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FRACTIONAL MOMENTS OF THE STOCHASTIC HEAT EQUATION

SAYAN DAS AND LI-CHENG TSAI

ABSTRACT. Consider the solution Z(t, z) of the one-dimensional stochastic heat equation, with a multiplica-
tive spacetime white noise, and with the delta initial data Z(0,z) = §(z). For any real p > 0, we obtained
detailed estimates of the p-th moment of et/12Z(2t, 0), as t — oo, and from these estimates establish the
one-point upper-tail large deviation principle of the Kardar—Parisi-Zhang equation. The deviations have
speed t and rate function @4 (y) = %y3/2. Our result confirms the existing physics predictions [55] and also
[42].

1. INTRODUCTION

In this article we study the Stochastic Heat Equation (SHE) in one spatial dimension
WZ =102 +EZ, Z=2Z(tx), (t,x)€[0,00) xR, (1.1)

where & = £(t, x) is the Gaussian spacetime white noise. Via the Feynman—Kac formula, solutions of the SHE
gives the partition function of the directed polymer in a continuum random environment [39, 16]. On the
other hand, the logarithm #H(¢,z) := log Z(t, ) formally solves the Kardar—Parisi-Zhang (KPZ) equation

OH = 500 H + 5(0:H)° + €. (12)

Introduced in [44], the KPZ equation is a paradigm for random surface growth. It connects to many physical
systems including directed polymers, last passage percolation, random fluids, interacting particle systems,
and exhibits statistical behaviors similar to certain random matrices. We refer to [27, 60, 18, 61, 11, 23] and
the references therein for the mathematical study of and related to the KPZ equation.

Throughout this paper we will consider the solution Z(¢,x) of the SHE (1.1) with the initial data

Z(0,2) = 6(x), (1.3)

the Dirac delta function at the origin. The SHE (1.1) enjoys a well-developed solution theory based on Itd
integral and chaos expansion [69, 4], also [60, 18]. In particular, there exists a unique C((0,00), R)-valued
process Z that solves (1.1) with the delta initial data (1.3) in the mild sense, i.e.,

Z(t,x) = p(t, =) + /0 /Rp(t —s,2 —y)Z(s,y)&(s,y) dsdy,

where p(t,z) := (27t)~'/? exp(—22/(2t)) denotes the standard heat kernel.

The solution Z of the SHE can be transformed into a solution of the KPZ equation. For a nonzero
initial data Z(0,-) that is bounded, nonnegative, and has a compact support, [58] showed that almost
surely Z(t,x) > 0 for all (¢t,z) € (0,00) x R. For the delta initial data (1.3) considered here, the same
positivity result was established in [28]. The logarithm (¢, z) := log Z(¢, z) is defined to be Hopf—Cole
solution of the KPZ equation. This is the notion of solutions that we will be working with throughout
this paper. The motivation is, as mentioned previously, that non-rigorously taking logarithm in (1.1) yields
the KPZ equation (1.2). The KPZ equation (1.2) itself is ill-posed due to the roughness of the solution
and the presence of the quadratic term. New theories have been developed for making sense of the KPZ
equation and constructing the corresponding solution process. This includes regularity structures [36, 37],
paracontrolled distributions [33, 34], and energy solutions [32, 35]. The Hopf—Cole formulation bypasses
the ill-posedness issue, and arises in several discrete or regularized version of the KPZ equation, e.g., [4, 5].
Further, other notions of solutions from the aforementioned theories have been shown to coincide with the
Hopf—Cole solution within the class of initial datas the theory applies.
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Of interest is the large time behaviors of H(t,z) := log Z(¢,z). Simultaneously and independently, the
physics works [9, 25, 62] and mathematics work [1] gave the following large ¢ asymptotic fluctuation result
of H(t,x), and [1] provided a rigorous proof:

tl% (H(2t,0) + &5) => GUE Tracy-Widom distribution.

%, has typical deviations of

the fluctuations converge to the GUE Tracy—Widom distribution

This result asserts that, for large ¢, the height #(2t,0) concentrates around —
order t'/3, and after being scaled by t~1/3
[66].

A natural question that follows the fluctuation result is establishing a Large Deviation Principle (LDP),
namely questions about tails of the distribution of 7(2t,0) + {5. We seek to find the probability of the rare
events when the height H(2¢,0) + % has a deviation of order ¢. Interestingly the lower- and upper-tail LDPs
have different speeds. The lower-tail deviations occurs at speed t? while the upper-tail deviations occurs at
speed t.

PH(2t,0) + & <ty m e W), (y < 0) (1.4)
P[H(2t,0) + 15 > ty] ~ e 1+ W), (y > 0) (1.5)

Such distinct speeds can be heuristically explained by directed polymers. For a discrete polymer on an N x N
grid with i.i.d. site weights, we consider the point to point partition function. It can be made anomalously
large by increasing the weights along any single path. The cost of changing the weights of N such sites
amounts to exp(—O(N)). However, smaller partition function can be realized only when the weights along
most of the paths are decreased jointly. This can occur with probability exp(—O(N?)) by decreasing the
weights of most of the sites, c.f., Remark 1.1. For the KPZ equation, recall that the Feynman-Kac formula
identifies solution of the SHE as the partition function of the directed polymer in a continuum random
environment. This is analogous to discrete polymers, with Brownian motion replacing random walks and
space-time white noise replacing site weights. In the continuum setting ¢ plays the analogous role as N, since
both ¢t and N parametrize the polymer length. Identifying ¢ with N, we should expect the t? vs ¢ speeds
in (1.4) and (1.5). These speeds were predicted in the physics work [55], where the prescribed polymer
argument was given.

Remark 1.1. The speed of lower-tail deviations is in fact not universal when the random environment
is unbounded. Specifically, [3] showed that the lower-tail speed of the directed polymer with a Gaussian
environment is N?/log N instead of N2.

Recently there has been much development around the large deviations of the KPZ equation in the
mathematics and physics communities. Employing the optimal fluctuation theory, the physics works [47, 48,
57] predicted various tail behaviors of the KPZ equation. These predictions were further supported by the
analysis of exact formulae in the physics works [54, 49, 50]. In mathematics terms, the optimal fluctuation
theory corresponds to Fredilin—Wentzell type large deviations of stochastic PDEs with a small noise. There
has been rigorous treatment [38, 10] of such large deviations for certain nonlinear stochastic PDEs.

Under the same initial data as this paper, the physics works [63, 21, 52] each employed a different method
to derive the same explicit rate function for the lower-tail deviations of H(2t,0) 4+ 1’5—2 The work [20] provides
detailed, rigorous bounds on tails of H(2t,0) + 1—t2, which are valid for all ¢ > 0 and capture a crossover
behavior predicted in [48, 57]. The lower-tail LDP with the exact rate function was later proven in [68],
and more recently in [8]. The four different routes [63, 21, 52, 68] of deriving the lower-tail LDP were later
shown to be closely related [51]. Two new routes have been recently obtained in the rigorous work [8] and
physics work [53].

In this paper we focus on the upper tail — the complement of the aforementioned results. Since Z(t,x) =
exp(H(t,z)), the upper tail is closely related to positive moments of Z. The moments of SHE and its
connection to intermittency property [30, 29] has been previously studied in [17, 12, 14, 45]. These works
established finite time estimates of tails or moments of Z(¢,x) and solutions of related stochastic PDEs.
The work [13] studied a class of equations that includes the SHE with the delta initial data considered here.
With the aim of establishing the existence of the smooth density, the work obtained finite time tail estimates
of the solution.

