by elementary

Since the function z — ze
calculus), and since |w — 1| 2="% 0 and | arg(z)| is less than and bounded away from 7 /2, we have
that the above expression is O(Jw—1|) = o(1), so that we can expand (39) as a Taylor series around

w = 1, which gives

o0

log(1 + (w — 1)xk7jef:vk,j(z Z €+1 1)€(quk7jz)€e,£quk—jz
=1

Plugging this into the integral corresponding to the jth term of R j(u,2) and defining r(n) to be
the radius of C (and, hence, equal to |w — 1) gives

€+1 w*]_) (p]qk: jz)ﬁ —lpigh—iz
(1+rn) " (u— 27” iz (w—1) dw.
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Here, the (1+7(n)~t(u—1)) = 1+0(1) outside comes from approximating w—u in the denominator
of the integrand by w — 1, which is valid since we’ve chosen u — 1 = o(w — 1). Applying the Cauchy
residue theorem to evaluate this integral gives

(L (= r(n) ) (g 72y e 0%,
Plugging this in as the jth term of Ry ;(u, z) reduces the problem to boundin
gging , g

k

=0 M
Using Stirling’s formula for the binomial coefficient, we write the jth term as €”/), where we define

v(j) = klogk — jlogj — (k — j)log(k — j)

1 .
+ §(logkz —logj —log(k —j)) + 3jlogp + 3(k — j)log g + 3log z — 3p7¢* 7z + O(1).

Our goal is to find j which maximizes this expression. We first observe that the terms for which

| = o(logn) or j = k(1 — o(1)) contribute negligibly: in such cases, (’;) < % and (’;) < %

This results in an upper bound of e?°8™) = po() for (];), and the factor (quk_jz)?’e_?’qukiu is, as
previously mentioned, bounded. Thus, the contribution of such factors is n°M) | g0 that it remains
to handle terms for which j = ©(logn). Taking the derivative of v with respect to j, we get

1 k , ' .
tr Tt log(k — j) — k‘%j +3log(p/q) — 3¢"nlog(p/q)(p/q)’

1
V(j)=—-1-logj— — + .
1) 25 2(k—1J)

:mgC}j)+m%@mranMWWme+om%m1»

Setting j = K(a)k for K(a) € (0,1) to be determined under the conditions that v/(j) = 0 and
K(«) as a function of n remains bounded away from 0 and 1 (since j = O(k)), we find that the
first two terms of /() are O(1), so that v/(j) = 0 only if the third term is also O(1). This boils

down to requiring
qkn(p/q)j — ek:logQ+10gn+K(a)klog(p/q) _ O(l)

Equivalently,
klogq+logn + K(a)klog(p/q) = logn(alogq+ 1+ K(a)alog(p/q)) = O(1),
so that, in particular, we require
alogg+ 1+ K(a)alog(p/q) = 0.
This gives
alog(1/q) — 1

alog(p/q)

It is easily checked by taking another derivative of v that this gives a global maximum. We then
have that the maximum term in Ry x(u, z) is given by nX(%), where y(a) = a-h(K(«)), with, again,
h(z) = xlog(1/z) + (1 — x)log(1/(1 — x)). After some algebra, we see that x(«) = (), so that
Ry 1 (u, 2) = O(nP(@), which is negligible when multiplied by (u — 1)3.

K(a) =
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3.3.2 Bounding Rjj(u, 2)

Roadmap of the bound on Ry j(u, 2)

Handling Rj i (u, 2) is more difficult. For this, we need good upper and lower bounds, respectively,
on the numerator and denominator of Sj(w, z). The plan is as follows. We split the outer sum into
three ranges, corresponding to j = o(logn), 7 = Q(logn) and k — j = Q(logn), and j ~ k. The
first and third range can be handled via a somewhat crude (though still technically difficult) upper
bound (Corollary 2 below) on the terms of the m sum which reduces the analysis of the j sum in
those ranges to that of a sum similar to Ry j(u, z). The middle range, on the other hand, requires
more finesse. We split the inner sum into two parts: those terms for which p™¢F=7-"2 = O(logn)
and those for which it is > log n. For the former range, we find that we must refine the crude upper
bound on |S;(w,z)| to account for the cancellation inherent in its definition, which requires that
we take advantage of the fact that j = Q(logn) and that we have a superexponentially decaying
upper bound on fi, ; for m = ©(j). For the latter range, we can use the coarser upper bound.

Details of the derivation: Estimates on Q;(w,z) and S;(w, z)

We first proceed to prove several facts about the growth of Q;(w,x), which will be useful in the
handling of the first and third ranges mentioned above. We start by giving a precise estimate of
|Q;(w, z)| which is uniform in j, in the case where |z| = O(1).

Lemma 12 (Uniform estimate of |Q;(w, )| for bounded |z|). Suppose |x| < C for some fized
positive C, and w ~ €*/90")  where g(n) 7% 50 and t € R. Then, uniformly for j < k,

Qj(w, ) ~ e”.

Proof. We split the series defining @Q;(w, x) into two parts: for any function f(n) = o(g(n)) which

is also > 1,
f(n)

- LT Y R

We will show that E[wPmi] = 1+ o(1) in the first sum and that the second sum is negligible. To
see the claim for the first sum, we note that since m < f(n) and B,, ; € [0, m],

By

me,j ~ eith,j/g(n) =1 +
g(n)

O((f(n)/g(n))*) =1+ O(f(n)/g(n)) =1+ o(1),

where the o(-) is uniform in j.
To show the claim for the second sum, we upper bound its absolute value using the triangle
inequality, giving
> wipul T

m>f(n)
Next, we define £ = 1+ |w — 1| > 1 and note that, since B,, ; < m,
gBm,j S é-m

Since |z| is bounded above by C, we get that this is the tail of a convergent series, and f(n) — 0, so
that the second sum is o(1), so negligible with respect to the first, and this completes the proof. [J

Next we upper bound the differences |Q;(w, ) — Qj—1(w, x)|.
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Lemma 13 (Uniform upper bound on differences). Suppose || < C for some fized positive C, and
w ~ eI where g(n) 70~ and t € R. Then, uniformly for j < k,

(Qj = Qj—1)(w, z) = O(|[el"! /g(n)).

Proof. The idea of this proof is very similar to that of Lemma 12. We choose an appropriate
function f(n) such that 1 < f(n) < g(n) (for reasons to be seen below, we will also require that
g(n) = o(ePU (Mg f(M))) "and we split the series defining (Q; —Q;—_1)(w,z) into an initial and final
part:

. o
(Qj — Qj—1)(w,z) = mgzoE[wBW — wPmi-1] + >§f( - Bm”‘l]m.

Bounding the initial sum: Again using the fact that 0 < m < f(n) = o(g(n)) as in the previous
lemma, we find that
Bluwns — wns] = O(m/g(n),

uniformly in j. Plugging this into the first sum, we get an upper bound of

f)
O(g(n) ™) D m—r = O(g(n) " |elel"),
m=0 ’

and, since |z| < C, this is O(g(n)™1).

Bounding the final sum: It remains to bound the final sum. Recalling the definition of £ in the
proof of the previous lemma, the second sum is upper bounded by

9 Z §m|$|m

m>f(n)

Factoring out (&]z|)f™M+1/(f(n) 4 1)!, we get the expression

(€l
(f(n) + 1!

