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STATISTICS FOR UNIMODAL SEQUENCES

WALTER BRIDGES AND KATHRIN BRINGMANN

ABSTRACT. We prove a number of limiting distributions for statistics for unimodal sequences of
positive integers by adapting a probabilistic framework for integer partitions introduced by Fristedt.
The difficulty in applying the direct analogue of Fristedt’s techniques to unimodal sequences lies in
the fact that the generating function for partitions is an infinite product, while that of unimodal
sequences is not. Essentially, we get around this by conditioning on the size of the largest part and
working uniformly on contributing summands. Our framework may be used to derive many distri-
butions, and our results include joint distributions for largest parts and multiplicities of small parts.
We discuss ranks as well. We further obtain analogous results for strongly unimodal sequences.

1. INTRODUCTION AND STATEMENT OF RESULTS

A partition A of n is a sequence of positive integers that sum to n,
)4
A M2 X0>0, Y N=n
k=1

We write |\| = n for the size of A, set p(n) := #{\ F n}, and we define p(0) := 1. The generating
function for partitions is the well-known infinite product

P(g) = ¢ =) p)" =] 5 _1qn-
A

n>0 n>1

An important result in the study of partition statistics is due to Erdés and Lehner who proved

that, as n — oo, the largest part of almost all partitions of n is roughly A/nlog(A+/n) and varies
from this mean by an extreme value distribution. Here and throughout the article, let A := @.

Theorem 1.1 (Theorem 1.1 of [15]). For v € R, we have

# {)\ - s A los(AV) v}
lim —e ¢
n—oo p(n)

Erdés and Lehner’s proof used only straightforward recurrences and the Hardy—Ramanujan as-
ymptotic formula for p(n) ([20], equation (1.41)). After a series of papers of Szalay—Turdn and
Erdés—Turan (see [16, 31, 32, 33]), Fristedt introduced what has proved to be an indispensable
probabilistic technique, allowing him to greatly extend previous distributions [18]. In particular,

Theorem 1.1 was extended to a joint distribution for the ¢,, largest parts, where ¢,, = o(n%).
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Theorem 1.2 (Theorems 2.5 and 2.6 of [18]). For any integer t, = o(n%) and {v }ir, C Rt the
following limit vanishes

# {)\ Fn: )\t_A\/Z\l;;(Aﬁ) <y for1 <t < tn} - e,
nll—{go p(’I’L) _/ / f(U1,...,’LLtn)d’LLtn"'dU1 )
where

tn —ut .
- ut—e~ tn
(& Zt:l t qulz...ZUtn’

flug, ... uy,) = {

0 otherwise.

Remark. The distribution on the right-hand side was interpreted in [18] as a limiting Markov
chain. Another equivalent distribution was given by Pittel ([25], lemma on p. 127) in his proof
of Wilf’s conjecture that the limiting proportion of partitions of n whose parts are the vertex
degrees of a simple graph is 0. In follow-up work, Pittel further improved on the above by proving
explicit convergence rates [24]. We leave a similar strengthening of our results below, as well as
any analogous applications, as interesting open problems.

Remark. Fristedt obtained a stronger version of the above which he stated in terms of the Lévy—
Prokhorov distance between measures (see [6], p. 72). Our results below too could be strengthened
in this way, but we prefer the simpler statements which show only convergence in distribution.

Fristedt found a wide array of limiting distributions by introducing what is now known as a
Boltzmann model. This is now a standard technique for studying the statistical behavior and
constructing sampling algorithms of many combinatorial structures (see [14]), but our exposition
here is self-contained. The Boltzmann model replaces the uniform probability measure on {A - n}
with a measure on all partitions A, by defining

[Al

Q,(\) == %, for ¢ € (0,1). (1.1)
Since @), agrees on all A\ F n, the Boltzmann model, when conditioned on A = n, equals the
uniform measure on partitions of n, and thus this technique is often called a conditioning device.
In statistical mechanics, the Boltzmann model is known as the macro-canonical ensemble, and the
uniform measure on {\ - n} is known as the micro-canonical ensemble (see [36]). Under @, one
directly gains independence of the relevant random variables that one lacks under the uniform
probability measure. This is precisely because P(q) is an infinite product, and much of the work
applying Boltzmann models to study statistics for partitions relies on product generating functions.
In this article, we show that a conditioned Boltzmann model may still be useful even without an

infinite product generating function.! We demonstrate this in the case of unimodal sequences.
A unimodal sequence \ of size n is a generalization of an integer partition, in which parts are

allowed to increase and then decrease?,

Ao A< P e AT A and dek Y AT A =0 (12)
k=1 k=1

1As pointed out to us by one of the referees there is a somewhat similar construction in work of Pittel [26] on

partitions with bounded min/max ratio.

. . . . L] (L L
2For convenience, we reverse the usual convention of indexing so that here )\,[5 ]7 )\,ul are decreasing in t.
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We write U, for the set of unimodal sequences of size n, with U containing a single empty sequence.
Let u(n) := #Uy, and U := U, >oUy,. The special part Apk is called the peak. The generating function
for u(n) is obtained by summing over the size of peaks as

m

Ug) =Y ¢N = uln)g" =1+ quﬂm-

AeU n>0 m>1 k=1

We note that there are two slightly different definitions of unimodal sequences in the literature
which differ in whether or not the peak is specified. The second author and Mahlburg studied
the asymptotic behavior of various types of unimodal sequences, where what we call unimodal
sequences in this paper were referred to as stacks with summits on p. 196 of [11], as opposed to

stacks, where the peak is unspecified. (This is equivalent to forcing the inequality Apx > /\LR] to
be strict.) All of our results here hold for these stacks as well; it is simply easier to state and prove
our results with the above definition. Stacks seem to have been introduced by Auluck in [4], who
called them type B partitions, whereas stacks with summits are also called V-partitions in §2.5 of
[30]. Andrews [3] has also called these sequences convex compositions when the peak is strictly
larger than the other parts (which is equivalent to adding 1 to the peak of unimodal sequences).
As pointed out to us by one of the referees statistics for unimodal sequences were also studied in
the context of statistical mechanics by Temperley (see [35], Section 3), who gave a heuristic for the
limiting shape of diagrams. Limit shapes for several types of unimodal sequences were rigorously
proved by the first author in [8]. Recent work of the second author, Jennings-Shaffer, Mahlburg
and Rhoades [9, 10] proved the distribution of the rank, defined below, a statistic connected to
modular forms.
To state our results, let P, be the uniform probability measure on U,,, and introduce the following
random variables on U:
e Let PK()\) := Apk denote the peak of a sequence.
e Let X,LL](A) (resp. X,[QR}(/\)) denote the number of parts in A equal to k and to the left (resp.
right) of the peak.
o Let th()\) = /\EL} (resp. Yt[R]) denote the ¢-th largest part in A to the left (resp. right) of the
peak.

o Let N(A) :=> 15 k(X,LL](A) + X,ER]()\)) + PK(\) denote the size of .
Example. If X is the unimodal sequence 1 + 1+ 2+ 3+ 3+ 3 + 1 (the peak is boldfaced), then

xHoy =2, xPoy =1, xPy =2, Pr) =3, xI¥0) =0, x30) =0, xIF =1,
N(A) = 14.

(L] [L]

Note that the Y;"™ are explicitly determined in terms of the X;™ as

Yt[L] i=sup\ £ ZX,EL} >t
k>t

[R]

A similar statement holds for Y, ™.