For the large time regime considered here, the form &, (y) = %y3/ 2 was predicted in [55] by analyzing an
exact formula. The analysis also yields subdominant corrections; see [56, Supp. Mat.]. We note that, for
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the short time regime, [42] predicted the same %—power law. A priori, the optimal fluctuation theory used
therein works only for short time, although the validity in large time was argued therein. For the large time
regime, [22] gave a bound on of the upper tail of Z(¢,z) (with a different initial data). The bound exhibits
the predicted %—power for small y but not large y. Extracting information from positive integer moments of
Z, [19] provided detail bounds on the upper-tail probability. The upper and lower bounds therein capture
the aforementioned %—power law but do not match as t — oo.

In this paper we present the first rigorous proof of the upper-tail LDP of H(2t,0) + % with the predicted
D, (y) = %y?’/ 2 rate function. Interestingly, this matches exactly with the upper-tail rate function for the
Tracy-Widom distribution [66]. Our main result gives both the ¢ — oo asymptotic of the p-th moment of
Z(2t,0), for any real p > 0, and the upper-tail LDP of the KPZ equation.

Theorem 1.2. Let Z(t,x) be the solution of the SHE (1.1) with the delta initial data (1.3), and let H(t, x) :=
log Z(t,z) be the Hopf-Cole solution of the KPZ equation (1.2).

(a) For any p € (0,00), we have

. 1 t . 1 t p3
Z P(H(2t,0)+45) | — z Pl _ £
tli)rgo , logE{e 12 ] tli)rgo , logE[(Z(Qt,O)eH) ] 2 (1.6)
(b) For any y € (0,00), we have
1 4
Jim = 1ogP[H(2t,o) +15 2> ty} =By (y):= —§y3/2. (1.7)

Remark 1.3. The results in Theorem 1.2 immediately generalize to x # 0. This is so because, under
the delta initial data (1.3), the random variables Z(2t,0) and Z(2t,x) exp(z?/4t) have the same law. This
fact can be verified from either the Feynman-Kac formula or the chaos expansion. Hence, the results in
Theorem 1.2 hold with Z(2t, z) exp(x?/4t) replacing Z(¢,0) and H(2t, ) + ﬁ—i replacing H(2t,0).

Our method is based on a perturbative analysis of Fredholm determinants, and the major input is the
formula (1.10) that expresses the Laplace transform of Z(2t,0) as a Fredholm determinant. We emphasize
that our method differs from existing methods used in the same context. The work [55] postulates a form of
the upper tail and verifies a posteriori the consistency with the formula (1.10); see [56, Supp. Mat.]. There
are, however, infinitely many postulated forms that are consistent with (1.10). We explain this phenomenon
in Section 1.1. There we reprint the consistency check as a variational problem (1.14), which has infinitely
many solutions given in (1.15). The work [22] utilizes an formula of the tail probabilty of H(2t,0)+ <, under
the Brownian initial data. Such a formula can be viewed as the inverse Laplace transform of (1.10). By
analyzing the inverse Laplace transform formula, it was shown [22, Corollary 14] that there exists constants
c1, c2, cs such that for all y > 0 and large enough ¢

P [H(?t,O)—i— 1_t2 > ty] < cltl/Qefczyt +clt1/2efcsy

3/2

This bound exhibits the %—power law for small y but becomes linear in y (in the exponent) for large y. In
this paper we employ a new way of utilizing the formula (1.10), by applying it for getting the p-moment
growth of Z(2t,0).

The main body of our proof is devoted to proving Theorem 1.2(a), or more precisely its refined version
Theorem 1.2(a)* stated in the following. From Theorem 1.2(a) standard argument produces Theorem 1.2(b),

with the rate function —%y?’/ 2 being the Legendre transform of %. The first indication of Theorem 1.2(a)
being true came form the study of positive integer moments of (1.6). The mixed joint moment of Z solves
the delta Bose gas, and the delta Bose operator can be diagonalized by the Bethe ansatz. The work [43]
carried out such analysis and pointed out that (1.6) should hold for positive integers, i.e.,

1 ¢ 3
tlggo glogE e”(H(Qt’OHﬁ)} = %, for n € Zsy. (1.6-int)

This assertion (1.6-int) was proven in [14] for function-valued, bounded initial data, and in [19, Lemma 4.5]
for the delta initial data considered here. It has long been speculated and conjectured that (1.6-int) should
extend to all positive real p. However, the connection to the delta Bose gas only gave access to integer
moments. Here, by utilizing a known formula but in an unconventional way, we bridge the gap between
integers. In the same spirit as [19, Lemma 4.5], we provide a quantitative bound on the p-th moment of Z
that holds for all ¢ and p away from 0. This is stated as a refined version of Theorem 1.2(a) as
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Theorem 1.2(a)*. Let Z be as in Theorem 1.2. We have a decomposition

E[(2(2t,00e7)"] = Ay(t) + By(t)

t

of the p-th moment of Z(2t,0)e12 into a leading term A,(t) and remainder term B,(t). For any to,po > 0,
there exists a constant C = C(tg,po) > 0 that depends only on to, po, such that for all t > tg and p > po,

3t p3t
S+ ) e A0 <TG e et (18)
and for n:= |p] +1 € Zso and k, := min{Z, f—;},
3¢
1B,(t)] < n- (n))? (nC)" t2 7~k (1.9)

From the bounds (1.8) and (1.9), one see that A,(t) dominates as ¢ — oo, uniformly over any close intervals
in (0,00) 3 p. Theorem 1.2(a)* immediately implies Theorem 1.2(a).

The upper tail problem has also been studied for several other models in the class of integrable systems
starting from the fluctuation results and LDP for the longest increasing subsequence [46, 64, 24, 2]. There
are also analogous results on upper-tail LDP for integrable polymer models [31, 40], and also for last passage
percolation in Bernoulli and white noise environments [15, 41] and inhomogeneous corner growth models
[26].

The main input of our proof is the known formula (1.10) that express the Laplace transform of Z(2t,0) as
a Fredholm determinant. There are multiple equivalent ways to define Fredholm determinants [65]. We will
work with the exterior algebra definition: for a trace-class operator T' on a Hilbert space, consider /\Z-L:1 H
and the operator T\l defined by T"E(vy A--- Awvp) == (Tvy) A--- A (Tvg). The operator T is trace-class
on /\Z.L:1 H. We then define the Fredholm determant as

o0

det(I = T) =1+ Y (=1)ktx(T"F).

L=1

The following formula is known thanks to the integrability of the SHE and related models:
E[exp(—sZ(2t,0)e12)] = det(I — K,) Z Lar(K1F), (1.10)

where K, ; is an integral operator L?(R>() with the kernel

Ai(z +r) Ai(y+r)
Ko i(z,y) = Y g, 1.11
)t((E y) ‘/]R 1+ %e—t /3y r ( )

and Ai(z) is the Airy function. It is standard to check that K, is a positive operator via the square-root
trick, c.f., Lemma 2.1. The formula (1.10) or its closely related forms was first derived simultaneously and
independently in [1, 9, 25, 62], with a rigorous proof given in [1] based on results of [67]. In particular, the
formula (1.10) can be obtained by taking Laplace transform of [1, Eq. (1.13)]. A direct derivation of (1.10)
with a rigorous proof can be found in [6]; see Theorem 1.10 (a) and Eq. (1.7) therein.