(€)=t

mz%)ﬂ m(m —1)---(f(n) +2)

Noting that the denominator consists of m — (f(n) +2) + 1 = m — f(n) — 1 factors greater than
f(n)+1, we can lower bound it (thereby upper bounding the whole expression) by (m — f(n)—1)!,
so that the sum is upper bounded by eI, Thus, applying the assumed bound on |z|, the second
sum is upper bounded by

2ACHII o

NOEDI

¢—O(f(n)log f(m))

which we note is upper bounded by

due to the factorial in the denominator. Choosing f(n) to be, say, f(n) = y/g(n), we see that this
is

o(e~®Wa(n)logg(n))y,

so that the second sum is negligible compared to the first. O
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Finally, we extend Lemma 12 to the case where = 27 0. For the purposes of this lemma,
we restrict our attention to a cone around the positive real axis.

Lemma 14 (Uniform estimate of |Q;(w, z)| for unbounded |z| inside a cone). Let w ~ /90 for
some g(n) 2= 0o and t € R. Then there exists some 0y € (0,7/2) such that, for any 0 € (0,6p),

uniformly for j <k,
1Qj(w, z)| = elzl cos(arg(a))(1+o(1))

as © — oo inside C(0).

Proof. We will approach this by proving an upper and a lower bound on |Qj(w,x)|; that is, for
some functions a(x) and b(zx) satisfying certain growth properties (to be explained), we will prove
that, for all sufficiently small positive constants e, for large enough ||,

eblel) < |Qj(w,x)| < ecallzl) (40)
Provided that a(|z|) and b(|z|) = O(|z|) as x — oo, we will then have

1Qj(w, )| = [e"]|Qj(w, )| = el | Q;(w, )],
lrlcos(arg@)+ebllzl) < | (u, z)] < elrlos(ara(@))eala),

so that
1Q;(u,x)| = ezl cos(arg(@))+o(|z[)

We propose
a(r) =x—1 b(z) = —a(z),

As before, we derive a useful bound on \QJ (w, )| by setting £ = 1+|w — 1], so that E[|w|Bmi] <
€™, and plugging this into the definition of Q;(w, x) gives

Qj(w, )| < ellEeos0), (41)

We will use this inequality in what follows.

We now prove the claimed bounds on |QJ (w, )|, for arbitrarily small fixed e. We do this by
induction on j. The idea is as follows: we have, by Lemma 12, that Q;(w,z) ~ €*, uniformly for
all 7 <k, when x = O(1). This particularly implies that there is some large enough fixed z, in the
cone for which the claimed inequalities on Qj(w, x4) hold. In particular, they hold for x inside the
cone with |z| € (|z4|, |z«|/q], again for all j < k. In order to prove the inequalities for the rest of
the cone (i.e., |z| € (|z«|/q,0)), we then apply the recurrence and the inductive hypothesis.

Base case

Recall that Qo(w,z) = 1 — ze *(1 — w) = 1 + o(1), where the o is with respect to & — oo.
The claimed decay of the second term is because |xe™®| remains bounded inside the cone, while
1—w 2225 0. Then, ez = ¢<(zI=1) 5 0. Furthermore, e(#) = ¢=<(zI=1) _ 0. Thus, for

sufficiently large |z| (depending on €), the claimed inequality holds.

Inductive step

For the induction, we assume that the claim is true for all A < j, and we prove it for j. By the
observation above, the inequalities hold for Q;(w,x) when |z| € (|z.|,|2«|/q], and it remains to
establish that they hold for larger |z|, so we assume from here onward that |z| € (|z.|/q, 00).
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Recall the recurrence for Q;(w, ), which holds for all j > 1:
Qj(w,x) = Qj-1(w, pr)Qj-1(w, qz) + e~ (Q; — Qj-1)(w, pr) + e P*(Q; — Qj1)(w, g).

Upper bound inductive step

We first handle the induction step for the upper bound. The first step is to upper bound ]Qj(w, x)|
using the triangle inequality. Next, we handle the product: by the inductive hypothesis (applicable
here because |z.| < |qz| < |pz|), we have

|Qj_1(w,px)Qj_1(w, qz)| < eclalplzl)talalzl)) — gealw)—e
where the equality is easy algebra based on the definition of a(x). To handle the terms of the form
e 7971(|1Q; (w, )| + |Qj—1 (w, e)]),
we apply the bound (41) to both terms. This gives
’e—(l—c)x’(|Qj(w’Cl,)| 4101 (w, ex)]) < gelcw|(E—cosf)—(1—c)[r|cos§ _ gclal(c§—cos8) < o lel(pE—cost).

Provided |€ — 1| is sufficiently small (with respect to cosf) and || sufficiently small with respect to
p, the quantity in the exponent is negative and bounded away from 0. This can be done by making
n sufficiently large.

Then,

. < ptlalplz))+a(qlz|)) |z|(p€ —cos 8)—e(a(plz|)—alq|z|))
|Qj(w,z)| <e 1+ 4e

< o<lalplel)+alalz])) (1 n 46\m|<pg_cose)) |

where the second inequality is because a(c|z|) > 0 when |z| is large enough (depending only on c).
The factor in parentheses can be written as

|| (p§—cos 0) |z|(p€ —cos 0) (1+0(1))
610g(1+4e ) — ele

)

since, by a previous observation, p¢ — cos < 0. Thus, the upper bound becomes

_ |z] (P& —cos 0)
eea(|az\) et+4e )

Since the second term is a constant and the third term decays exponentially with respect to |z| — oo,
we can further upper bound by e®(2D) provided || is sufficiently large. This concludes the proof
of the upper bound.

Lower bound inductive step

We now give the inductive step of the lower bound. First, we use the lower bound version of
the triangle inequality (and we note that, for ¢ > 0, e—clelcos(arg(x)) < p—clzlcosd gince cosh <
cos(arg(x)) and the function y + €Y is monotone increasing with respect to y):

Qj(w, )| > |Qj—1(w,pr)Qj—1(w, qz)]
— e PlElesf1Q, — Qi 1| (w, gx) — e 11S01Q; — Qi1 |(w, pa).

We apply the inductive hypothesis to the product (justified by the same reasoning as in the upper
bound proof) to get . )
Q)1 (w, pr)Qj 1 (w, g)| > PPN Foalz),

33



For the other two terms, we require an upper bound on expressions of the form
e—(l—c)|x|cos€,@j o Qj—l‘(wv CQ?).

Applying the triangle inequality and then the bound (41), we get that the above expression is upper

bounded by
26—(1—c)|x|cosGec\fo—cosG) _ 2e|m\(c§—cos6) < 26\;v|(p§—cos€)‘

Thus, we get
!Qj(w,x)] > eﬁ(b(plzl)er(Q\:vl))(l _ 46\fv|(p5*cos9)*6(b(p|x\)+b(q\x|)))‘

Provided 0 < € < cos@ — p& (which can hold if we choose 6 close enough to 0), we can see by
substituting in the definition of b(x) that there exists a positive number 7 (depending only on
€,0,p,&) such that

]Qj(w,:c)] > el +blalzl) (1 _ ge=Tlzly,

As in the inductive step for the upper bound, we rewrite the second factor:

(1-— 4€—T\x|) _ €—4e*T|x|(1+0(1))‘

Then the bound becomes

]Qj(w,xﬂ > o€ (0(plz])+b(glz))—de™7I# (140(1)) (42)

Now, by definition of b(z), b(p|x|) + b(q|z|) = —a(]z|) + 1. As in the upper bound proof, the
second term (i.e., €) in the exponent of the right-hand side of (42) after applying this identity is

a constant, while the third term decays exponentially, so that the exponent can be lower bounded
by —a(|x|) = b(|x]). This concludes the proof. O

These lemmas give us enough tools to bound |S;j(w, z)|:

Corollary 2 (Uniform bound on |S;j(w, )| inside a cone). There exist some 6y € (0,7/2), xg, and
positive constants C and D such that, for sufficiently large n and for x € C(6) with |x| > xo and
0] < 6o, for any j <k,
18;(w,)| < Dlale=!
Moreover, for |z| < xo,
185(w, )| < Dlw — 1]jsle=C.