Our first result is an analogue of Theorem 1.1. Here and throughout the article, let B := @

Theorem 1.3. For v € R, we have

(PK — By/nlog (2Bv/n) _ U) p—

lim P,
im B <
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Moreover, if E, denotes expectation under P,,, then we have
E,(PK) = By/nlog (2By/n) + Byy/n(1 + o(1)),
where v is the Fuler—Mascheroni constant.

Remark. Note that U, is almost the same as the set of pairs of partitions of total size n, so a
reasonable heuristic guess would be that Theorem 1.1 holds with A\; — PK and n — 5. However,
the presence of the extra factor of log(2) is justified by Theorem 1.4 below.

Remark. It would be interesting to improve the error term for the mean, as Ngo and Rhoades did
for Theorem 1.1 [22]. We discuss this further in Section 6.

We also prove the following analogue of Theorem 1.2.

Theorem 1.4. For any integer t,, = o(n%) and {vij]}lgtgtij{L,R} C R?, the following difference
vanishes as n — oo,

- (PK—Bmlog(zBm) - vV — By/nlog (2B/n) .

Uj]) fOTj € {LvR}) 1 Stgtn)

B\/ﬁ =~ U0, B\/_
/ / / / / (B (L] []) B] |
uo,ul ,ul S T dug " - - duo,
where
F (uo,u[l },u[lR},...,ug,ugf])
(L], [R] Lfl] 7“1[512] .
— 221tn e—uo—21§t§tn (ut tuyg ) 2 2 if ug > u[lj] >0 > u]] forj e {L R}
0 otherwise.

Next, we show that the joint distribution of the numbers of small parts, when re-scaled, behaves
as the joint distribution for independent and identically distributed exponential random variables,
and that of medium sized parts behaves geometrically; this is an analogue of Theorem 2.2 of [18].

Theorem 1.5. Let k, = o(n%) be an integer and {Ulﬂ}lgkgkn,je{L,R} C [0,00)%kn . Then

. kX[j J]
nh_)llolo P, B\/ﬁ<v for1 <k <k, andje€ {L,R}

H /k e‘“g]du,[g] =0.
0

je{L,R}

Moreover, for an integer k = o(n%) and v ol ¢ R, we have

k;X[L} k:X[ R
. [L] < [R] _ o _olL] . _plRl
,}:IQOP”< T R el U A Gt &
and for k = Lcnéj with v vl € Ny, we have

lim P, (X]LL] < ol xF) < U[R}) (1 (ot 1+1)> (1 B e_%(kul))

n—o0
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It is combinatorially obvious that Pn(X]LL] < X,ER]) = %, simply by swapping left and right

parts on every element of U,,. A more refined measure of symmetry in the small parts would be a

joint distribution for the differences of X ]LL] and X ILR} for k < k. As a corollary of the above, we

show that this behaves like the joint distribution of independent Laplace distributions. Below and
throughout, yg := 1 if a statement S holds and 0 otherwise.

Corollary 1.6. Let k,, = o(n%) be an integer and let {vg}1<p<k, C RFn. Then the following limit
vanishes,

‘ R(x - X)) J— o
nh_{lolo P, B <wg, for1<k<k,| - 1<11:£k <<1 - T) Xvp>0 + 7ka<0>

By summing the differences X ,EL} - X ,LR] over all k, we obtain the rank of a unimodal sequence,
rank(}) == Y (X,L”(A) - X,LR}(A)) . (1.3)

k>1
Bringmann, Jennings-Shaffer, and Mahlburg proved that at the scaling of y/n the rank obeys a

logistic distribution.

Theorem 1.7 (Proposition 1.2 of [9]). For z € R, we have
rank 1
lim P, [ —= < =—.
o "<B\/ﬁ_x> I+e@
Bringmann, Jennings-Shaffer, and Mahlburg used the method of moments, an approach that

relies on suitable two-variable generating functions and is independent of the present work. We
prove the following related result.

Theorem 1.8. For any integer k, = o(n%) with k, — oo and vy, vg € R,

xV _ Bymlog(k,
lim P, [ S 2 vnlog(kn)

Thus, the total small part counts on the left and the right behave as independent extreme value
distributions when the mean of By/nlog(k,) is subtracted, and their convolution gives the logistic
distribution in Theorem 1.7. Our techniques are not robust enough to prove Theorem 1.7, but
when combined with the following, Theorem 1.8 is highly suggestive of Theorem 1.7.

<wj, forj € {L,R} | =e 7,

Proposition 1.9 (see Theorem 1.2 of [8]). For any fized ¢ > 0 and any fized a > 0, we have

1
Jim P || > (3 -x) <) =1
k>a\/n

Note that our methods also easily extend to the so-called ¢-th successive ranks, defined by limiting
the range in (1.3) to k > ¢, whereas extension of the techniques in [9] appears to be non-trivial.

Finally, we can prove results similar to Theorems 1.4 and 1.5 for strongly unimodal sequences,
defined so that the inequalities in (1.2) are strict. Let U, denote the set of strongly unimodal
sequences of size n, let u*(n) := #U;; and let P}, denote the uniform probability measure on U;;.

Theorem 1.10. For strongly unimodal sequences, Theorems 1.8 and 1.4 hold with P,, replaced by
P; and B = @ replaced by A = @.
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Since a part can occur at most once on either side of the peak in a strongly unimodal sequence,
it is natural to expect the following analogue of Theorem 9.2 of [18]. Note that here we can take a
larger range for k,, than in Theorem 1.5. Here and throughout, boldface letters represent vectors
(except when we use them for probability measures).

Theorem 1.11. Suppose that k, = o(n %) and let w € {0,1}%k» . Then

: . 7] TN S
nh—>n;o <P" <(Xk )je{L,R},lgkgkn N w> 22’%) 0-

We content ourselves with the above results, as once our machinery is described many of the
details follow [18] closely. It would be interesting to apply our methods to the other types of stacks
and unimodal sequences discussed in [11] or to extend the work of Pittel [23] to unimodal sequences,
where Fristedt’s methods were used to study distributions of mid-range parts in partitions.

Section 2 contains some preliminaries needed for asymptotic analysis. In Section 3, we briefly re-
call Fristedt’s machinery and in Section 4, we introduce our modification, a conditioned Boltzmann
model for unimodal sequences. We believe these methods should be useful in contexts beyond the
present work, especially for non-product generating functions in the theory of partitions. Section 5
contains the details of the proofs of our main theorems. Lastly, in Section 6 we discuss the moment
generating functions for PK, a method independent from Boltzmann models, but one which may
lead to more precise results for PK.
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2. PRELIMINARIES

2.1. Notation. We use the following standard asymptotic notation. We write

F(n) ~ g(n) if lim,, o0 L84 =1,
o f(n) = O0(g(n)) (or f(n) < g(n)) if the quotient g(—zg is bounded as n — oo,
e f(n)=o0(g(n)) if lim, % =0,
e f(n) =w(g(n)) if the quotient % is unbounded as n — oo, and

o f(n)=g(n) if f(n) = O(g(n)) and g(n) = O(f(n)).
To concisely write products in generating functions, we employ the standard ¢-factorial notation,
defined for n € Ng U {oo} by

(@) = ﬂ (1 - ag?)