A standard way to extract tail information from (1.10) is to parameterize s = e~* and substitute in
Z(2t,0) = exp(H(2t,0)) to get

E[exp(—eHOFE-)] = 1 — (K Z Lar(K0F). (1.12)

The double exponential function exp(—e*) on the lh.s. of (1.12) may be deemed as a good proxy of
the indicator function 1(_. ), and hence analyzing the r.h.s. of (1.12) could produce information on
P[H(2t,0) + % < ty]. This approximation procedure has been successfully implemented in getting the
limiting fluctuations and lower-tail LDP (but using different representations of the r.h.s. than the Fredholm
determinant).
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1.1. An issue of nonuniqueness. However, for the upper tail, the preceding procedure would not produce
the full LDP. To see this, rewrite (1.12) as

E[1 — exp(—e"t0TH )] = N (—1)E (KDL, ). (1.13)
L=1

For y > 0, it is possible to show that the r.h.s. of (1.13) is dominated by the L = 1 term as t — oo, and
analyzing the trace of K, from the formula (1.11) should yield

1 -3¥3%, ye (0,5
lim —log (r.h.s. of (1.13)) = I(y) := 3 ’ 14D
Jim Flog (vhs.of (113) = 10 := { 35 Y E
For the left hand side, if we assume the existence of the upper-tail LDP but with an unknown rate function,
ie., limy o0 +log P[H(2t,0) + & > ty] = —@(y), for y € (0,00), using the fact that 1 — exp(—e’®) ~
exp(tmin{¢, 0}), as ¢ = oo, we should have

o1 o .
tl_lg)lo n logE[l - exp(—e"rt(%o)*'l2 t”)} = 228 { min{¢{ —y,0} — (I)+(§)}-

Putting these two sides together suggests the variational problem

. _ _éyg/zu Yy € (07 l]’
sup { min{€ =y, 0} = 4 ()} = { Ol e B, (1.14)

The function @ (y) = %y?’/ 2 does solve this variational problem. However, the solution is not unique. Any
function that satisfies

(I)Jr(y) = _%y3/27 for Yy e (Oa %]a % ) < (I)Jr(y) < %y3/25 for y € (%700) (115)

solves the preceding variational problem.
The preceding calculations strongly suggest that the conventional scheme (1.12) and (1.13) of using the
Fredholm determinant would not produce the exact rate function.

1.2. Our solution. To circumvent the aforementioned issue, we provide a new way of using the for-
mula (1.10). The start point is the following elementary identity:

Lemma 1.4. Let U be a nonnegative random variable with a finite n-th moment, where n € Zsq. Let
a € [0,1) Then the (n — 1 4 «)-th moment of U is given by

_ 1 < _ (=)™ e dn _
E[Un-1te =7/ “E[U"e*Y]d =7/ *——Ele *Y]ds. 1.16
[ ] F(l _ Oé) 0 B [ € ] 8 F(l _ a) 0 8 dsn [e ] s ( )
The proof of this lemma follows by an interchange of measure via Fubini’s theorem. We will apply this
lemma with U = Z(2t,0)e1z and with n:= |p] + 1 € Zso and o := p— |p] € [0,1) so that p=n — 1 + o

t
Utilizing the formula (1.10) for E[e™*V] = E[e52(249¢™] in (1.16), we will then be able to express the
p-th moment of Z(2t, O)eﬁ as a series. From this series we identify the leading term and higher order terms.
This eventually leads to the desired estimate in Theorem 1.2(a)*.
It seems possible to directly analyze the inverse Laplace transform formula in [1, Theorem 1.1]. Doing so
may provide an alternative proof of Theorem 1.2(b).

Outline. In Section 2 we setup the framework of the proof. Namely we introduce an expansion of the p-th
moment of Z, identify a trace term as the leading term, and establish several technical lemmas. In Section 3,
we give precise asymptotics of the leading trace term, and in Section 4 we establish bounds on the remaining
terms. Finally, in Section 5, we collect results from previous sections to give a proof of Theorem 1.2 and
Theorem 1.2(a)*.
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2. BASIC FRAMEWORK

Throughout this paper we use C = C(a,b,c¢,...) > 0 to denote a generic deterministic positive finite
constant that may change from line to line, but dependent on the designated variables a, b, c, . . ..

As mentioned previously, we will utilize Lemma 1.4 and (1.10) to develop a series expansion for E[(Z(2t,0)e12 )?].
This, however, requires a truncation at s = 1 first. To see why, referring to (1.12), with s = ™%, we see
that s < 1 corresponds to upper tail while s > 1 corresponds to lower tail. While we expect the later to have
minor contribution in the regime p > 0 we are probing, it is known that for s > 1 the Fredholm determinant
(1.12) behaves in an oscillatory fashion as t — co. With n := |p| +1 € Zso and o := p — |p| € [0,1), we
truncate

E[(Z(2t,0)e2)"] = %/O s N E[e 20 4 4 B (1), (2.1)
where
B, (t) = ﬁ /1 OB U] ds, U= Z(2t,0)e. (2.2)

For this term B, 1(t) we bound

! )/100 “nag[(sU)"e Y] ds < b sup {x”eﬂ”} !

< = — -
0= Bya(®) 'l -« “TI'(l—-a) >0 n+a—1

Recognize n + a — 1 = p, and apply the bounds ﬁ < G, for a € [0,1), and sup,>o{z"e™ "} <n".
By (t)] < Cp~tam. (2.3)

The bound (2.3) does not grow with ¢, and hence B, 1(t) will be a subdominant term.
Next, we wish to take 97 in the Fredholm determinant expansion (1.10) and develop the corresponding
series. Assuming (justified later) the derivative can be passed into the sum, we have

(_1)11 /1 —agn E[e—sZ(2t,0)e%] ds
Il -« s

T(1—a)
Fill_)a) / 1 ‘“8:(§<—1>Ltr<f<ﬁ,£>)ds 1_@ / —“Z (kP ds.  (24)

The passing of derivatives into sums will be justified in Lemma 4.4, and in Sectlons 3 and 4.1, we will show
that tr(K,}) is infinitely differentiable in s. As it turns out, the L = 1 term dominates. We then let

. _1\n+1 1
Ay (t) == %/0 sTYON tr(Ks ) ds, (2.5)
_1\n+L 1
By.1(t) := %/0 s Ol tr(K)f)ds, L>2 (2.6)

denote the leading and higher order terms.
In the following we will work with the Schatten norms of operators. Recall that, for u € [1, o0] and for a
compact operator T on L?(R>q), the u-th Schatten norm of 7T is defined as

||THu — (tr(T*T)u/2)1/u _ (ZSZ(T)U)l/u,

=1
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with the convention ||T'||co := limy— o0 [|T'||u, Where s;(T'), i € Z~¢, are the singular values of T'. In particular,
u = 1 gives the trace norm, u = 2 gives the Hilbert—Schmidt norm, and u = oo gives the operator norm
ITop == sup{% : f € L*(Rxo) \ {0}}, where |f| := (f,° |f(2)|? dz)/? denotes the norm on L*(Rx).
The Schatten norm decreases in u, so the trace norm is the strongest among all u € [1, 00]. We will use the
following ‘square-root trick’ to evaluate the trace norm of some operators.

Lemma 2.1. Consider a square-integrable kernel J(r,y) with fR+ (J | (r,y)|? dr)dy < co. Then the integral
operator T on L*(R>) with the kernel

7o) = [ T0:2) S dr
R
is positive and trace-class, with tv(T) = |T|l1 = [g (Jg|J(r, y)[? dr)dy.

Proof. Tt is more convenient to embed T into operators on L?(R). We do this by setting the kernel

T(a,1) 1= Ty (@)1 0) [ Tlrv) T e
to be zero outside (z,y) € RZ. This way we have the factorization T = J*.J, where J is an operator on L*(R)
with kernel 1g_,(y)J(r,y). The square integrability of J(r,y) guarantees that the operator J is Hilbert—
Schmidt, and the Cauchy—Schwartz inequality [|ThTs||1 < ||T1||2]|T2]|2 applied with T} = J*, T = J concludes
that T is trace-class, whence tr(T) = fR+(fR |J(r,y)|> dr)dy by Theorem 3.1 in [7]. The factorization

T = J*J implies that T is positive, whence tr(T) = ||T|1. O

Lemma 2.1 applied with J(r,y) = Ai(y + 7)(1 + %ce_tl/ST)_l/2 proves that the operator K ; (defined in (1.11))
is positive and trace-class.