Proof. This is a combination of Lemmas 12, 13, and 14. We will first show that the claimed
inequality holds for sufficiently large x. We write, using the triangle inequality,

|Qj—1(w, pz)Qj—1(w, qz)| '

|Sj(w, z)| <

Note that, by using the triangle inequality on the numerator, we have completely ignored the
cancellations in the differences Q;(w, cx) — Qj—1(w, cx). We will rectify this later.

Next, since we are assuming that x — 0o, we apply Lemma 14 to conclude that the numerator
of the above upper bound is equal to

ePle| cos(arg(z))(1+0(1)) 7

while the denominator becomes

Pzl cos(arg(z))(1+0(1))+q|z| cos(arg(z)) (1+0(1)) _ ,la|cos(arg(x))(1+0(1))
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This gives an asymptotic upper bound of

o—alz| cos(arg(z)) (1+o(1))

?
which can certainly be upper bounded by

||~ alel cos(arg(z)) (1+o(1))
This implies that there is some specific 2y such that, provided |z| > =y,
|S;(w, )| < Jale= N,

for some positive C' (here we have used the fact that = € C(), which ensures that cos(arg(x)) is
not too small).

Now, we assume that |z| < zp. In this case, instead of applying the triangle inequality to the
differences to bound the numerator of |Sj(w, x)|, we apply Lemma 13, which gives an upper bound

of
|z|ePlel ) v — 1|zl
O<g(n)>—0(| 1]ae"™)

for the numerator. For the denominator, we apply Lemma 12, which tells us that

Qj—l(w7px)Qj—l(w7 q(]f) ~ €x7

so that
1Qj—1(w,px)Qj—1(w, qz)| ~ || = elzlcos(arg(z))

Combining these estimates shows that
|Sj(w, )| = O(|w — 1]|z|ePi*I Il costeral@),
and, using the fact that |z| < z¢, so that el*l(P—cosara(@)) — (1),
18 (w, z)| = O(jw — 1]|z]e~ ),
for some positive C. O

Now, provided that we choose w — 1 tending to 0 slowly enough with n (i.e., w —1 = n"(l)),
instead of evaluating the integrals in the definition of Ry (u,2) via the residue theorem, we can
upper bound them trivially by the product of the maximum of the modulus of the integrand on C
and the length of C. Recalling that r(n) denotes the radius of the circle C, this gives
flog(l—&-sj(w,x)) d ‘

C

w| ~ Siw,z) w| < r(n) PV D|zleCl
(w—1)3(w — ) fg(w_md ‘S (n)~ "V Dlz| , (43)

where we’ve applied Corollary 2 to establish the asymptotic equivalence and the inequality, and
we’ve used the fact that w — 1> u — 1, which implies that w — u ~ w — 1.

Bounding the terms where j = o(logn) and j ~ k
With this inequality in hand, we can start to bound Rjj(u,z). We first bound the contributions
of the ranges j = o(logn) and j ~ k. We start by applying the bound (43) on the absolute value
of the integral, which gives, for any j, a contribution of

k—j .
I{} — - m_ k—j—m
T(n)_o(l)D§ : < m]>pmqk—]—mne—0p qF=i—mn
m=0
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to the outer sum of Ry (u, z). Since the factor 7(n)~9M D is insignificant to the analysis, we focus
on bounding the sum. For j = o(logn), the analysis is essentially the same as that of Ry ;(u, 2),
and we conclude that the sum is O(n(®)).

In the range where j ~ k, we note that kK — j = o(logn). This implies that, for any m,

(k — j> < oOk—j) _ ollogn) _ no(l),
m

where the inequality follows from the fact that the maximum value of a binomial coefficient (y) is
exponential in y. Combining this with the fact that p™gk=i—Mne=Cr"d" 7 ""n = O(1), we get that
the contribution of j in this range is subpolynomial in n, so negligible.

Bounding the terms in the middle range: j, k — j = ©(logn)

We now turn to the bounding of the middle range, where j,k — j = ©(logn). We define z,, ; =
x = p"g*=I~™z, for any j in the range under consideration, and we split the m sum into two parts:
those terms for which = > logn, where we can use the coarse upper bound on S;(w, z) which does
not take into account cancellation, and those for which = O(log n), which requires a more refined
estimate of S;(w, x).

Bounding the terms where = = O(logn)

The first task is to more precisely bound S;(w, z) by taking into account the significant cancellations
inherent in its definition. Writing Q;(w, ) and Q;_1(w, ) as power series and applying the initial
condition Qg ;(u) =1 for £ < j, we have

0
Qj(w,x) = Qja(w,x) = Y Efws — w5 (44)

>

Since j = O(logn), we have already identified a significant source of cancellation, but this is not
yet sufficient. Recalling that (11) of Theorem 1 gives a superexponentially decaying upper bound
on . ; for £ < Cj, for any fixed C, we can get a tight bound on the remaining sum. The idea is to
determine a bound on E[w?%i] by conditioning on the value of By ;, then using Markov’s inequality
and the bound on g ; to get a bound on the probabilities and conditional expectations that arise.

In what follows, we first restrict our attention to the initial terms of the sum (44); i.e., we
assume that ¢ < Cj for some fixed C. Letting c;, co be the constants in (11) (which we can apply
because j = ©(logn) — oo and ¢ = ©(j)), we have the bound

e < 015167‘3252.

Now, as promised, we compute E[w?%s] by conditioning on whether or not By j < tpgy, for t which
we will pick later. This results in

E[wPi] = E[w”9|By; < tpg ] Pr[Bey < tue;] + Elw’e9|Bej > tug ;] Pr[Bey > tue;].  (45)

Now, we claim that, for an appropriate choice of ¢, the first term is 1 + o(1), while the second is
o(1) (in fact, superexponentially decaying in ¢). Fix c3 € (0,cz) and choose ¢ = e®¢* (this choice
of ¢t is motivated by the requirements that it should not be too small (or lower/upper bounding
the first/second probability becomes difficult) or too large (otherwise, upper bounding the second
expectation becomes difficult)). Then, by Markov’s inequality,

Pr[Bej < tpes] > 1—e ¢ =1 —0(1).
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Conditioning on the event that By ; < tug; = e~(2=e3)” — 5(1) and writing w = 1 + g(n), where

g(n) = o(1) (recall that this follows from our choice of integration contour such that |w—1| = o(1)),
gives ,
wBei = (14 g(n))Prs ~ 1+ g(n)By; = 1+ O(g(n)e ©*)).

Noting that the last expression does not depend on By ;, this implies
E[w”3| By < tueg) = 1+ O(g(n)e ).