2.2. Euler—-Maclaurin summation, logarithmic series, and integral calculations. We need
the following two variants of Euler—Maclaurin summation. Let {z} := 2 — | 2| denote the fractional
part of z. Note that the first variant is recovered by taking a — 17 in Theorem B.5 of [21].
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Lemma 2.1 (Theorem B.5 in [21]). For N € N and continuously differentiable g : R — C, we have
al N 1 N 1
> o) = [ gtwdu+ 5 00 +o) + [ ({3 ) s (2.1)
k=1

= [ stwan s 3o -gop+ [ (1w ) g 22)

The following lemma is useful for the approximation logarithmic series by Taylor expansions.
Here and throughout, we write Log for the principal branch of the complex logarithm, and log
when Log is restricted to the positive real axis.

Lemma 2.2 (Lemma 1 in [28] with Lemma 1 in [7]). There exists a constant C' > 0 such that for
all 0 <z <1 and s € R, we have

< 1+z > 18T 2
Log +

el
1+ zeis 1+z  2(1+2)?

T (-

We also need the following lemma concerning the asymptotic behavior of a certain product. This
should be compared with a similar formula on p. 723 of [18].

log(n)

Lemma 2.3. Uniformly in v > ——— as n — oo, we have
_k_ —v
I1 (1 _e Aﬂ) ~ee (2.3)
k>A\/ﬁ(v+log(A\/ﬁ))

1 —v
~e . (2.4)

__k_
k>A\/ﬁ(v+log(A\/ﬁ)) L+e AV

Proof. Equation (2.3) is proved in equation (6.10) of [18]. Next note that (2.4) is equivalent to

k
— 1 T AvE v _
nh_)n;o Z log (1 +e ) +e 0,

k> Ay/n(v+log(Ay/n))

uniformly in v > —%. After using the inequality —x < —log(l + ) < —x + mz—z for z € (0,1), a
short calculation shows

log(n) __k_ log(n) log(n)
@) <e_”_ E ) < — Z log <1 +e A\/ﬁ) +e <0 (e_”_ E ) +0 <e_2”_ E > .
k>A\/ﬁ(v+log(A\/ﬁ))
Both terms are o(1) if v > —%, completing the proof. O

Another integral evaluation gives the distribution of the sum of independent exponentially dis-

tributed random variables with means 1, %, R %; the proof follows using induction.

Lemma 2.4. For x > 0 and for n € N, we have

T rT—Un T—Up——U2 " "
n' / / e / e_ Zi:l ju]dul e dUn — (1 —_ e—.CB) .
0 0 0
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2.3. Saddle-point method. We require the following specific case of the saddle-point method for
evaluating Cauchy integrals. Our variant is essentially the one used by Fristedt [18] in the proof of
Proposition 4.5, and also in the proofs of [28] Proposition 3 and [7] Proposition 3, although these
are all stated in probabilistic terminology. This may also be compared with [17] Chapter VIII,
Figure VIII.4.

Proposition 2.5. Let {g, }n>1 be a sequence of twice continuously differentiable functions. Suppose
that for all sufficiently small fizred € > 0, after decomposing the integral as

_1

1 en” 2
/2 exp (gn(2mi0)) df = / , exp (gn(27i0)) dO + / . exp (gn(2mi6)) do,
— en” 2<|0|<

: :
the following hold as n — oco.

(1) We have that g, (0) < nz and gn(0) < n where the implied constants are positive real numbers,

gn(0) = o(n%), and we have a quadratic approximation on the “major arc”: for a constant
independent of €, we have

)2
gn(27i0) — g,(0) — g1,(0)2mi0 — g.'(0) (27T;0) =0 (6°n?), for 0] < en”e.
(2) The “minor arc” is negligible:
lim sup Re (gn(277291)) ~9(0) < —0g, for some 0. > 0 and En_%]m < 1
n—00 nz 2
Then
/ * exp (g (2rit) db ~ —E
exp (gn (2mi ~ .
-1 2mg”(0)

Proof. If we prove that
/ R L
exp (gn (2mi ~—,
b Y 2747, (0)

then the proposition follows by assumption (2). Thus we focus on the major arc and use assumption
(1) to write

Nl

En

1
en” 2 -
/ exp (gn(27i6)) df = eI /

1
—en 2

(27i6)?

exp <g;<o>2m'e +41(0)

1
—en 2

We then substitute 6 —

9
297 0) to get
(D) pren/2g O ( 4. (0)

exp

‘o (n293)> d.
- — I 9omif — 92 14+0 L
m1/297(0) J e /297 (0)n 2 /24" (0) (0)

on(0)  prey/2g7(0)n" 2

n2> ) ) do
~ 77“/% e /T exp (—92 (1 +0 (Hn_%))) o,

where by hypothesis the constant is independent of €. But 7/2¢” (O)n_% = n%, and hence € can
be taken small enough so that 1 + O(Hn%) is bounded by a positive constant. Since the integrand

W
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. . . _p2 . .
converges pointwise in 6 to e~ %", Lebesgue’s Dominated Convergence Theorem gives

1
egn(o) 2947{(0) T2 1 \/_egn egn(o)
—02(14+0(0n"1)))do ~ =
T /291/ 29//(0 -3 exp( ( ( " 4))) 7T\/29// ) \/27.‘.9%(0)
as claimed. O

2.4. Probability theory. We require only the notions of random variables and their distributions,
as well as the total variation metric, dry, which is defined on measures p and v on R% by
drv(,v) i= sup (u(B) — v(B)).

BCR?
Borel

The Borel sets are the o-algebra on R? generated by open sets. We also use Chebyshev’s Inequality.

Lemma 2.6 (Chebyshev’s Inequality). If X is a square-integrable random variable under a prob-
ability measure P with finite expectation m and variance o, then for anyt > 0

2
(o
P(IX —m| > 1) < .

3. BOLTZMANN MODELS FOR PARTITIONS AND THE WORK OF FRISTEDT

Here we recall the primary methods of Fristedt in Section 4 of [18]. Let P, be the uniform
probability measure on partitions of size n. In analogy to our situation, let X; be the random
variable giving the number of k’s in a partition and let N = ), ., kX} denote the size of a
partition. The key point is that the X}, are independent under @, (but not under P,).

Proposition 3.1 (Proposition 4.1 of [18]). The X are independent under QQq. Furthermore,

Qq( Xy, = ) = ¢*(1 — ¢¥), so X}, is geometric with mean 137

By definition @), agrees on all A - n, so an immediate consequence is that,

Pn = Qq(-|N =n),
i.e., Qq, when conditioned on N = n, agrees with P,. (This can also be shown directly from the
definition of Q,.) Now if W,, : P — R% is a random vector on partitions which is defined in terms
of the X}, the probability measure @), is used to bridge the gap between the probability distribtion
P,(W; 1) on R% and some explicitly given distributions v, on R%. For a particular ¢ = g(n),
Fristedt showed that P, (W, !) and Q,(W, 1) are close in the sense of total variation given a very
general condition on W,,.

Proposition 3.2 (Proposition 4.6 of [18]). Let K,, be a set of integers such that Wy, : P — R% is
determined by Xy, for k € K,, with probability 1. Let g = q(n) =e Von. If
k2qk 3

2 2~ ¢ <n2> ’

kEKn (1 —a%)
then we have drv(Pn(W,; 1), Q,(W,7 1)) — 0.

The individual probabilities Q4(W, = w) are often straightforward to calculate, and Fristedt

found limiting distributions for W, under @), for a number of different W,,. Together with Propo-

sition 3.2, this proved his many results. The generality of Proposition 3.2 is the primary advantage
of the probabilistic approach over a classical, direct Circle Method/saddle-point method approach.
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In the following section, we prove an analogue of Proposition 3.2 for a conditioned Boltzmann
model for unimodal sequences. Our exposition is self-contained, but the interested reader is invited
to examine Section 4 of [18] for more probabilistic intuition for why Proposition 3.2 is true.