Much of our subsequent analysis boils down to estimating integrals involving the Airy function Ai(z).
Here we prepare two technical lemmas that will be frequently used. To setup the notation, set

D(y) = /OO Ai*(z) da. (2.7)

Using the Airy differential equation, one can explicitly compute the antiderivative of Ai(x)? to get ®(y) =
Ai'(y)? — y Ai(y)?. Using known expansions of Ai(z), Ai'(z) for |z| > 1, e.g., Equation (1.07), (1.08), and
(1.09) in Chapter 11 of [59], we have that, for all y > 0 and for some universal C > 0,

SO+ 1) <0(—y) < O/ +1), 28)

_4 /2

_a,3/2
c(yl+1)e i §<I>(y) S y%e 3 (2'9)
Also consider
Uy(z) = qz* — 227, (2.10)
which enjoys the property
Uq(7) increases on z € [0, 2] and decreases on = € [1,00), U,(2) = %. (2.11)

Lemma 2.2. Fiz tg,qo € (0,00). There exists a constant C(to,qo) > 0, such that for all t >ty and q > qq,

3 3
#tq/ﬁq*gﬂe% < / 1O (12/3r) dr < C(to,qo)t77/6q73/2e%. (2.12)
C(to, q0) R

Proof. Let us first give a heuristic of the proof. The idea is to apply Laplace’s method. We seek to
approximate [, ed" O (t2/3r) dr by I et9a(")dr, for some appropriate function g,(r), and search the maximum

of g4(r) over 7 € R. The bounds of ® from (2.8) and (2.9) suggest log ®(t2/3r) ~ —%triﬂ and g,4(r) =

qr — %ri/ . This function achieves a maximum of q®/12 at r = ¢*/4, which gives the exponential factor

exp(qf;). The prefactor t~7/6¢=3/2 can then be obtained from localizing the integral around r = ¢?/4 and
using (2.9) to approximate the integral as a Gaussian integral.
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We now start the proof. Fix tg,qo > 0. To simplify notation, throughout this proof we write C =
C(to,qo) > 0, and for positive functions f1(a,b,...), f2(a,b,...), we write f; ~ fo if they bound each other
by a constant multiple, i.e.,

%fg(a,b, .. ) S fl(a,b, .. ) S sz(a,b, . .),

within the specified ranges of the variables a,b,.... Set p := 2. Divide [, e?"*®(¢t*/?r) dr into three regions
and let 71,75, and Z3 denote the respective integrals:
</ +/‘+/ )W@@“mv:zmﬁ+%@ﬁ+%@w- (2.13)
[(3=p)2.(54+p)°] - R>o\[(§=p)%,(§+0)°]

As suggested by the preceding heuristics, we anticipate Z;(q,t) to dominate. We begin with estimating this
term. Recall Uy(z) from (2.10). The bounds from (2.9) gives, for all ,t € R>o,

(V)
()~ 2.14
et ~ L (2.14)
The function U, (z) attains a maximum of ‘11—; at x = £ and U,(x) — ‘11—; =—(z—1)?(3(z — 1) +q). Integrate

both sides of (2.14) over [(4 — p)?, (% + p)?] and make a change of variable /7 — 2 — z. We get, for all
q, te RZOa

dx.

B [P 2z + et Grta)
Ti(g;t) ~ eﬁ/ ( 2223 732
—p 1+1¢ ($ + 5)
The choice p = 4 guarantees that for all 2 € [—p, p] and for all ¢ > g, we have & < %:1: +qz+ % <Cq
Then for all t > ¢y and ¢ > qq, there exists C > 0 such that for z € [—p, p],

2

q —tx? ém-{-
Lo 20t P O e (2.15)

_ <
C2/3¢" ST e2B@r i) CeRg

Integrate (2.15) over [—p, p] and use ffp e~ 1t dg ~ (tq)~1/2, for all t > to and q > qo. We now obtain, for
t > to and q > qo,

3¢
Ti(q,t) ~t7 /032" (2.16)

Having settled the asymptotics of Z;(q,t), we now turn to Za(q,t),Zs(q,t). For Zz(q,t), use (2.8) to get

et (\/£2/3]r] + 1)dr < Cq~*/2t77/% 4 Cq~ 171, (2.17)

As for Z3(q,t), integrate both sides of (2.14) over R>q \ [(£ — p)?, (£ + p)?] and then make the change of
variable /7 — x to get

0
osz@wsc/

— 00

2$67%(m7%)2(4m+q)

3¢
0< Zs(q,t) < Ce' / dz. (2.18)

Roo\[(—p),(24p)] 1 +1t%/322

For z € R>o\ [(£ — p), (£ + p)], we have (2 — £)? > p?. The AM-GM inequality inequality gives 1+ ¢*/3z% >
2t1/3z, and equivalently H;% < t~1/3. Applying these bounds on the r.h.s. of (2.18) and then releasing
the region of integration to R>q, we get that

atp?
3

3¢
Ts(q,t) < Cemt=43p 2 (2.19)

3¢
It is straightforward to check that the r.h.s. of (2.17) and (2.19) can be further bounded by C¢~7/6¢=3/2¢ |
for all £ > ty and g > qg. Hence

3¢
0 < Zo(q,t) +Is(q,t) < Ct~T/0q3/2em .

This together with (2.16) gives the desired result (2.12). O
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Lemma 2.3. Recall U, from (2.10). There exists a constant C = C(tg,qo) > 0 such that for all t > to,
q > q0, and /S [07 00]7

y
/ eTt (12 3r)dr < C(to, qo) t~°/% exp (tUqy(min{\/y, 2})). (2.20)

Remark 2.4. The prefactor t—%/6 in (2.12) is likely suboptimal, but suffices for our subsequent analysis.

Proof. When y € [%, o0], we release the range of integration of the Lh.s. of (2.20) to R and use the upper
bound in Lemma 2.2. Observe that U, (min{\/ﬂ,% ) = ‘11—; and t and ¢ are bounded below by ¢y and qo.
Absorb t=1/3 and ¢=3/2 in the constant C(to, qo) to get the desired bound in (2.20).

Moving onto y € [0,¢%/4), from (2.17) we already have a bound on fEOO et ®(t2/3r)dr of the desired
form. Hence, it suffices to bound for [/ e ®(t2/3r)dr. From (2.14), make a change of variable /7 +— 1,

and in the result bound 1-%1622%12 < t=1/3. We have
v Y otUq(VT) VY 9petUale) VY
/ eI (12/3r)dr < C/ < = C/ = d < Ctil/g/ etVa@dy, (2.21)
0 0 1 +t2/3'r 0 1 +t2/3$2 0
We next bound the last expression in (2.21) in two cases.
the derivative U, () = 2x(q — 2z) is
increasing in 2 € [0, {]. Hence, for any z € [0, 1], U;(2) < U () = 4. Thus, for any = € [0, ,/y], we have
2 € [z,/y] for which
2
Us(Vy) = Uglx) = Ug(z:) (VY — ) S Ug(H (VY — 2) = T (Vy — 2). (2.22)

Using (2.22) to bound exp(tUy(z)) and integrating the result over x € [0, /y] gives

Case1l. 0<y< %. Since U,/ (z) = 2q — 8 is positive for z € [0, %)
q

[V

[ [ e [ s e s s
0 “Jo - gt

5 <y < 4. In this case we have ¢ > 2,/y, which gives
Us(VH) = Ug(w) = aly — o) = 5(4° = %) 2 25y — 2®) = 3(5*% = 2®) = 5(Vi — 2)*(v/y + 22).
In the last expression, further use \/y + 2z > /y > { to get
Ua(Vy) = Uq(2) > (VY — 2)*. (2.24)
Using (2.24) to bound exp(tU,(x)) and integrate the result over = € [0, /y] gives

/ﬁewq@dx < /ﬁeth(ﬁ)‘éqt<ﬁ—w>2dw < /ﬁ UV =5V 4z < 1/gewq<\/@. (2.25)
0 “Jo T “\Va

Combining (2.23) and (2.25) and inserting the bounds into (2.21) gives the desired result. O

3. ESTIMATES FOR THE LEADING TERM

The goal of this section is to obtain the ¢ — oo asymptotics of jp(t) defined in (2.5), accurate up to
constant multiples.