Thus, the first term of E[w?P%i] (i.e., (45)) is 1+ o(1), as desired. Turning to the second term, the
probability is bounded above by 6_6(42), by Markov’s inequality, and we use the a priori upper
bound on the expectation; that is, we define {(w) = 14 |w — 1] > 1, and then the expectation is
bounded above by &(w)¢ (see the derivation of the inequality (41)). The entire term is then upper
bounded by 6’_@([2), so that it is negligible with respect to the first. Thus, we have shown that
E[fwBei] = 1 + 6_9(82), where the © is uniform in j, but dependent on the C' for which ¢ < CYj.

This implies that
E[wBes — wBei-1] = e=O),

Applying this estimate to the difference appearing in S;(w, z), we get (suppressing ceiling functions
in the indices for convenience)

Cj Y ’
_ 2\ L ) ) €T
Qj(w,z) — Qj—1(w,z) = § :e o )ﬁ + E E[w?Bes — wB“_l]ﬁ'

Since x = O(logn), we can bound the first sum as follows:

< @zﬂf[ o((1 2)+0(log nlogl o((1 2
Zei ( )ﬁ < ¢~ O((logn)*)+O(lognloglogn) __ ,—O((logn)?)

— )

l=j

using the fact that j = ©(logn). Here, the ¢! in the denominator gives rise to e~©(ognloglogn)
and the 2! is upper bounded by e@Uognloglogn) where the loglogn comes from the fact that
x = O(logn), while the logn results from ¢ < Cj = ©O(logn). The second sum can be bounded
using the a priori bound (again, see the derivation of the inequality (41)) to get

E@)l2)®

eCs

SN (e

and, again when z = O(logn), this becomes

eo(log nloglogn)—O(lognloglogn) _ e—@(log nloglogn)
Thus, overall, we have that
—0O(1 log L
Qi(w,) — Qi1 (w, )| < e Oosnstoen)

With these bounds in hand, we are ready to handle the relevant terms of Ry (u,z). Our refined
upper bound on |Q;(w,x) — Q;j—1(w, x)| implies

’S ( )’ e—@(lognloglogn)
j(w,z)] <

1Qj—1(w, px)Qj—1(w, qx)|’
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and, since Qj_1(w,cx) ~ e, and |z| is at least e~CU1°8™) this shows that

|S](w,x)| < ef®(lognlog10gn)'

Then
(k - J) f IOg(l + Sj(lj7x)) dw| < r(n)—O(l)eO(logn)—G)(lognloglogn)
m c (w—1)
— 7,(n)fO(l)efGUOgnloglogn)
= o(1).
Here, 7(n) =91 comes from (w — 1)* in the denominator of the integrand. The e?(°8™) is a result

of upper bounding the binomial coefficient, since k — j = O(logn) and the binomial coefficient
is at most exponential in its top number. Finally, the e~©Uognloglogn) ¢omes from the bound on
|Sj(w,x)| and the Taylor expansion for the log.

Bounding the terms where x > logn
For = >> logn, using the coarse upper bound on |S;(w,z)| gives

(1+O(1))<k—j) ilog(l—i-sj(w,x)) dw‘ < <k%j)7ﬂ(n)o(1)€@(,ﬂ)

m (w—1)%

< T(n)—O(l)eO(log n)—0(z)

=1(n)"OWe 0@ = o(1),

so that these terms are negligible. Note that the e?(°8™) comes from upper bounding the binomial
coefficient: it is at most e®*) = £Oogn)

Since the contributions of all ranges have been shown to be either negligible or O(n” (a)), this
completes the proof that Ry (u, 2) = O(n(®)). Having shown the remainder term %R[ﬂk(u, z) to
be negligible, we have thus established a central limit theorem for the (normalized) external profile
in the Poisson model.

We complete the proof by a bare-hands de-Poissonization to recover a central limit theorem for
the Bernoulli model. We relegate the details to Appendix 4.3.3.

4 Appendix

4.1 Well definedness and analyticity of series related to Ax(s)

Proof of Lemma 2. Proof of (i)

Without loss of generality, we can assume that g(n) = Cn, for some positive constant C, because
the assumption g(n) = Q(n) implies that, for large enough n, g(n) > Cn. Next, we apply the ratio
test, which gives

n-+s

o (9(n+1))=g(n)) G (s)n! |
n+1

(n+1)!gn(s)
Now, using the assumption about the growth of g(n), we have that the ratio is asymptotically less

than 1, so that the series converges absolutely.

Proof of (ii)
If we can show that Fj(s) is analytic at s = 0, then the result follows, since a function defined by a

e—(g(nt1)—g(n))  —(9(n+1)—g(n))
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power series at a given point is analytic at all points inside its disc of convergence. We'll start by
looking at [s™]¢y(s). Toward that end, define S, to be the set of all subsets of size n —1 —m of
the set [n — 1]. Then, noting that ¢,(s) is a product of n — 1 monomials, so that each choice of m
such monomials gives a contribution to [s™]¢,(s), we have

5"1en(s) = > [ = (46)

XeSm zeX
Since |Sp| = (nfl_,lm) = (nn_ll) and J[,cy o < (n;z!l)!7
m (n—1)! (n—1)! ((n—1)"2
< . = .
[5"]¢n(5) < m!(n —1—m)! m! m2(n—1—m)! (47)
Now,
m - n m 1
[s™1Fj(s) = > e MM [s™]n(s)—, (48)
n>j
and
_ 1 —om 1 (n—=1)1
c & ](ﬁn(s)n! = n!m!?(n —1—m)! (49)
I —Q(n),,m—1
_ 0 (=D ngeo TR
c nm!2(n —1 —m)! m!? (50

The series with these terms converges because of the exponential decay of e (™) as n — co. This
implies that the series defining [s™]F}(s) converges, so that Fj(s) is analytic at 0. O

4.2 Rough upper bounds on p, k. ¢, , @k(z), Vi(2)
4.2.1 Upper bounds on |Gj(z)| as z — oo

Proof of Lemma 1. Proof of (i)
We proceed by induction on k, then on increasing domains.

Base case for induction on k
For k = 0, we have Go(z) = ze*, so that

[Go(2)] = |zlle?| = |zle™™), (51)

which, for large enough |z| in the cone, is less than C|z|'*¢ (and, in fact, any C|z|), for any choice
of C' > 0.

Inductive step for &
We now assume that the claimed bound is true for 0 < j < k, and we prove the claim for k via
induction on increasing domains.

Increasing domains base case
For the base case, observe that an upper bound on |G(z)| that is uniform in & holds:

n

~ _ z
Gr(z)=e* Z Py
n>k+1 '

n—1

_ —z ?

—2¢7% Y
n.

n>k+1
= |Gi(2)] < |z]el7T),
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for any z, where we've used the fact that u, , < n. In particular, this applies in the truncated cone
C(0, R). Since C(#, R) is compact, and both the upper bound on |Gy (z)| and |z|'*€ are continuous,
it has a maximum value in C(#, R), so that there is some C' = C(R) for which

Gr(2)] < Clz|'T,
which establishes the base case.