4. CONDITIONED BOLTZMANN MODEL

To bridge the gap between P, and the distributions in our main theorems, we introduce the
Boltzmann model. This probability measure is defined for any ¢ € (0,1) on all of & by

[Al
Q,(\) = %

where U(q) == 1+ 3,5, % (see [11], equation (1.8)). As written, Qg is not very useful for us

because there is not a simple expression for the individual probabilities, Qg (X ,LL] = (), and in fact
the X ]LL] and X ER] are not independent. This lies in the fact that U(q) is not a product. However,

the m-th summand in U(q) is of course the product

ik 1
m _ (Al
q I | DU E q .
k=1 (1 - qk) A
PK(A\)=m

By conditioning Qg on the event PK = m, we do gain tractable expressions for the individual

probabilities of X ,LL] =/, and we can use the full power of Fristedt’s techniques in [18]. Furthermore
- and most importantly - we can do this uniformly for m in the contributing range, and thus we are
able to piece together the local distributions to obtain our global results. We conclude this section
with Proposition 4.6, a direct analogue of Proposition 3.2.

We do the analogous thing for strongly unimodal sequences, setting

“O\ g
where U*(q) == >_,,50(—q)2,_1¢™ is the generating function for strongly unimodal sequences (see
[3], where u*(n) = z4(n)). Throughout the article, we place * in the superscript (and sometimes
in the subscript) for the corresponding sets and functions defined on strongly unimodal sequences,
calling attention to any significant differences when they arise.

Set Qgm = Q4 (-|PK =m) and P, ,, := P, (-[PK =m). Let Uy m C U, be those sequences
with peak m, and set u,,(n) := #Uy, . For strongly unimodal sequences, it is more convenient for
indexing to set P}, ,, := P}, (([PK=m+1) and Q} ,, := Q; ([PK =m + 1),

The following two lemmas are easily verified directly from the definitions.

Lemma 4.1.
(1) We have

(9)2,qN=™ if PK(N) = m,
0 otherwise.

Qq,m()‘) = {

(2) The set {X,Ej]}je{L,K} is a set of independent random variables under Qg with probability
E>1

densities

0 otherwise.

i _ kY Lk
qu(X]Lﬂ:g):{(l )" ifk<m,
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In particular,

. 7)2
-1

(3) We have Py = Qqm (-|N =n).
For strongly unimodal sequences, we have the following analogue.

Lemma 4.2.
(1) We have

. (—q)2,¢M=m=1 if PK(A) =m +1,
A) = m
Qq’m( ) {0 otherwise.

(2) The set {X,Ej]}je{L,R} is a set of independent random variables under Qg ., with probability
k>1

densities
1+1qk if k<m and ¢ =0,
Qym (X;.EJ]ZE) = % ifk<m and { =1,
0 otherwise.

In particular,
—my (=€ Ca)
Q (N =) = [¢"
i )= (@ 0)%
(3) We have Py, ., = Qy , (-|N =n).
Heuristically, it makes sense to choose ¢ = g(n) € (0,1) to maximize

Qq,m (N = n) = um(n)qn—m(q)gm

i.e., as the saddle-point of ¢™ "(q);2. Following, for example, [7, 18, 23, 28, 36] we set ¢ =

__1_
qg(n) = e Bvn which importantly is independent of m. We use this ¢ throughout when referring to
unimodal sequences, and we always write m in terms of r € R as m = By/nlog(2B+/n) + Br\/_

and we switch freely between these notations. Here and throughout, r is assumed to be in & \/—(

log(2B+/n)), so that m € Z. When referring to strongly unimodal sequences, we also always use?
1

q = q(n) = e Avn here for ease of notation, and we take r € \/—(Z —log(2A4/n)) depending on

m now as m + 1 = Ay/nlog(2A+/n) + Ary/n. For any [r1,r2] C R, we can break up P,, into the
ranges

Yo+ >+ | PuPK=m) Py,

r<ri TE[’!‘l,’r‘z] r>ro

and we can bound the tail ranges for any measurable set S as

3" P, (PK = m) <> P,(PK=m)=P, <PK B\Br\lﬁg(wf) n), (4.1)

PK — By/nlog(2B
;PH(PK:m).Pn,m(S)an< \gfg( V) 7’2>.

31t is a bit surprising that this is also Fristedt’s choice of ¢ for partitions.
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For sequences a,, < b,, of positive integers, we define

— (7]

Xlan,bn] = <Xk

To prove our main theorems, we show that (4.1) and (4.2) tend to 0 as r; — —oo and 79 — 00,
respectively, and that dTV(Pn,m(X[;i bn])’ Qq,m(X[;i bn})) — 0 uniformly for r € [ry,re] given a

)ke[an,bn],je{L,R} '

simple condition on a, and b,. To aid the proof of the latter, we have the following analogue of
Lemma 4.2 in [18]; it is proved in exactly the same way.

Proposition 4.3. Let a, < b, be sequences of integers and suppose that there ewist By, C
R2(n=ant1) sych that, uniformly for v in any [r1,7s],
(1) Qum (X(anba) € Brm) = 1,

Qq,m (N=n|X4, b,)=)
(2) Qo (N=r)

Then dTV(Pn,m(X[z_zi,bn})vQq,m(X[z_zi,bn})) — 0 wniformly for r in [ri,72]. For strongly unimodal

sequences, the same holds if we replace Py, m — PJ 1 and Qqm — Qg -

— 1 uniformly in ® € By, .

So long as the sequences a,, and b, fulfill a simple condition, the sets B,, ,,, above exist, as we
show in Proposition 4.6. But first we find the asymptotic behavior of the denominator in condition
(2) of Proposition 4.3.

1
Proposition 4.4. Let ¢ = e Bva. Uniformly for r in any [r1,r2], we have
1

Qq’m(N = n) ~ — 1 3> (43)
2-3ana

1

P,(PK =m) ~ B\/ﬁe e (4.4)
For strongly unimodal sequences, we have the corresponding
. 1
Qgm(N =7n) ~ —5—, (4.5)
2-6an1
1 —r

P/ (PK=m+1)~ e "¢ (4.6)

Ay/n
Before proving Proposition 4.4, we show that the tail ranges (4.1) and (4.2) tend to 0 as a
corollary and we prove Theorem 1.3.

Corollary 4.5. For any [r1,r2] C R, we have

P, <r1 < PK — By/nlog(2B+/n) < T2> e e
By/n
and thus, because Py, is a probability measure, (4.1) and (4.2) tend to 0 as r; — —oo and ro — 00,
respectively. Furthermore, Theorem 1.3 holds.

For strongly unimodal sequences, the above holds with P, — P} and B — A.

Proof. Using (4.4), we have,

PK()\) — Bymlog(2Byn) _ >
By/n =2

1 -7 T2 -Tr —T -7
NB—\/E Z e’ e :/ e dr+O<n_%> —e ¢ P e 1+O<n_%>7

relry,re]N ( B\I/HZ—log@B\/ﬁ))

P, <)\€Z/{(n) iryp <
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where the first equality comes from recognizing a Riemann sum. Thus, the first part of Theorem
1.3 holds. The second part is a consequence of the following similar calculation. Let

= B ,

so PK = m if and only if PK = r, and the second part of Theorem 1.3 is equivalent to En(ﬁﬁ) ~ .
For this we write

En(f’k/): S+ Y+ Y rPn(FK:r).

r<ri TE[’I‘l,’r‘z] r>r2

where above and below the sums on r run over (B%/ﬁZ —log(2B+/n)). Assuming (4.4), the middle
sum is
) 1 —r—e " _ ” —r—e " -1
Z rP, <PK:T>:B\/H Z re —/T re d7‘+0<n 2). (4.7)
relry,ra] r€[r1,m2] !