Let us first settle the differentiability in s of the operator K, defined in (1.11). Recall K, (z,y) from
(1.11), then perform a change of variable 7 — t2/31 to get

Ko (z,y) =3 / Ai(z 4 t237) Ai(y 4+ 23r)v(s, t, r)dr, (3.1)
R
v(s, t,r) = _ (3.2)
)= T T .

Formally differentiating the kernel K +(z,y) in (1.11) in s suggests that the n-th derivative of Kj; should
have kernel

K)(2,y) = /3 / Aie + 2/3r) Ay + /)90 (s, t,7) dr, (3.3)
R
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with the convention Ks(?t) (x,y) := K (x,y). Differentiating (3.2) with respect to s we get

(_1)n—ln!e—rt
(S_|_efrt)n+l .
Since (—1)"~'9"v(s,t,r) > 0, Lemma 2.1 applied with J(r,y) = Ai(y + t>/37r)((=1)""*0%v(s, t,7))"/? gives
that (—1)"~ K;t) defines a positive trace-class operator on L?(Rxq).

(s, t,r) = (3.4)

Lemma 3.1. For any n € Z>o, u € [1,00] and t > 0, the operator Ks(?e) is differentiable in s at each s > 0

in the u-th Schatten norm, with derivative being equal to K(n+1), i.e.,
(n) (n)
lim Ks’,t - Ks,t (1) -0
s’ —s s’ —s sit u '

Proof. Since the Schatten norms decreases in u, without lost of generality we assume u = 1. Fix n € Z>¢

and t > 0, and set D, o = = S(K(fl,)5 - Ki?) - Kizﬂ). Use (3.3) to express the kernel of Dy ¢ as an
integral involving d%v and 0" !v, and Taylor expand 8 v(a t,r) around o = s up to the first order, i.e.,
(s, r) — (s, t,r) — (s — s)0n T (s, t,r) = 3 [ ( 0)0" 2v(o,t,r) do. We then get

ﬁ/ (s — )" 20 (0, t, 1) da)dr

(s —s
(s~ o)

2(s" — s)

Dy, (z,y) = t*/° / Ai(z +£2/%r) Ai(y + t2/3r)(
R

= ¢?/3 / Ai(z + t2°%r) Ai(y + t*/3r)sign(s’ — 5)1(s,51|(0) " 2u(o,t,7) dodr,
R>oxR

where |(s,8")] := (s,s') for s < s" and |(s, s')| := (¢, s) for &’ < s.
Our goal is to show that || Ds ¢ |1 converges to zero as s’ — s. As seen from (3.4), we have (—1)" 197 2y (o, t,7) >
0. Applying Lemma 2.1 with J(r,y) = Ai(y + t*/3r)((=1)"t102 2v(0, t,r))~/? gives
| Ds,o (|1 = t2/3/ Ai%(x + t2/37“)1‘(s’51)| ‘S;U)ang(o, t, r)‘dadxdr, (3.5)
]R2ZD><R 2 )
provided that the last integral converges. To check the convergence, recognizing fR Ai(x + 1232 dx =
®(t2/3r) substituting (3.4) into (3.5), bound (o + e~ ")"+3 > e~ (n+3)rt and |2(S 5 < o3
1
(r.hus. of (3.5)) < E(n + 2)!t2/3/ e(”+2)”<1>(t2/3r)1|(515,)‘(U)|d0dr. (3.6)
RZO xR

By Lemma 2.3 with y — oo, the r.h.s. of (3.6) is finite for each s’ € R>¢. From this and the dominated
convergence theorem, we conclude the desired result ||Ds ¢ |1 < (r.hus. of (3.6)) — 0, as ' — s. O

Applying Lemma 3.1 with u = 1 gives 9'tr(K,,) = tr(KS(?) Further, since the operator KS(? has

a continuous kernel given in (3.3) and is a trace-class operator, the trace can be written as tr(K S( t)) =

fo (z,x) dz (see Corollary 3.2 in [7]). To evaluate the last integral, insert (3.2) into (3.1) and (3.4) into
(3.3) to get
_g2/3 [ L 542/3
tr(Ksy) =t /]R T %e_rtfl)(t r)dr, (3.7)
n _ )y _joss [ (ED)"TInle™™ oo
as tr(Ks,t) - tr(K&t ) =t / /RW@(t / T) d?", n e Z>0, (38)

where ®(y) is defined in (2.7). Armed with the expressions (3.7) and (3.8), we now proceed to establish the
desired asymptotics of A,(¢). Recall from (2.5) A,(¢) involves an integral over s € [0, 1]. It is convention to
write it as the difference of an integral over s € [0, 00) and over s € [0, 1]:

Ap(t) = Ap(t) — Ay(t), (3.9)
R (_1)n+1 Oos—a m i s n N (_1)n+1 > s~ tr s
Ay(0) = s /0 o7 () ds, (D) = 1t /1 O tr(K 1) ds, (3.10)

where n:= |p| +1 € Zsog and o :=p — |p] € [0,1).
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Proposition 3.2. Fiz any to,po > 0. There exists C = C(tg, po) > 0 such that for all t >ty and p > po,

Jod p3t

2T <A, (1) < CpEiD(p+ 1)t R e (3.11)
A, () <T(p+1)C. (3.12)

Lp 2T(p+ 1)t

Proof. Fix tg,po > 0. To simplify notation, throughout this proof we assume t > ¢y and p > py and write
C = C(to,po)- Referring to (2.5) and (3.8), we set

2/3 —rt(42/3
Dp,(s) = Ls‘“/ wdr (3.13)

I'(l—a) s+ e rhntl
so that A,( fo gbp +(s)ds and .A fl dp.e(s)d
To estlmate Ay ( fo Op.i(s)ds, 1ntegrate (3. 13) over s € [0,00) to get

/3 b (42/3 o sTds
/O ¢p7t(5) dS— m/}RS t@(t 'I")(/O W)d'f

The inner integral on the right hand side can be identified with the Beta integral. Namely the change of
variable v = 2= yields

o —d ! (1 —a)l
S S — enrt—i—art U_a(l _ v)n—l—i—adv — enrt—i—art ( Oé) (n + a) . (314)
0 (S + e—rt)n-i—l o n!

This then gives [~ ¢p¢(s)ds = t/°T'(p + 1) [; e?"*®(t*/?r)dr. The asymptotics of last integral is given by
Lemma 2.2 with ¢ — p. From this we conclude the desired estimate (3.11) of A,(t).