Inductive step for increasing domains induction
For the inductive step, we start with the recurrence for Gi(2):

Gr(2)] < le™®(|Gu(=p)| + e P*||Gr(2)| + |Gr-1(p2)]]L — e~ %] + |Gror(g2)||1 — e P2
< (Je™ [+ 1 = e ENOP T+ (Je TP + 1 — e TPH)Cgt 2]

NOW, for any positive C,
— —00
CZ’ 2 1

lem [+ 1 -
with z in the cone. Thus, we can choose |z| large enough (depending on €) so that, simultaneously,
(le”|+ 1 — e~ p*e <p

and
(le [+ 1 — e )" < q,

which gives
|Gr(2)] < Oplz]' + Cylz| € < Oz
Proof of (ii)

Recall the functional equation for Gj(z).

Gj(2) = L[Gj-1(2) + TIG);(=).

Iterating this recurrence, we get
j—1
Gj(2) = L[Glo(2) + Y _ L'TIGj—e(2), (52)
£=0

where, recall, Go(x) = ze~®. Applying the definition of L, the first term becomes

J J .
N )

etz
> (1) Gotta o = Y- (4)far e
(=0 =0
Now, for positive real z, we have

P> ¢,

so that A _
e P < oz,

Taking the absolute value of the first sum, applying the triangle inequality and the observation just
made, and pulling the resulting exponential factor and |z| out of the summation gives an upper

bound of
J .
‘Z|€7q]| z| cos(arg(z)) Z ( ) — ’Z‘equ|z| cos(arg(z)).
/=0
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Turning to the second summation, we consider the ¢th term:

14

LTI 2) = 3 (1) TIC-ra ). (53)

r=0

Now, we upper bound G;_s(z) and G;_,_1(x) by C’|z|'*¢, for some C’ independent of C, and an
arbitrarily small € > 0. This we can do by part (i). This implies that

IT[Gj—e(x)] = e P"(Gj-e(gz) = Gj—r-1(qx)) + € *(Gje(px) — Gjp-1(p))]
< 4C/p6—q\a:|cos(arg(:ﬂ))|x‘1+e‘

Plugging this into (53) gives an upper bound of
Ny
4C/p Z < >p7‘q€r |z’1+56*quZ7T+1 |2| cos(arg(2)) 4C’p\z‘ 1+667qe+1 |z] cos(arg(z)) )
r <
r=0

Here, we’ve used the fact that p"¢™" = (p/q)” > 1" = 1 to upper bound the exponent. After this,
the only factor of the above expression which contain r is

Lo
Z (r>prqfr - 1.
r=0

The resulting upper bound is maximized when ¢ = j — 1, so that the second sum of (52) is upper

bounded by
40/])’2‘ 1+€jequ|z| cos(arg(z)) )

Thus, we have an upper bound of
G(2)] < |2l Feem PO (1 1+ 4C"pj).
Now, since j < C, we finally have

‘é](z)‘ < ’Z‘1+€ech\z|cos(9)(1 +4CC/]))

4.2.2 Superexponentially decaying bound on i, for k = ©(n)

We now aim to prove (11) of Theorem 1. The natural way to do this is by induction on m and
using the recurrence for i, ;, but the inductive hypothesis cannot then be applied for all A < m:
there appear terms of the form pj, ;1 in the recurrence, and it is sometimes the case that

Ch>(j—1),

which happens precisely when h > m — 1/C. Thus, we must first prove a similar lemma which
bounds i, ; whenever m — j < £, for any fixed ¢ > 0.
Lemma 15. For any C > 1, there exist c1,co > 0 such that, for n large enough,
2
com

pin,m < cinle”

whenever m > n — C.
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Proof. This is by induction on n.

Base case
For the base case, we show that, for any M > 0, we can find ¢; and ¢y such that the claimed
inequality is satisfied whenever n < M. Given any M > 0 and ca > 0, we have, for n < M,

Mnm < M,

and, provided that we take

M 2
c1 > M662M y

this implies that

2
—Cc2m
fnm < cinle” 2™

for all n,m < M.

Inductive step

For the inductive step, we assume that, for appropriately chosen c1, co, the claimed inequality holds
for pins ms for any n’ < n with n > M, and for any m’. In what follows, we will derive a condition
on c¢g which must (and can) be satisfied in order for the induction to work. Now, by the recurrence
for puy, m and the fact that m > n — C,

n—1

= TCminn = 3 (M)

j=n—C

and, since j < n — 1, we have
m—-1>n-1)-C>j-C,

so that the inductive hypothesis can be applied to each term in the sum:

—ca(m—1)2

n—1 n—1
(=Tt < Y (?)P"'Clﬂe‘”(m_l)Q=01"“P” > oo

Y|
j=n—C j=n—-C (n ‘7)

We can further upper bound this by
ch’n!p"e_cz(m_l)Q,
and our goal is now to choose co such that
Cpte?em=e2 /(1 = T(—n)) < 1—c¢,

for some positive constant . We need

atamy - (1= (1= T(=n))
<=

Taking logarithms and dividing both sides by 2m — 1, we must have, equivalently,

o < log(1 —€) —log C + nlog(1/p) + log(1 — T'(—n))
2 < :
2m —1

The required upper bound is lower bounded by

log(1 — €) —log C + nlog(1/p) + log(1 — T'(—n))
2n — 1 ’
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which tends to log(1/p)/2 as n — co. Thus, provided n is sufficiently large (depending only on C'
and €; this can be enforced by choosing a sufficiently large M), the required upper bound is clearly
positive, so that a cs which satisfies it can be chosen. Then ¢; can be chosen as dictated by the
base case, and we have

2
—com
Pnm < cinle” 2™,

as desired. O
We can now prove (11).

Proof of (11). Throughout, we suppress floor and ceiling functions, which are insignificant to the
analysis.
The proof is again by induction on n.

Base case
By the same argument as in the proof of Lemma 15, for any M and co, ¢1 can be chosen appropriately
so as to ensure that the claimed inequality holds for n,m < M.

Inductive step
We now proceed with the induction. Again using the recurrence and the fact that m > Cn, we
have

n—1 n

(1= T < S ( .>p"<uj,m1 T o).

j=Cn J
Now, we only know that m—1> Cn—1 = C(n—1/C). That is, for some of the terms in the sum,
we cannot apply the induction hypothesis. To circumvent this problem, we split the sum into two
parts, one of which we handle by the induction hypothesis, and the other by Lemma 15. That is,
we will upper bound by

n—1/C n n—1 n
Z < .>pn(:uj,m1 + /«Lnfj,mfl) + Z ( .)pn(/l%ml + ,UJnfmel).
j=Cn J j=n—1/C+1 J

We now upper bound the first sum: applying the induction hypothesis, we can upper bound it by

"Ml 1 1 1
1T e p—C2(m—1)2 T P 17 ,—C2(m—1)2 o
nlp”cie j_z(;n =) + j!} < cinlp”e [(1/0)! + (Cn)!} n(l —C).

We thus require that
Dnp"ePm 1 /(1= T(—n)) <1—¢,

where D is some positive constant, and € is any positive constant less than 1. Just as in the proof
of Lemma 15, we can choose co small enough so that this holds for any n sufficiently large.

The second sum is handled analogously, and we choose the minimum of the two resulting
constants for ca. We then choose ¢; sufficiently large, and this completes the proof. O

4.2.3 Bounds on |[Ci(z)| and |Vi(2)| as z = oo
Proof of Lemma 10. Proof of (i)

We will prove a slightly stronger claim, because it will help in the implementation of the induction.
In particular, we claim that the inequality holds for any z in the cone, regardless of magnitude.