For the upper tail, we write my as the integer corresponding to ro, and use the elementary identity

> mPp(PK=m)= Y P,(PK>m)+mP,(PK > my),

m>mso m>ms2

so that

3 P, (ﬁﬁ - 7‘) =y - BVZS%(ZB\/E) P, (PK = m)

r>ro m>mso

NG

1
N > P, (PK > m) + ryPp(PK > my)

m>mg

1 < Z P, (PK > m) + myP,(PK > m2)> + log (2B\/ﬁ) P, (PK > my)

m>mg

1 __ __
Y P, (PK > 7‘) + P, <PK > 7"2)
B\/ﬁ r>r9

[Tt (1) o (anH). (18)

ro
where in the last step we use the first part of Theorem 1.3.
In a similar way, we estimate the lower tail as

T1

Z rP, (ﬁ = r) = / e dr+re " +0 (n_%> . (4.9)

r<ri o

Taking 7 — —oo and r9 — 0o in (4.7), (4.8) and (4.9) gives

E, (f’fi) ~ / re” "¢ dr = —/ log(t)e tdt = —T'(1) = 7,
0

—00
which proves the second part of Theorem 1.3.
Repeating this entire proof with B +— A proves the claims for strongly unimodal sequences. [

We are now ready to prove Proposition 4.4.
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Proof of Proposition 4.4. First note that
Qym(N = 1) = (@)7q" " tm(n). (4.10)

To estimate the right-hand side, we could take the probabilistic approach given in the proofs of
Proposition 4.5 in [18] and Proposition 3 in [28], and the reader is invited to examine these for a
more heuristic approach. Instead, we use Proposition 2.5, a version of the classical saddle-point
method, after representing u,,(n) as a Cauchy contour integral, but this approach is essentially
equivalent to Fristedt’s probabilistic approach. We omit some details when they are very similar
to calculations carried out in [7] and [28]. First, write

_ 1 gm—n—l

where C is a circle centered at 0 with radius less than 1 orientated counterclockwise. Substituting

1 .
— ==—+2mif
(=e By AT , we have

1 B4 27i(m—n)0 1
Bvn
wnln) = [ do = [ exp (7(2it) db
=1 <6—5ﬁ+27r19) -1

m

where

m
— k
z m+(m—n)z—2ZLog (1—6_T~/ﬁ+kz).

f(z) = Bvn 2

For ease of notation, we omit the dependence of f on n throughout the proof. To prove that
condition (i) in Proposition 2.5 holds, we need to find the asymptotic behavior of f(0), f/(0), and
17(0). These are easily computed:

n—m U __k_ U k

f(0)=———= -2 log(1l—e BV ), f’(O):m—n+2 —_—,
S (i) S
Ui k2e Blf/ﬁ
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__k_
Next, we use Lemma 2.2 with x — e Bvn, s+ 2wkf to compute

7if)?

‘f(%i@) — 10~ f/©2ri0 — 510} 2T
n—m . - — 5= +ko n—m = -t
Bf + (m —n)2m€—2;log<l—e vn )— B —QkZ::llog(l—e \/_)

o

k

k=1eBvr —1 =1 (l—eB\/ﬁ)

m __k_ __k K )
1—e BVm Bvn BvVm 2mik0)?
=15 Log< ¢ ) N omikl + —© (2mikf)

2miko —_k kN2
k=1 1—e Bf+m 1—e BV (1_6 Bﬁ) 2

k
s k3e” BV/n 3
<C) ——— o

B 3
k=1 (1 —e Bﬁ)

for some constant C'. Recognizing Riemann sums for a convergent integral, the sum is bounded by

B'n?y" <B\f) ek B;: ij B'n? /OOO %du <1 +0 (%)) —0(n?), (411)

k>1 ( — e BV

where the constant is independent of n. Now we work out the asymptotic behavior of f(0), f'(0),
and f”(0). The details here are very similar to the proofs of Propositions 1-3 in [28]. For f(0), we

take g(u) := —log(1 — e_BL\/W) in (2.1). Estimating as in the proof of Proposition 1 in [28] gives

£(0) = 277\/? log(n) — — e~ — log <%> +o(1). (4.12)

The asymptotic behavior of the derivatives is similar to the proof of Proposition 2 in [28]. For
1(0), we take g(u) := ?ﬁ with (2.2), noting that
B

ebvn —1
eBVE — eB -1
By
g'(u) = :
(o -
A short calculation gives
f'(0) =0 (vVnlog(n)) . (4.13)
2 7Bu

n (2.2). Using that
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a short calculation gives

23

s

£7(0) = X202 4+ 0 (nlog(n)?) . (4.14)

Thus, assumption (i) in Proposition 2.5 holds for any fixed ¢ > 0 and |6| < en 2.
It remains to check that assumption (ii) in Proposition 2.5 holds. First, we write

Ref(2mif) — £(0) = —2 i (Re (Log (1- 7)) ~ Log (1 )

We analyze the sum in the exponential as in [28], p. 13. Because it is a Riemann sum, we have,

(cos(2mk(0) Z (cos(2mkO) —1).

k=1

for n sufficiently large and en~3 <19 < i,

k

Em:e_ Bvn (cos(2mkf) — 1)

k=1
Nk 1 Byn [59m
= — By/n _ _ —u _
B\/Ekz:l e (1 — cos(27k0)) Byn < /0 e " (1 — cos (2rBy/nbu)) du
T
< _Bvn inf / e ™ (1 — cos (2rBy/nfu)) du = _Bvn inf (1 — cos (2rBsu)) du,
2 02571*% 0 2 s>e y

for any T > 0, since — 00. The infimum above is positive, since the function

B\f
S / (1 — cos (2rBsu)) du

is continuous and nonzero on [¢,00) and tends to 1 —e~7 > 0 as s — oo by the Riemann-Lebesgue
Lemma, so assumption (ii) in Proposition 2.5 holds, and we conclude that

ef(0)
U (N) ~ ———. (4.15)
2 f"(0)
Recalling (4.10) and using e/ = (¢)-2¢™", the cancellation yields
1
mN=n)~ —— .
Q¥ =)~

Plugging in (4.14) proves (4.3).
Note that the asymptotic behavior of f(0) is only required to prove (4.4). By definition,

P,(PK =m) = Ok

Plugging in (4.12) and (4.14) into (4.15) and using the asymptotic due to Auluck ([2], eq. (24))

n

2
u(n) ~ <5 proves (4.4).
8-34n4
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For strongly unimodal sequences, we make a very similar argument using Proposition 2.5. A
more probabilistic approach for this case is similar to the proof of Proposition 3 in [7]. We write

uty(n) = / " exp (J.(2mi0)) db,

where this time,

n—m-—1 ik kK
f*(z).:T\/ﬁ+(m+1—n)z+2kz_llog<l+e AVR )
We have
f(o)—wwilog(lﬂ‘ﬁﬂ) f’(O)—m+1—n+2§:L
* = s * = % 5
Ayn k=1 k=1 €AV 41
k
U R
f:( ) = 22 2
k=1 (1 +e Af)
k
Next, we use Lemma 2.2 with z +— e 4v7, s +— 27kl to compute
, , 27729 ke AR
F.(2i8) — £.(0) — FL(O)2ri0 — £1(0)" <CY ———SlP=0(0°n?),

k
k=1 (1—6 Aﬁ)

similarly to before. We now find the asymptotic behavior of f.(0), f(0), and f/(0) using Lemma
2.1. The reader may consult the proof of Propositions 1 and 2 in [7] for similar asymptotic calcu-

lations. We obtain the following

fx(0) = T\/? —r—e " —log (4A\/ﬁ) +o(1), (4.16)
£:(0) = O (vnlog(n)) (4.17)
7(0) = 2\/7712 + O (nlog(n) ). (4.18)