Next we turn to .A = [~ ép.i(s)ds. Integrate (3.13) over s € (1,00), divide the integral over r €
(—00,0] and r € [0, oo) and for the former release the integral over s from s € (1,00) to s € [0,00). This
gives 0 < floo dp(s)ds < Ay + Ay, where

!t2/3 —’rt(I) t2/3 !t2/3 —Tt(I) t2/3
L1 = a) Ji,00)x (—0,0] (s+e ") F(1—a) Jaooyxjoe)  (s+e7m)

For A; use (3.14) and then the bound from Lemma 2.3 with ¢ — p and y — 0. We have

0
Ay = 2BT(p + 1)/ ePD(2/37) dr < /5T (p 4 1)C. (3.15)

For Az, use s > 1 to bound S*QW § 57"~ and use the fact that ® is decreasing (see (2.7)) to
bound ®(¢?/3r) < ®(0) = C. Together with ( & < L for a €0,1), we have

1£2/3 o0 oo
Ay < CL/ st ds/ e "tdr < (n — 1)!t71/30 < til/gF(p +1)C. (3.16)
I'l-a)/; 0

The last inequality follows from the fact that I'(y) is increasing for y > 1 to bound (n—1)! =T'(n) < T'(p+1).
Using t > t to bound ¢~1/6,¢+=1/3 < C, the bounds (3.15) and (3.16) together gives the desired bound for
(3.12). 0

4. BOUNDS FOR HIGHER ORDER TERMS

To goal of this section is to establish bounds on the term B, ,(t) defined in (2.6). Along the way we will
also justify passing derivatives into sums in (2.4).

Recall from (3.3) and Lemma 3.1 that K (n t) is the n-th derivative in s of K, ;. To prepare for subsequent
analysis, we provide bounds on tr(Kj ) and tr(Kg?).

Lemma 4.1. Recall Uy from (2.10). For any to > 0, there exists a constant C(to) > 0 such that for all
o €10,00], t > tg, and n € Zxy,

|tr(Ke-to )| < C(to) exp(tUs (min{\/7, 3}) — to), (4.1)
(K™, )| < nlClto) exp(tU (min{v/a, £})). (4.2)
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Proof. The starting point of the proof is the explicit expressions (3.7) and (3.8) of the traces. In (3.7), set

s = e~ %% and divide the integral into r < o and r > o to get

t2/3
tr( Koo ) = t2/3 / / =11+ Io. (4.3)

1 + etcr tr
For Z; use 1 + et~ > ¢t~ and Lemma 2.3 with ¢ = 1 and y = 0. We have, for all ¢t > tg,
Ty < C(to) exp(tUr (min{\/o, £}) — to). (4.4)
The second integral Z> can be calculated explicitly by using Airy differential equation, whereby
L= [ e =g(t*0). gly) = 1P AP - AW - AW ATW). (45)
t=/°o

Using the known |y| > 1 asymptotics of Ai(y) and Ai’(y) (see Equations (1.07), (1.08), and (1.09) in Chapter
11 of [59] for example), we obtain g(y) < Cexp(—3y®/?) for all y > 0. Using (2.11) we further bound the
exponent —4y*/? < Uy(min{,/y, 3}) — y for all y > 0. From this we conclude (4.1).

Moving on, similarly to the preceding, in (3.7) we set s = e~ and divide the integral into r < ¢ and

r > o to get
et 2/3
(n) 2/3 (I) t )d _
|tr(K =t ) n't/ / / (et +e Tt)nJrl =0+

For Ji, use e %t + 7"t > ¢7™ and Lemma 2.3 with ¢ = n to get, for t > ¢,
T < / "ot *r)dr < n! C(to) t /% exp(tU, (min{\/z, 21)) < n! C(to) exp(tUy (min{y/o, 2})).

This gives the desired bound for showing (4.2). As for J, use e 7% + e~ > ¢7° and the fact that ® is
non-increasing to get

J2 < et("+l)0<1>(t2/30)/ e Ttdr = t7Lem B (1 30).

Further bounding ®(y) < Cexp(—3y*/?) (by (2.9)) gives J2 < t5 " exp(tUn(y/7)), for all t > to. From (2.11)
we have Uy (1/s) < Uy(min{y/s, ¢/2}), for all ¢, g > 0. From this we conclude J» < ty " exp(tU, (min{/s, 2})),
for all ¢ > ty. This completes the proof of (4.2). O

4.1. Interchange of sum and derivatives. In this subsection, we show that the series

oo

> (=1)E(KLF) (4.6)

L=1
is infinitely differentiable in s and the derivative can be obtained by taking term-by-term differentiation. To
this end we will use the following standard criterion:
Proposition 4.2. Let fi(s), k € Zsg, be (n+ 1) times continuously differentiable functions on s € [0, 1],
where n € Zso. If the series J(s) =302, fu(s) converges absolutely at each s € [0,1], and if the absolute
derivative series Y e |4 dsﬂ fi(8)| converges uniformly over bounded intervals in [0,1], forallj=1,...,n+1,

then f is n-th differentiable for all s € [0, 1] with g f(s) =>4 dsﬂ fiu(s), forallj=1,...,n

The proof of this proposition is standard by applying Dini’s theorem to the sequence Zif:l fos % fe(s)|ds.

Let us consider first the s derivative of tr(K/f). Recall from (3.3) and Lemma 4.4 that KS(? denotes the
n-th s derivative of K ;. Fix any orthonormal basis {e;}i>1 for L?(R>q) and write

tr(Ké\tL) = Z <ei1 AoooNeip, Kseig Ao A KsﬁteiL> = Z det (<eik7Ks,tei@>)£)€:1- (4.7)
n<...<ip 11 <...<tr,

Formally taking 07 in (4.7) and passing (without justification at the moment) the derivatives into the sum
and inner product suggest that the following should hold

n m
8nt1‘ Ké\f Z Z <7’ﬁ) det (<eik ) K.g,t Z)eie>)£,€:17

11 <...<tp meM(L,n)
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where
M(L,n) = {m = (m,...,mg) € (Zs0)* :m1+ - +my =n}, (4.8)

n n!
(m> «— m. (4.9)

We now proceed to justify this formal calculation. Doing so requires an inequality. Recall that |||z denotes
the Hilbert—-Schmidt norm.

Lemma 4.3. Fiz any k € Z~o and any permutation m € Si. Let T1,Ts, ..., T be self-adjoint Hilbert—
Schmidt operators on a separable Hilbert space H, and let {e;};>1 be any orthonormal basis. Then

Z H ‘ Cig, T, elw(l) < H HT H2 (4.10)

i1,..,0, €L>0 =1

Proof. Tt suffices to prove (4.10) for the case when 7 is a cycle of length k. For general 7 € Sy, decompose
it into cycles of smaller lengths and apply the result within each cycle. Further, since the r.h.s. of (4.10) is
symmetric in T1,...,T;, we may assume without loss of generality 7 = (12...%). Under this assumption
the Lh.s. of (4.10) becomes

k
Z H ’<eitz7T@+leie+1> )

11,0 €L>0 =1

(4.11)

with the convention Ty11 := T and e;,,, = e;,.
Let |+|g denote the norm of the Hilbert space H. Apply the Cauchy—Schwarz inequality in (4.11) over the
sum iy € Zxo, and within the result recognize (3, |(ei,, Ta€i,)|? )2 = |Tyey, | and (324, [(€ins Taeay) | W2 = Tsei,|n.
We have
k

Lh.s. of (4.11) < Z ‘Tgel1 ‘H ‘TgGZS‘H H‘ ezeaT€+1€w+1>’

Zl Z'g k (=4
Next apply the Cauchy-Schwarz inequality over the sum i3 € Z~o. Within the result recognize (3, [T3ei, |2)1/% =
T3]z and (32, [{eiss Taei,)|*)/? = [Taei,|n. We have
L
Lh.s. of (4.11) < Z Taei, |y || Tseis ||, | Taei] H [(eips Tegrei,, )|