43



To establish the claim for z in a compact region of the cone including the origin, we prove the
following: the upper bound (uniform in k) of

[Ci(2)] < 2?77,

which holds for any z € C, shows that there is some positive constant C' for which the inequality
holds for any k& whenever |z| < R. The proof is as follows:

—z| 2" < o—l#|cos(arg(z)) ‘ | ’Z‘m
le E Cmk—| <€ E Cm k|
m!: m!

m>0 m>0
< oo @) ™ i
- m!
m>0

< ’z‘Qe\ZI—IZICOS(arg(Z)),
where we’ve used the fact that ¢, < m(m — 1), itself a consequence of the bound
Bm,k < m,
which holds for all m. The remaining task is to demonstrate the polynomial upper bound for
|z| > R.
Base case
For the base case, Cy(z) = 0, and the inequality is trivially true throughout the cone.

Inductive step
We now assume that the claimed inequality holds for £ — 1, and we demonstrate it for k. We have,
by the recurrence for Cx(z) and the inductive hypothesis,

Cr(2)] < (le™% + |1 = e FNCPPF PP+ (Je72| + |1 = e P2 O™ |24 + Cop® [T,
where Cs > 0 and we’ve used the fact that we can make R large enough so that
|Gr1(2)] < Gz,

for some constant C'3, by Lemma 1.
Provided that we choose C' large enough, we have Cop?t¢ < ¢/C, for any positive €. The rest
of the proof is as in the expected value case, so we omit it.

Proof of (ii)
This follows from an easy modification of the proof of Lemma 1, part (ii), so we only sketch the
proof.

We note that, as a result of part (i), which gives a polynomial upper bound (in |z|) on the growth
of |Cy(z)| for all £ < C, and Lemma 1, part (i), we can write, for some constants C’,C” > 0,

Vi(z) = L[V]j-1(2) + C'e ",

and iterating the recurrence shows that f/j(z) is a sum of terms which are exponentially decaying

in |z]. O

44



4.2.4 Superexponentially decaying bound on ¢, ; for k = ©(n)

Here we aim to prove (16) of Theorem 2. We start with the recurrence

|
—

n

Cn,k’(l_ N - ( >qun J C]k 1+ cn— —j,k— 1+2M],k 1Mn—7j k— 1) (54)

:m
»—A??‘

M

n—1
( ) I(Cjh1 4 Cnjh +”Z<]>P]qn (g =1+ pn—jr—r (55)

Jj=k

<.
»—A??‘

Z

(?)Cﬂk 1P+ ") + (1= T(=n)), (56)

k}
??‘

so that

2" S5k () ein

< .
Cnk > 1 _ T(—n) + Npn, k

(57)

When n > 2, we can upper bound T(—n) by

T(—n)<2p"<2p2<2l72=1/2

so that

1
— <2
1-T(—n) —

First, we will need a simpler lemma.

Lemma 16. For all fizred ¢ € Z=°, there exist positive constants Cy,Cy such that, for all n and
k>n—1¢,

_ 2
ek < Cinle Cak”

To prove this, we need another bound on ,, .

Lemma 17. There exist positive constants CF,Cj such that, for all fived { € Z=°, all n, and
k>n—1{,

_(* L2
Ny < Cinle C3k"

Proof. This is an easy consequence of (11). O

Proof of Lemma 16. The proof is by induction on n.

Base case

By the initial conditions, ¢, ; < n? for any n, k. Thus, fixing some particular n, and considering

k < n., we can fix a sufficiently large C; and a Cz > 0 for which the claimed inequality holds for
/

Cpt oy M < Ty

Induction
Here we assume that the claim is true for n’ < n, with n > n,. We have

Cnk < 4p" Z 013'6 Ca(k—1)? + Nfip g (58)
nn « nl —Co(k—1)?
S O )
o '
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We were able to apply the induction hypothesis because j — (k —1) < (n—1) — (k—1) < ¢ for all
7 over which the sum is taken.
To handle npuy, ., we apply Lemma 17. Now,

—Cg(k — 1)2 = —C2k2 +2C9k — CQ,

so we require that
4" ack-cy | L
—_ - <1.
CED 3=
It is easy to see that Co can be chosen to satisfy this inequality for all n, &k > n — ¢:
1_ — k)
! nlog log 8 + log((n k))

Ca2h—1) o (N = K)! <
‘ ST T es 2k — 1

(60)

The first term of the numerator and the denominator are both ©(n) as n — oo, while the rest
are bounded above and below by constants, so that, at least asymptotically (i.e., provided we’ve
chosen n, large enough), they are the only two that matter. It is thus sufficient to have

1
Oy < 5 log(1/p) > 0.
Furthermore, if we choose C7 > 2C7, we have the claimed inequality. O

Now we begin the proof of (16) of Theorem 2.

Proof of (16) of Theorem 2. The proof is similar to that of the lemma. It is by induction on n.

Base case
The base case is exactly as in the proof of Lemma 16.

Inductive step
We now assume that the claim is true for n’ < n, with n > n, > 2, with n, as in the proof of
Lemma 16. Let £ > Cn. Then, by the inequality (57),

n—1
n
Cnk < 4p" E <j)6j,1c—1 + Nl -
=k

To upper bound the terms of the sum, we note that we can apply the inductive hypothesis for any
j such that k — 1 > Cj. Since k > Cn, this means that any j satisfying j < n — 1/C is amenable
to this approach. This gives, for such 7,

Ciko1 < Cpjle” kD7,
For j € {n—1/C,...,n—1}, we apply Lemma 16 to conclude that there exist C} and C§ such that

o —Cx(k—1)?
cjh-1 < Cpjle G2 (k=17

Provided that we choose C1 > C7 and Cy < (U3, we can replace C] and C5 by C7 and Cs in the
above, so that the first sum is upper bounded by

n—1

w3 (1) uite e
: J
j=k

Next, to upper bound npu, ,, we appeal to the superexponentially decaying bound (11), and the
rest of the proof proceeds as in that of Lemma 16. O
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4.3 De-Poissonization
4.3.1 De-Poissonization of G}(2)

Here we recover the asymptotics of fi,, j from ék(z) For this, we apply Theorem 1 of [10]. The
inner condition follows immediately from Lemma 1. The outer condition we capture in the following
claim.

Lemma 18. Let 6 € (0,7/2). Then there exist some ¢ < 1 and C > 0 such that, for z outside
C(0) and any k > 0, )
|Gr(2)e?| < Ce?l2l.

Proof. We start by recalling the uniform upper bound on |Gy (z)|: for any k > 0 and z € C,
Gr(2)] < [2]el77),

This implies that, for any fixed R > 0, we can choose a C' > 0 such that the claimed inequality
holds whenever |z| < R, for every k > 0. It thus remains to check that it holds for |z| > R, z ¢ C(6).
This we do by induction on k.

Base case
For k =0, ezéo(z) = z, and, for any positive ¢, an appropriate R can be chosen such that the
claimed inequality holds for |z| > R, z ¢ C(6). More specifically, given ¢, we choose R large enough
so that

2| < e?l#l

whenever |z| > R. Next, we choose C' > 1 and such that |z|el*|=R() < Ce?l for |2| < R. This
implies that |e*G(z)| < Ce??l for any |z, as required.