It remains to check condition (ii). Here, the analysis is similar to (p. 253 in [29]). First, we use
the identity
2¢"* (1 — cos(270))

1+ 2¢" cos (27k0) + qzk) =1- ,
(1+¢*)°

1_|_qk 2mwik6
‘ 1+g*

(g (
1
where we recall that ¢ = e 4v®. Thus,

14+ qk 2mik6
1+q

ﬁ ( (1— cos(2719))) 7

k=1 (1+q )

lexp (f«(2mi0) — H
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SO

k(1 — cos(2mk0)) . 2¢% (1 — cos(27kH))
«(2mi0)) log | 1— < -
Rl S (1 2 )<-3

1+ ¢5)° — (14 ¢F)?

< -2 Z ¢" (1 — cos(2mkh)),
k=1

which gives the same Riemann sum as in the estimate of Re(f(27if)) — f(0) With the constants A
1
2

and B swapped. Thus, the above is —d./n for some §. > 0 and en~
so assumption (ii) holds, and Proposition 2.5 implies

< |0] < 3 exactly as before,

ef*(o)
up (n) ~ ——.
2m f1(0)
We then get (4.5) exactly as before, by plugging in (4.18). For (4.6), we plug in (4.16) and (4.18)
™/ .2n
and use the asymptotic u*(n) ~ ;6 2+ due to Rhoades ([27], Theorem 1.1). O
64n4

The next proposition handles the numerator in Proposition 4.3 by providing an explicit set B,, ,,,
given a simple condition.

Proposition 4.6. Suppose that a, < b, are sequences of integers such that
k«‘zqk 2
> s =o(c) (4.19)
an <k<bpn ( -4 )

holds for a sequence ¢, = o(n%). Then for by, = min{b,, m},

2kq*
By = <:1:Lﬂ> je{LR} - Z T ok _qqk — Z k (m,[g } + $E€R}> <e¢, p X {0}2(5’”_5’"””)

an <k<bn,m an<k<bn,m an<k<bn,m

satisfies the hypotheses of Proposition 4.3, so dpy(Pp m (X [an b ]) Qgm(X lan b })) — 0 uniformly
for rin any [ry,72).
For strongly unimodal sequences, we have drv(P;, ,,(X [an ba] ), Qi (X lan bn])) — 0 if

k2qk
Y s =o() (4.20)
angkgbn (1 + q )
for ¢, = o(n %) with
k
s [j] . 2kq (L] | [R] 2(bn—bnm
Bpm = (m,ﬁ) jemry | D 1+q¢5 > k"(% + z, > < cp g x {0}F0nbnm),
an<k<bn,m an<k<bn,m an<k<bn,m

Proof. To show Q,.m (X[m“bn] S Bn,m) — 1, we use Lemma 2.6. Note that we have

mon () = (-4 =

>1

2k 2k k

k 2k
+q q q
Var,,, (XX = Y2 - _ 4 . _ .
* (k) ( >g>l 1—q> (1-gF)°  (1—-gF)°  (1-¢b)?
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These are also exactly the same for X ,LR]. Thus, we have
k
AN Zkq
Egm | D k‘(Xk + X > = > g
anSkan,m an<k<bn,m

and, using independence,

1y x| — 2kq"
U«ngkgbn,m angkgbn,m
Thus, by Chebyshev’s Inequality (Lemma 2.6) and the definition of B,, ,,
. 3 2k2qk
Qn,m ( lan, n} Rbn nt \B ) < Cn2 Z 7]92 = 0(1)7

an<kby (1= @)

as required. Now let © = ($Eg})j6{L7R}7anSka x {0}0n=bnm ¢ B, . and write

Zw = Z k (a:g“] + a:gﬁR}) .
angkgbn,m
We want to show that )

Qum(N =n|X(4, p,) =) ~ — 13-
2-31n1

The proof of this is simply a slight adjustment to the proof of the first part of Proposition 4.4.
Again, we wish to apply Proposition 2.5 to a Cauchy integral. We write, using independence,

Qgm (N =nand X, ] = )
mN:TLXann:$: 7 )
Qym(N = n|X[q, 4] = ) Qum(Xa ) = )

Q4 m (N =n and X[an b] = )
Han<k<bn o Qam (XILL} = a:LL]> Qgm ( XM= xLR})

g N = PR = m X
—m#{ : N(A) =n, (A) =m, an,bn _ac}
(Q)ﬁnfl
(@22, 1" /é .
= = exp(F'(2mif))dd,
(Q)bn,qu -1

where now
F(z): w (Zm+m—n)z—2 Z Log(l—e Bﬁ—l—kz).
[Lm]\[anvbn,m]
We have, with all sums are over k € [1,m] \ [an, bym)]

n—m-—>y. -k
F(O):B—\/ﬁ_2§k:10g(l_63ﬁ>’ PO= 2o e

F” _ QZ k2e” B\/_

DTN
(o)
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The exact asymptotic behavior of F'(0) is immaterial, since

(@m(@)a, 14" ™ F(0)
@2 g

bn,m

=1.

Since x € By, ,,, we have
k
F'(0) =m—n+2Y ———+o(c) = '(0) +o(cn) ~ f(0),
k<m eBvn — 1

and by hypothesis,

F"(0 _22

k
k<m (1—6 Bﬁ)

26 B\/ﬂ

—————— +0() = f(0) + o () ~ f(0).

Finally, Lemma 2.2 is used on individual summands as in the proof of Proposition 4.4, so assumption
(i) in Proposition 2.5 holds.

It remains to check assumption (ii). First, we claim that there is an interval [a/n, /1] contained
n [1,m] \ [an,bp m]. Indeed, it is contained in [1,m] for large n and r in any [rq,72], and we have

kq" 3

>, Tt
ayickepyn 1= 1%

by estimating the Riemann sum by an integral as in the calculation for f”(0). If for all « and 3

this intersected [ay,, by ], then this would contradict the condition (4.20).
Now we can estimate the contribution from the minor arc as before, using

Z e_BL\/ﬁ (cos (2mk0) — 1) < Z G_BL‘/E (cos (2mkb) —1).
ke[1,m)\[an,bn,m) ay/n<k<Bvn

N[

Similarly to before, we bound this negative sum from above by (for en”2 < 0] <

)
s
- mf (1 — cos(2msu)) e “du,

(@05 (@10 po__ L 1
(@), 4" V2TFT(0) /27 f7(0)

The proof for strongly unimodal sequences is similar, mirroring the proof of Proposition 4.4 for
strongly unimodal sequences. The main difference is that, if Ef ,, and Vary,, denote expectation

Qom(N = n|X(4,p,) =) ~ ~ Qqm(N =n).

and variance under Qg ,,,, then as X ,Ej le {0,1}, we have
k k
E:,, <Xk )= Ty ad o Var, (x") = T

for j € {L, R}. O
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5. PROOFS OF THE MAIN RESULTS

We now apply Proposition 4.6 to the sequences a,, and b, for which X, ;  determines the
random variables in Theorems 1.4, 1.5, 1.8, 1.10, and 1.11. We then use the conditioned Boltzmann
model Qg ,, to compute probability densities, identify Riemann sums and conclude the limiting
distributions.