11,04,k =5
Continue this procedure through i;, j = 4,...,k. Each application of the the Cauchy-Schwarz inequality
turns the preexisting |Tje;;|g into [|Tj[|2 and produces |Tjiie;,,,|m. Finally, after the j = k step, an
application of the Cauchy—Schwarz inequality over i1 turns |The;, | and |Tie;, |g into ||Te||2 and ||Ty|2. O

Lemma 4.4. Let M(L,n) be in (4.8). Fiz L € Z~q, and fix any orthonormal basis {e;}i>1 for L?(Rxo).
For any t > 0, the function s — tr(K}\[') is infinitely differentiable at each s € [0,1], with

n /\L n ) (me) L
otr(KLf) = Y > (m) det ({ea, Kl ein)) o oy (4.12)
i1 <...<ir meM(L,n)
where the r.h.s. converges absolutely uniformly over [0,1] 3 s.
Proof. First, by the product rule of calculus we have
9y det (<eik’K51teil>)k,é:1 = Z (m> det (85 ‘ <eik7K57teiz>)k,e:1'
meM(L,n)
By Lemma 3.1 for u = oo, the derivatives on the r.h.s. can be passed into the inner product to give
n L n m L
9% det (<eik,K57t6i£>)M:1 = Z (m) det (<eik,KS(7t [)ei’f>)k,£:1' (4.13)
meM(L,n)

We wish to apply Proposition 4.2 with {fx}7° ; being an enumeration of {det({e;, , K tew>)£g Vi< <iy -
The series in (4.7) converges absolutely for each s € [0,1] (with ¢ € (0, 00) fixed) because K/ is trace-class.
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Given the identity (4.13) for the derivative series, it suffices to prove that the r.h.s. of (4.12) converges
absolutely and uniformly over [0, 1] 3 s. To this end, apply Lemma 4.3 with k = L and T; = K S(T) to get

>y (%) ’det (<eik’KS(,T[)eil>)£,€:1‘ < > ( >HHK<W I,

i1<...<ip meM(L,n) meM(L,n)

Recall that (—1)m_1K§1t) is a positive trace-class operator, whereby HK ||2 < HKS ! ||1 = |tr(K, T))| and

)BID SR G I ERY(OR VR N ES I S ()m KOO @

i1<...<iL MEM(L,n) mEM(L,n)

The bounds from Lemma 4.1 guarantee that the r.h.s. of (4.14) converges uniformly over [0, 1] 3 s, for fixed
t>0. O

We now counsider the s derivative of the series (4.6).

Proposition 4.5. Let M(L,n) be in (4.8). For m € M(L,n), set Mo :={k:my >0} C {1,...,L} and
let |Mso| denotes the cardinality. For any t > 0, the series (4.6) is infinitely differentiable in s € [0,1], with

o (S L) = SO (-1 ar (R, w15)

L=1 L=1
otr(K | < (") ([72>o])! (K] 4.16
‘ s I‘( s,t )| = ﬁemTZ(L " 3 |m>0| ' H ‘ T s,t ( )

Proof. We will appeal to Proposition 4.2, with the choice fL(s) = (=1)*tr(K.f). Doing so requires bounds
on the derivatives series, which we achieve by using Lemma 4.4. This lemma holds for any orthonormal
basis, and here, with K ; being compact and symmetric, we specialize to the eigenbasis of K, ;. Let {v;}i>1
be an orthonormal basis of K., with eigenvalue \;. Indeed v; and A; depend on s,¢, but we omit such
dependence since in the subsequent analysis we will not vary s,¢. Expand the determinant in (4.12) into a
sum of permutations, and specialize to e; = v;:

L

(M (iy))

Ortr(KLp) = Z Z ( ) Z sign(m H (i, Ky ’Uiﬂ(ik)>. (4.17)
i1 <...<ip meM(L,n) TeSL k=1

Recall the convention K §f’2 := K ;. Because of the eigenrelation K 1v; = A;v;, the product in (4.17) vanishes

unless 7(r) = r for all » € {k : my = 0}. Such permutations can be reduced to permutations on the set

mso C {1,...,L}, and we let S(m~¢) denote the subgroup of all such reduced permutations. The preceding

discussion brings (4.17) to
n . (M iy))
(KM = Y. Y (m) T x D0 sientm) [ (i Ko™ vi,,))-
i1 <...<tp meM(L,n) k:mp=0 TE€S(M>0) kemso

To bound this expression, take absolute value and pass it into the sum and products on the r.h.s., bound
the ordered sum >, _ _, by the symmetrized sum m D g mp=0 Digtein e and then use 37 [Ai| =

Yo =tr(Ke ) = tr(K (0)) We have
1 = (m
}6?t1”(KQf)’ < Z (ﬁ>ﬁtr(K§?)L—m>o Z Z H Uzea ﬂ(ll))vi,(il)ﬂ'
meM(L,n) m ( n |m>0|). TES(M>0) te:lEM>0 LEM S0

Now apply Lemma 4.3 with k — |m~¢| and with the T;’s being the K(mk)’s and use HK ||2 < ||K H1 =
[tr (K )| We further obtain

lore(K0 )< > (%) (7 0l) H\t K] (4.18)

I
meM(L,n) = I7i>ol)

This is exactly (4.16).
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The bounds from Lemma 4.1 ensure that []r_, |tr(Ks()Tk))| < C(t,n)k, for all s € [0,1]. Given this, it
is straightforward to verify that, when summed over L > 1, the r.h.s. of (4.18) converges uniformly over
[0,1] 5 s, for fixed ¢,n. Proposition 4.2 applied with fr(s) = (=1)"tr(K/'}') completes the proof. O

4.2. Bounds. The goal of this subsection is to bound the term B, 1 (¢), defined in (2.6). Recall IM(L,n)
from (4.8). Referring to (2.6) and (4.16), we see that

|Bp,L<t>|sﬁ 3 <7’;) (7o )! H / 5 |ex(K ™)) ds. (4.19)

!
MmEM(L,n) — li>ol)
In view of (4.19), we first establish

Proposition 4.6. Fix any tg,po > 0. There exists a constant C = C(to,po) > 0 such that for all t > to,
p 2p07 L > 27 and m = (mla' "7mL) € m(Lvn)7

L
1 /l - (m;) LoL B
— [ s | | [tr(Kg ;7 )|ds < n-nlC" ¢z ez ~Fr", (4.20)
I'(l1-a)/y e !

where n = |p] +1 and o :=p — |p| and kp := min{3, %}.

Proof. Fix L > 2, p > pg, m = (ma,...,mg) € M(L,n). To simplify notation, throughout this proof we
assume t > tg and p > pg, and write C = C(tg,po). Set

1 /1 T (m;)
= sTU] Itr(K,,77)|ds (4.21)
'l—a) Jy 31;[1 ot

and |Msg| := r. Assume without loss of generality 0 < my,...,m, and m,41 = --- = my = 0. Our goal is
to bound Z. In (4.21), perform a change of variable s = ¢~°, apply the bounds from Lemma 4.1, and recall
Uq from (2.10). We have, for all ¢t > ¢,

T

ct > toa tU; (min{y/o, 1} —to) L=r etUm; (min{v7, "2 }) —to
Iém/o . (06 : 3 ) .E(mj)! T et do, (4.22)

Given that my + ... +mz = n we have [[;_,(m;)! < nl. Apply this bound in (4.22), and combine the
exponential functions in the integrand together to get exp(tM (o)), where

M(o) :==(a = L+r—1)o+ (L —r)Ui(min{y/c, 1}) + Z Upn, (min{y/o, ZL}). (4.23)
j=1
We arrive at
tCEknl [
T< 2" / etM(@) 4, (4.24)
Our next step is to bound the exponent M (o), which we do in several different cases.
When o € [0, 1].