Inductive step
Now, assuming that the claimed inequality is true for 0 < j < k, we demonstrate that it holds for
k. In fact, since the recurrence for Gy (z) can be put in the form

Gi(z) = 11 (2)Gr(p2) + 12(2)Gr(qz) + 1(2),
with
N =, ) = e, () = Gt (p2) (1 — %) + Croa (@) (1 — 7).

it is sufficient to check the outer conditions required by Theorem 10 of [10]: in particular, we need
to show that, for |z| sufficiently large and some ¢ < 1,

1 1 1
Iy (2)|e?™®) < §e¢q\z|7 Iy2(2)[ePR3) < ge¢>10|2|7 |t(2)]e"®) < ge(bIZI_ (61)

The first two inequalities easily hold: for ¢ € {p, ¢},

|€—cz|ec§R(z) — 6—0§R(z)+cﬂ?(z) =1,

and the claimed inequalities hold for any positive ¢ and sufficiently large z (in particular, any

|z| > 1(;%53 suffices).
For the third inequality, we apply the induction hypothesis:

[1(2)]eRC) < Cetrlel| e — 1 4 CetalHljers — 1],
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Choosing ¢ = cos(f) + €, for any positive constant €, we have, for any positive c,

|€CZ| — ec%(z) — ec|z|cos(arg(z)) < ec|z\(¢>—e)7
since z ¢ C(#). This implies that

t(2)]eR) < ¢ |efplalToalzl=alzle | ptalzltoplzl=plzle 4 ooplzl | ptalzl] — Cel@=adlzl(1 4 o(1))

)

so that, for sufficiently large |z| (depending only on ¢, p),
t(z)|e"?) < %edﬂzl’
which completes the proof. ]

4.3.2 De-Poissonization of variance

We now de-Poissonize using the following theorem from [10] (rephrased in our notation and sim-
plified):

Theorem 8 (De-Poissonization of variance). Suppose that there is some 6 € (0,7/2) such that the
following conditions hold:

e There is some ¢ € (0,1) such that, for z outside the cone C(6), e*Gy(z) and e*(Vi(2)+Gp(2)?)
are both O(e?l?).

e There is some 3 < 1 such that, for z inside C(0), Gi(z) and Vi(z) are both O(zP).

Then ] )
Vi = Vi(n) — n[G(n)]* + O(max{n®~1 n?~2}).

Next we check that the hypotheses of this theorem are satisfied.

Conditions on Gj(z)
The inner and outer conditions on Gg(z) were already verified in the de-Poissonization in the
expected value case.

Outer condition on V. (z) + Gj(z)? ) . . .

We now demonstrate that the outer condition holds for Vi(2) + Gi(2)* = Cr(2) + G (2). For this,
it is sufficient to show that the same outer condition holds for Cx(z). We prove it by induction on
k.

Base case for outer condition on f/k(z) + Gi(2)?
The base case, k = 0, is trivial, since Cy(z) = 0.

Inductive step for outer condition on V(z) + Gj(2)? 3
Now we assume that the claim holds for £ — 1, and we prove it for k. A bound for e*C}(z) which
is uniform in j holds: in the proof of Lemma 10, we proved that, for all j > 0 and z € C,

1Cj(2)] < [z[?elI775),
which immediately implies that

e°Cj(2)] < ||l
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Thus, for a given R and ¢ € (0,1), there is some C' > 0 such that, whenever |z| < R, for any j > 0,
1e*Cj(2)] < Ce?l?l.

Now we demonstrate that the same bound holds for [z > R. Recall that ¢ in the case of Gr(2)
is given by cos(#) + ¢, for any small enough fixed positive € > 0. We define ¢ to be slightly smaller:

¢ = cos(0) + ¢/2,

and we note that the de-Poissonization result for @k(z) implies that there is some R > 0 such that,
whenever z ¢ C(6) and |z| > R, for any j > 0,

2G5 (2)] < 2. (62)

We will use this fact in the induction step for Cx(z) as follows: we adopt the same approach as in
the expected value case, this time defining

t(z) = Cro1(p2) (1 — ¢~ %) + Chmi(g2) (1 — € 7) + 2G—1 (p2) i1 (02).

The conditions required of v1(z) and 75(z) were already verified, so we proceed to show that
RO ()] < %ézﬂzu

for |z| > R, for some R > 0 independent of k. We again choose ¢ = cos(f) + ¢, and applying the
induction hypothesis and inequality (62) gives

le*t(2)] < C |e®I2le92 — 1| 4 992l|ePz — 1| + Cpefl?l ] .

The rest of the induction step goes exactly as in the expected value case, so we omit it.

Inner condition on Vj(z)

As for the inner conditions, both follow from the asymptotic expansions for G, (z) and Vj(z) derived
by inverting their respective Mellin transforms. Both derivations are readily extended to z — oo
inside the cone.

Since all conditions of the theorem are satisfied, the remaining task is to show that n[G} (n)]? =
O(Vk(n)) This we do using the Cauchy integral formula for derivatives, followed by upper bounding
of the resulting integral expression (the main task will then be to choose an appropriate radius for
the integration contour): for a circle C of any radius R enclosing n,

~ 1 Gi(§)

Gl(n) = i " m dg,

which implies

_ 20R (Gl
~— 2r  R?
where &, = argmaxxecléik(x)]. Now, since Gx(n) = O(n?® /\/logn), and &, is not too different

from n, we expect that G(&,) = O(nf(® /\/logn) as well. Provided that we can show this, if we
choose

|G (n)] < |Gr(&)I/R,

R =n"/¥(n)
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for some A > 0 and slowly growing function W(n) which we will determine later, our bound becomes
nGi(n)* = O(n+27() =229 (n)2/ log n),
and we would like to enforce the conditions
1+28(a) — 2A < B()
and
A <1,
along with
W(n)%/logn = o(1/+/logn)
and ¥(n) === oo (so that, for any A, R = o(n)). Choosing ¥(n) to satisfy these conditions is
easy: we simply require that

¥(n)* = o(y/logn) = ¥(n) = o((logn)"/*),
so that we can choose, say, ¥(n) = loglogn. It is easy to see that, for any «, there exists some A
which satisfies both conditions simultaneously:
1
14 28(a) — 2A < Bla) Jrf@ <A,

and

1+ B(e)
2

<1 < fla) <1

This last inequality is true for any « within the range under consideration. With these choices,

nGi(n)? = o(n”® /\/logn),

so nGy(n)? = o(Vi(n)), provided that we can show that G (€.) = O(Gx(n)). To do this, the plan
is to show that we can apply Theorem 1 to derive asymptotics for G (£,). First, we verify that &,
remains within a cone around the positive real axis. Fixing some 6 € (0,7/2) for the angle made
with respect to the positive real axis, let A denote the point of the form n + it, for some t € RT,
which lies on the boundary of the cone. Furthermore, let B denote the point on the boundary of

the cone which lies above the real axis and is nearest to n. Then we have
|A—n|=t,

and y

— =tan(d) = t=tan(d)n = O(n).

n
Next, we note that the angle made between the line segment connecting n and B and that connecting
0 and B must be 7/2, and we denote by ¢ the angle between the segments connecting 0 and n and
n and B. We have, easily, ¢ = 7/2 — 6, and it is trivial to see that the angle between the segments
n to B and n to A is . Thus, we have that the length of the segment connecting n and B (i.e.,
the radius of a ball centered at n with maximum volume contained in the cone) is given by
_ |B—n|
JA-n|
so that, since R = o(n), £ must be inside the cone. We then examine the relationship between k
and . Since n = & (1 + o(1)),

k ~ alogn = alog(é(1+0(1))) = alog &, + o(1),

so that k ~ alogé&,. Applying Theorem 1 then shows that G (£.) = O(Gy(n)).
This completes the proof.