5.1. Small parts: the proofs of Theorem 1.5, Corollary 1.6, and Theorem 1.11.

Proof of Theorem 1.5. Take a, =1 and b, = k,, = o(n%), so that

Z k2q ni (o ule v d ( g)
_—~ —— ——au=0n 9
ol (1-— q’“)2 B Jo (1—eu)?

and Proposition 4.6 applies to X[ ;1. Let = (xg])je{L,R},kgkn € ]R;ko” be such that a:Lﬂ € BL\/HN'
Then, using independence and the exact same analysis as in [18] §5,
2 = bl _ Bvn 1) _ k) B
Qo (X[ k) =) = | I Qin (X/f —T%J) = 11 (1—(1 )q Tk
jE€{L,R} Je{L, R}
k<kn 1<k<kn
1\ (7 Wk
()T e I e -
Bvn je{L, R} je{L, R} By
k<kn k<kn

Note that the second to last step, which comes from the analysis in [18], is the only place k,, = o(n%)
is used, rather than just o(n%). This is uniform in « and independent of m. Hence, for any

B= T] (-oo!] c B,
k<kn
J€{L,R}

we have the following, uniformly for r in any [ri, 9], by recalling that :Egg} € B%N:

4]
Pn,m (X[l,kn] € B) ~ qum (X[lykn] € B) ~ Z H e_U)kJ

weB je{L,R}
k<kn

k
By/n
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Thus by Corollary 4.5, we have
’Pn (X[Lkn} c B) — Vn(B)’

n,m (X[l,kn] € B) Pn(PK = m) - Vn(B)

> (Pom (X(1pa) € B) — va(B)) Pu(PK = m)‘

T

r<ri Te[rlﬂ"Z] r>ro
<27 4 Z 1/{”}63)—1/“ )|Pn(PK:m)+2<1—6_67T2>

r€lry,ra]
~2e¢ 42 (1 — 6_677“2) .

Taking 71 and 7y arbitrarily close to —oo and oo, respectively, completes the proof of the first part
1

of Theorem 1.5. The second part is proved in the same way, merely noting that for k = o(n2) and

wl Wl e fNO’ we have

X kX _ k2 ko)’
[L] Rl | _ . B —wlLl (Rl - _wlL]l —glR]
Qam (B\/_ B\/_ v (1 ‘ ) ¢ Byn) © =

and similarly for k = |cy/n) and ul™ ulf € Ny,

Quon (X1 = ult) X[ = o) (1 - 6_%)2 et _einl .

Corollary 1.6 is proved similarly as above, again using (5.1) to estimate the Q ,, probabilities.
We now turn to small parts in strongly unimodal sequences.

Proof of Theorem 1.11. To prove Theorem 1.11, we can apply Proposition 4.6 when we take a, = 1
1
and b, = k, = o(n2), for

Z ]{72qk é AL% u‘e du = o (n%>
= (1 +qk)2 A 0 (1 + e—u)2 .

Now, if & € {0,1}%% then we simply note that

* B\ e Avn 1
Qg (Xt H Qgm < k= Tk > H — k" 92k, =
k<ky, k<k, l+e Avm

JE{L,R} Je{L,R}

5.2. Large parts: the proofs of Theorems 1.4 and 1.10. Let ¢, = o(n i) and let
— (Yjﬂ — By/nlog(2B/n)

B\/ﬁ )jE{L,R},IStStn
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Define &, = Py (W, —hy, Cnm = qu(Wn_l) and let v, , be the probability measure on
(—o0,7)?n with density
LJE

e T [L] [R] e t’rl e n - -
€ =3 (ug g ) = S = g if u[lﬂ > > uz[fz} for j € {L, R},
otherwise.

#H

n

(el N}

Here it is easier to first that ¢, m(U) ~ vy, (U) uniformly for r in any [ry,rs] for

U= H <—oo,v£j]] . (5.2)
t<tn
je{L,R}
We then use Proposition 4.6 to complete the proof. Let w = (wt[j])je{L,R},tStn be such that

[L]

T B i

TngR]Z"'Zwtn

n

and
- B\/_< + log (2B\/_))
Directly we find

Cnm (W) = Qqm <<Y;[L})t§tn x (Y;[R})Ktn - (y'EL}>t§tn % (yiR])tStn>
= (g e () Zq'”

(5]

where the sum is taken over pairs of partitions A with parts at most y; *, respectively, for j € {L, R}.

Continuing using Lemma 2.3, this is

> (wu™) (L], A
g'=' 02 E (")
(q), 11 (a), = I =) II 0-d)
Yin " Yin yH<t<m yfl<t<m
- 5 (wf o) L\ 2
= t<tn - 1 ot 1 ot
‘ <2B\/ﬁ> LH (1-4) RH (1-d)
yH<t<m yfl<t<m
(7] . LWlEl IRl
N e— tgn (wtn +wtn) 1 2t ee?r_e 2fn e 2tn
2By/n
WL IR
1 e T (w [L]'HUE ])_e 2tn e 2tn 1 2
t<tn _
P (77)
uniformly for r, wl[/L],wl[/R} > —bgs("). Now let
1 1
g .= {,w Wi > og8(n) and wl® > — og8(n)}
Since wl[/j le BL\/E(Z —log(2B+y/n)), recognizing Riemann sums gives

Cam(UNS) ~uy, (UNS),
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for U as in (5.2) uniformly for = in any [ry,ro]; in particular, we have {, ,(S) ~ v, ,(S). But,
letting S¢ denote the complement of S, we see that v, ,(S¢) — 0 follows exactly as in [18], p. 724.
Now note that

0=1—-1=C¢pm(5) —vn, (5 + Crm(S) — Unr(S) = Cnm(S€) + o(1).

Thus, ¢p,m(5¢) — 0 also, and we have p p(U) ~ vy, (U) uniformly for r in any [rq,72], as desired.
Recalling that

th =supK ¢: ZXILﬂ >ty
k>t
we see that W,, € S if and only if for j € {L, R}

sup < £: ZX,EJ] >t, » > By/nlog <23n3> ,
k>0
i.e., if and only if Y;[Z] depends only on X,[gﬂ for k£ > B\/ﬁlog(2Bn%). But now taking a, =
B\/ﬁlog(QBn%) and b, = n, we have
k2 k o) 2 —u )
Z 7q2SB3nS/ . Lﬂdu:o(n%)y
an kb, (1—q") log<2Bn§> (1—e)

and Proposition 4.6 applies to X|,, »- This in turn yields &, (U NS) ~ Cnm(U NS) for U as
above, and then finally &, ,(U) ~ ¢p,m(U) as before. Using the uniformity of these estimates for
7 € [r1,r2] finishes the proof.

The proof of Theorem 1.10 is the same, except we use Lemma 2.3 to estimate the product that
arises in the calculation of Q7 (W, = w).

5.3. Total small parts: proof of Theorem 1.8. As in Subsection 5.1, Proposition 4.6 applies
to X1, with k, = o(n%). This clearly implies that for

_— <zk<kn xP — Bynklog (kn))
je{L,Rr}

By/n

we have dry (Ppnm(W, 1), Qum(W, 1)) — 0. Now, as in Section 5.1, we write

P, ((Wn)g <wvj, JE {L,R})

(X + X 3| Pun (W), < vy, G € {LRY) Pu(PK=m). (5.3)

r<ri  rglri,re] T>T2

We ignore the sums over the ranges r < r; and r > r9 which tend to 0, and in the range r € [ry, 73]
we may replace Py, ,,, with Qg ,, so that (using independence) this is asymptotic to

Z PTMm(PK = m) H Qq,m ((Wn)j < 'Uj> . (5.4)
r€lri,ra] j€{L,R}
Following §8 of [18], we focus now on a particular term of Qg ,, and first restrict the range to

1
k < {y, where £y, := |kg | = o(n%), so that we can use the calculation (5.1). It is also simpler if we
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first do this without subtracting the By/nlog (k;) term. Thus, we have

ks, XY
—~tn < .
QQ7m < B\/ﬁ — ,U.y

(] ,
= Z > HQq, <X —w,[j]>. (5.5)

w][gl B\/_ [0,74] ng] B\eroﬂ[Ovj—wéﬁ—---— []

Now, by (5.1),

o () o (- 55) i)

Pluggmg thls into (5.5) and recognizing Riemann sums, we get, by Lemma 2.4

4] PPN ) B )
Qum (Zk;é\r};xk < ) ~ '/ /J in 2 o ul —ouli Enul du” duLﬂ
/”L n

= (1)
Since this is uniform in v; € [0, 00), we may replace v; — v; + log(¢,) (for fixed v;), to get

Qq,m B\/ﬁ ~ Uj ~ e .

1
But we want to show that the above holds with ¢,, — k,,. But since ¢,, = |k; |, this is equivalent
to proving that

Y1

k2 <k<kn

. 1
X7~ By/nlog <kﬁ >
By/n

asymptotically has a point-mass distribution with mean 0. This is accomplished by showing that
its expectation and variance under Q,, are both o(1). This in turn follows from

, 1
> xP — Bynlog (k-;i)

k2 <k<kn 1 [4]
Var, ,, = = Var,,, | =——= XV
Byn By/n 12 k
k2 <k<kp
1 q" 1 1 1
- B2n Z 1_ 2 B2 Z — kN2 Z ﬁzo(l)a
1 ( q~) 1 (1 —e Bﬁ) 1
k3 <k<kn k2 <k<k, k2 <k<knp

1 4] 1 1 1
Epm | 5= Y. X' | =57 D >~ +o(l) =log ( ki 1).
“m | By N N 20 gt °g< )*0()
k2 <k<kn k2 <k<kn k2 <k<kp

Thus, we have

XV~ Bymlog (kn .
qu(( ) <v]>:Qq,m <Zk§kn k \/ﬁog( )S’Uj)fve_e 7.

By/n



26 WALTER BRIDGES AND KATHRIN BRINGMANN

Using this in (5.4) and then replacing Py, ,, in (5.3) with Qg ,,, the range over r € [ry,ro] is
asymptotic to
3 PA(PK = m)et e s (e ) e e
n - 9
refri,ra]

by Proposition 4.4. Taking ro — oo and ;1 — —oo completes the proof. O

6. MOMENT GENERATING FUNCTIONS

In this section, we outline an approach towards refining Theorem 1.3 with the method of mo-
ments. This discussion is independent of our conditioned Boltzmann model. Throughout this
section, we assume that ¢ € C with |¢g| < 1. Recall that Y3(\) denotes the largest part in the
integer partition A\. By standard combinatorial arguments, one finds the generating function for
the k-th moment of the largest part for partitions to be

mk m
MPy(q Zmpk " = Z A (A)FgH = Z (q)q , for k > 0.

n>0 AEP m>0

Analogous to the mean found in Theorem 1.3, Theorem 1.1 implies that
mp (n) = AV log(AWV + A7y (14 o(1))
where A = \/_ , as before. Ngo and Rhoades used the factorization ([22], equation (1.8)),

1 q"
1—¢" (@)oo 1—q"

MP1(q) = MPy(q)

n>1 n>1

essentially a product of a modular form and a quantum modular form, to improve the error term
to log(n).

Theorem 6.1 (Theorem 1.5 in [22]). We have
mp; (n) = Av/nlog (Avn) + Avyv/n + O (log(n)) .

Furthermore, they found the recursions ([22], remark on p. 10)

k—1 E_1 nk n
aeae) =3 (" MR @S, whee S = 3 1 (6.1)
7=0 n>1

which express each MP}, recursively in terms of modular forms and quantum modular forms. They
stated that their methods could be used to prove asymptotic expansions for all moments mpy,(n).
Turning to unimodal sequences, recall that PK(\) denotes the size of the peak. Let

k. m
MUp(q) = Y muy(n)g" == > PK(\) g = 3 T)Z . for k€ N.
n>0 AeU m>0 )i

In particular, the generating function for unimodal sequences satisfies (see [30], Proposition 2.5.1)
7L(7L+1)
Ulg) = MUola) = o5 Z
OO n>0

which is a product of a modular form and a false theta function. Recently, Nazaroglu and the
second author discovered how to fit this false theta function into a modular framework [12]. Thus,
it would be interesting if we could relate the higher moments MUy to MUy in the way that Ngo
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and Rhoades did for partitions. We leave this as an open problem, but we prove a recurrence that
is somewhat analogous to (6.1).
Recall that the complete Bell polynomials By = By (aq, ..., ar) are defined by

Theorem 6.2. For k> —1 and n > 1, define

k nm
Sk,n(Q) = Z e

_ogm’
mzll q

and let By, , := By (Son,- .., Sk—1,n) be the complete Bell polynomials in S;,,. Then
7L(7L+1)
5 Z 2 Bt (6.2)

MUL() = 7
OO n>0

Remark. Note that we have the recurrence (see [13], §3.3.)
B 1 itk=0
k= — .
25201<kjl)183k jajr1 if k> 1.

But the reason that we cannot directly obtain a recurrence for the MUys like in (6.1) is that the
Bs and Ss depend on n.

Proof of Theorem 6.2. Define

ZCPK(A I _ ZC q"

el m>0

and let 0¢ := Ca%. Then
MUL(@) = [ (U(Ga)] _, (6.3)
Using straightforward manipulation with Euler’s two series expansions ([2], Corollary 2.2)

n(n—1)

I Cq 2
(C;q)oo_z( ’ =2

n>0 Q)n n>0
we have
¢"g™ L ¢ (@)
U(Gq) =1+ =1+ =
G0 =1+ 2, G = s 2T o
n(n—1) n(n+1)
—1p > (-prgmgmtntm T (-D)rg— =z (Mgt
(@)oo 24 (@m(@)n (@oo 2= (@n (@m
n>0 n>0
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so it suffices to find the Taylor expansion of (e“¢"*!)7! about u = 0. We first find the Taylor
expansion of its logarithm and then exponentiate, which introduces the complete Bell polynomials.
We have

1 ny emuqu m“q(”"‘l
Log<m>:_ZLog<l—eq)= ZTZZ (1—q Zk'SklnH,

>n+1 >n+1 m>1 k>0
m>1
where clearly S_1 41 = Log(ﬁ). Hence,
1 1
= S =
@ o (@ Do exp ; g1 Dk lndl (@ oo ch>;) Ll Brent1-
Thus,
[5k< 1 >] _ Brnn
¢ (an+1)oo ¢=1 (qn—i-l)w’
and we obtain (6.2) by plugging into (6.3). O

We leave further exploration of the g-series MKy (g) as an open problem.
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