cos(6)

= |B —n|=|A—n|cos(f) = O(n) cos(h) = O(n),
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4.3.3 De-Poissonization for the central limit theorem

The final step of the proof is inversion of the Poisson transform to recover a central limit theorem
for the Bernoulli model. That is, knowing asymptotic information about Qg (u,z), our goal is to
recover @y, ;(u). The Cauchy integral formula gives

Quelt) = 30§ Qutu2)z d, (63)
’ 21 |z|=n
where the integration contour (we denote it by C) is the circle centered at 0 with radius n. The
evaluation of this integral will proceed in two stages. We expect that the main contribution will
come from a small arc around the positive real axis, so we fix a cone around the positive real axis,
and we show that the contribution outside the cone is negligible (by a lemma which we will soon
state). Next, we break the remaining part of the contour into inner tails and a central region. The
inner tails we show to be negligible using Lemma 14, the Taylor expansion for the cosine function
around 0, and a careful choice of the split into the inner tails and the central region. Finally, the
central region is evaluated using the expansion for Qk(u, z) derived above, as well as the fact that

1 /Oo —a? g 1
— e z =1
Var J s
Let 6 be an angle in (0,7/2) for which

_ ~ 2 _ -3
le(u,z) = z+ Gg(2) — + Vi(2) 5 + R[] (u, 2) 3 + (an }C),
n,k 2 nk Jn,k ’

with R[]y (u,z) = O(n(®)). This 6 is guaranteed to exist by the analysis in Section 3.3.
We require a final estimate on the growth of @Q;(u, ) in order to upper bound the outer tails
of (63):

Lemma 19 (Growth of Q;(u,z) outside a cone). Let § € (0,7/2). Then there is some o € (0,1)
and xo > 0 such that, provided = ¢ C(6) and |z| > xo,

‘QJ(U,CL'” < ea‘xla
uniformly in j < k.
Proof. We prove a slightly different claim: that, for each 6 with || € (0,7/2), there is some a < 1
and xo > 0 such that, for all j <k, if x ¢ C(#) and |x| > z0, then
1Qj(u, )| < e*I7L,

Note the additional term of —1 in the exponent. This we prove by induction in j. To accomplish
this, for each j, we prove that the inequality holds for |z| € [zf, z0) with z{, = gzo, and we then
use this and induction on increasing domains to prove that it holds for |z| > xg.

Base case for j induction
For the base case, recall that Qo(u,z) = e¢* — z(1 — u), so that

|Qo(u, )] < el 4|1 — u.

For appropriately chosen « (say, cos(6) + €, for any small enough positive €), |z| can be made large
enough so that this satisfies the claimed property. That is, there is some z{, for which the stated
inequality holds whenever |z| > z{,. We define x( to be x(/q.
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Induction on j, base case for increasing domains induction

For the induction on j, we assume that the claim holds for 7 — 1, and we aim to prove it for j. To
do this, we use induction on increasing domains. To verify the claim for |z| € [z{,zo), we apply
Lemma 12, which is justified because |z| < x0, to conclude that

Qj(u,x) ~ e,

so that
1Qj(u, z)| ~ || = elelcos®)

and, provided zg is sufficiently large,
|Q](ua I’)‘ < €a|x\—l,

which gives us the base case of the increasing domains induction.

Increasing domains inductive step
We now proceed to the inductive step. Applying the functional equation and the triangle inequality,
then the inductive hypotheses,

’QJ(U7Z£)| < ea\x|72 +4eap|z|71 _ 6oz|96|72 (1 +4efaq|x\+1)

Next, note that, since e~®4#*1 = o(1) as |x| — oo, the second factor in the above product satisfies

1 +4€7aq|x\+1 ~ 646_("1‘“”""'1 _ 60(1)

)

so that, provided we choose |z| large enough,
|Qj(u, )| < eI,

which completes the proof. O

Bounding the outer tails
The outer tails of (63) then become

n! ~ o 2rnn"e”" ~ e
— e Qr(u,z)z" g 22227 = e Qr(u,z)z™" Ldz
2mi |arg(z)|>6 2mi | arg(z)|>0

nn+1/26—n 5

= e Qp(u, 2)27 "1 dz,
V2T /| arg(z)|>0

where we used Stirling’s formula. Taking absolute values and applying Lemma 19 gives an upper
bound of 12t

n —nran

n € ornn-"1 = pO1) —n(l-a)

V2 ’
which is exponentially decaying in n, since a < 1.
Bounding the inner tails
Now we bound the inner tails. Specifically, we let ) = n=%, for some § > 0 to be determined,

and the inner tails consist of that part of the contour where |arg(z)| € (¢,6]. The choice of ¥ is
dictated by two opposing forces: it must be large enough that the inner tails are negligible but
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small enough so that the central part is easy to estimate precisely. In the range of integration of
the inner tails, we have the estimate

‘esz(u’ Z)’ _ encos(arg(z))(l—i—o(l)) < encos(zp)

—= 9

by Lemma 14. Taylor expanding cos(¢) around 0 gives
2

exp (nl1 = 5 +00)).

We will require that niy? = n!=20 nzeo, oo, which translates to

1-20>0 = d<1/2

Then we can upper bound the inner tails by

nn—l—l/Qe—n

V2r

which is exponentially decaying in n, so negligible.

27myesz(u, 2)ln vt < nO(l)e—n+n(1—ﬁ—f+O(w4)) — nO(l)e—nI*Q‘;(l-i-o(l))’

Estimating the central region

Now we estimate the central part. Inside the integral, letting ¢ denote arg(z), we can expand

e?z "1 ag

) ) . 2 ) o2
ezz—n—l _ enem—(n—&-l)log(nem) _ en(l—&-zqﬁ—%—i—()(qﬁ?’))—(n-‘rl)logn—zqﬁ _ enn—n—le—%(l—l—o(l)).

Multiplying by the e "n"*1/2 outside the integral gives

L 2o,

vn
Applying the analysis of Qj(u, 2),

~ T T2 _1
Qr(u, z) = exp Gk(z);,k + 5 +O0(0, 1)
2
— () —— T A _ T
= exp (Gul) S+ T + O =)

+O(a,, }C)) :
where we note that G(n) = ©(n?(®) //log(n)), while G/, (n) = O(n®(®)~1). Since f(a) —1 < 0
and z —n = O(1)) = n~*Y | the third term is o(o}). That is,

~ ~ T 72
Qr(u, z) = exp (Gk(n) + 5 + O(O’;}q)) :

On,k

Putting these estimates together, we see that the contribution of the central region is given by

[ 2

e T —1
exp <Gk(n)%k +3 +O(0n,k’)> /d} —22% (140(1)) de.
2mn -y

It is easy to see that we can complete the tails, and then we make the substitution x = n=1/2¢,
which gives

2
e " dx.

exp <C§'k(n)ﬁ + é + O(O’;}C)) o0
= /.
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Since the integral, along with the factor \/%, becomes 1, we have, finally,

_r_ - 2
E[eBn’k onk ] = exp (Gk(n) T4 % + O(O’;i)) ,

On.k

and applying the Lévy continuity theorem shows that the claimed central limit theorem holds for
properly normalized B, j.
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