Recall from (2.10) that U,(z) is increasing on « € [0, ¢/2]. Hence, for o < %, the ‘min’ operators in (4.23)
always pick up Vo, whence M (o) simplifies into M (o) = po — 2£03/2 := gy (o). This function g; achieves its

% = _%(\/E #)? (p+4L\/—) —2(y/o — #)?. This gives
M(o) < 3 - 5(Vo - ). (4.25)

maximum 7z at 0 = T Further, g1(o) —

When r > 2 and o € (§,00).
In this case, referring to (2.10), we see Uy (min{/, 3}) = Ui(3) = 5. Hence M (o) simplifies into M (o) =
ola =1) = (L = r)(0 = 15) + Xj_y Um,; (min{\/7, 3m;}). Forgo the negative term —(L —r)(c — 15) and

use (2.11) to bound Uy, (min{/7, 3m;}) < $5m3. We have

M(o) < o(a—1)+ ijl Lmd. (4.26)
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Recall that mq + ...+ m, = n. The cubic sum in (4.26) tends to be larger when mass concentrates on fewer
m;’s. Under the current assumption r > 2, it is conceivable that the cubit sum is at most (n — 1)3 + 13.
To prove this, write m$ + ...+ m3 < m$ + (ma2 + -+ +m,)®> = m$ + (n —m1)?, and note that the last
expression, as a function of m; € [1,n — 1], reaches its maximum at m; = 1, (n — 1). Using this bound on
the cubic sum we have

M(o) <ola—1)+ &((n—1)>+1). (4.27)

When r =1 and o € (%,oo).
Under current assumptions, using (2.11) we see that

S+ L—-1
M(o) = ofa — L) + 2. (4.28)
When r=1,0€ (3,2 ]andp>L
When r =1 and o > % the exponent M (o) takes the form
M(o)=o(a—L)+ 5L -1)+U,(vVo) =o(n+a—L)+ 5(L—1)— 4652 = gy(0). (4.29)
Differentiating in o shows that go reaches its maximum 5(p — L+ 1)3 + (L —1) at 0 = (p — L + 1)?/4.

Further go(o) — w L= _L(\o— %)Q(p — L +1+44/0). Using the current assumption p > L
to bound (p — L + 1+ 4+/0) > 1 we get

— 3 _ —
M(o) < =gl 4 L5t — (Vo — E=gH)%, (4.30)

When r =1, ae(}l,’f],andp<L

Here we also have the expression (4. 29) of M (o). Under the current assumption p < L. Differentiating in o
shows that g, is decreasing on s € (7, ] Further g2(0) —g2(3) = (p—L+1)(0 — 1) — 3 (632 — 1). Use the
current assumptions to bound (p — L+1)( —1) < (0—13). Weget g2(0) —g2(3) < (0— 1) —3(c*2 = %) =

—2(144y/0)(y/o — 1)?. Further bound —1(1 + 4,/0) < 1. Together with g2(%) = 3p;22L, we have

M(o) < 5(3p —2L) — (V& — )% (431)

Now, in each of the preceding case, use the respective bound (4.25), (4.27), (4.28), (4.30), or (4.31) to
bound the integral [ A eM(@)dg on the relevant range A. For the resulting integral,

perform a change of variable y/o — u, which introduces a factor 2u; bound this factor by 2 - %, release the
range of integration from u € (0, %) to u € R, and evaluate the resulting integral.

evaluate the resulting integral.

evaluate the resulting integral.

perform a change of variable /o — u, which introduces a factor 2u; bound this factor by 2u < n, release
the range of integration from u € (1, 2) to u € R, and evaluate the resulting integral.

perform a change of variable /o — u 4 2 5, which introduces a factor 2u + 1; release the range of integration
from u € (0, 251) to u € R>p, and evaluate the resulting integral.

This gives the following bound on [ A etM(@)do on the relevant region A:
(1) Cp#t explih))
n—1)>3 —a
(2) Ot 1 — o)t explt( 23— 150))
(3) Ct~H(L — o) Lexp(t(Lg=t — o)y
(
(5

£) Ct-tnexp(((p— L+1)° + (L— 1))
) €t + 12 exp(4 (3p — 21)

. . 3
Our goal is to have the exponent strictly less that ¢ 5.

<P_t_P3

(1) Since L > 2 we have 12L2 < 5
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(2) Under the current assumption r > 2 forces n > 2, and p > 1 and hence

IS
w0

(n—1)341 _l-a p? (p(n=1)—Do o® 1 <
12 4 12 4 12 6 —

—_
N
o=

(3) The exponent in (3) therein is decreasing in L. This gives

n?+L-1 _ n?(L—a) - nit1 _ n’Q2-a) _ p° _ (- a) (p+2n) 3n2-1 ~ p® 1

12 4 — 12 4 12 12 — 12 6"

(4) View the exponent in (4) as a function g3(z) := 5 ((p — x)3 +x) of x :== L — 1. Under the relevant

assumption p > L and 2 < L, differentiating g3 show that g3 is maximized at x = 1. This gives
5((p—L+1)°+(L-1)) <os(l) = 15 (P° — 3p? +3p) < 5 (p° — 6).

(5) Use L > 2 to bound £ (3p — 2L) < 12 L (3p —4). For p > 0, the last expression is always bounded by

’1’—; — 1, which gives 5(3p —2L) < &5 — L.

Collect the preceding discussion and refer back to (4.24). We arrive at

(1)

Further apply the bounds p_% <p,? =0C, F(l o) < C, and m < C, for all @ € [0,1). We conclude
the desired result. g

Ol

t | p3t
T< e%CLir( i )(p_%t%e_lia +

+e 6 bntTe s +(1+t%)6_%>.
11—«

-

Proposition 4.7. Fiz any to,po > 0. Recall By 1.(t) from (2.6). There exists a constant C = C(tg,po) > 0
such that for all t >ty and p > po,

ST IBu i) < n- (n))? (nC)" tF ' et (4.32)

L>2
where n:= |p] +1 and a:=p — |p|, and k), := min{%, %}-

Proof. Multiply both sides of (4.16) by s, integrate the result over s € [0, 1], and apply the bound (4.20).
We get, for C = C(to, po),

Lhs. of (4.32) < (n+ 1) =t 5 57 <@)((L|ﬁ>ol)!CL

_ !
L>2meM(L,n) m |m>0|)-

Within the last expression, use |m~q| < n to bound (L(Tll%‘;‘g]), < ((Lfﬁ)”! , and evaluate the sum Zmeim(L,n) (%) =
L™. This gives
" L
Lh.s. of (4.32) < n- (n)?¢> o5t Z C (4.33)

L>2

In the sum in (4.33), bound L™ < (2n+(L—2n)4)" < 27(2n)"+2"((L—2n),)", use {21

)
(T—n)t = (Z—2n) )V
and evaluate the resulting series. The result shows that the sum in (4.33) is bounded by (nC)™. This

completes the proof. O

(

5. PROOF OF THEOREM 1.2 AND THEOREM 1.2(A)*

We begin with the proof of Theorem 1.2(a)*. Lemma 4.4 justifies the passing of derivatives in (2.4). Recall
the definition of A,(t), B, (), L > 2, and B, 1(t) from in (2.5), (2.6), and (2.2), we have E[(Z(2t,0)e12 )?] =
Ap(t) + 32151 Bp,r(t). Further, recall from (3.9) that Ay(t) = Ap(t) — Ap(t), so

E[(Z(26,00e)"] = Ay(t) = Ap(t) + 3 Bp.n(t)
L>1

Given the bound (2.3) and the bounds from Propositions 3.2 and 4.7, Theorem 1.2(a)* now follows for
By(t) := —Ap(t) + > 151 Bp,L(t)-

Next, Theorem 1.2(a) follows immediately from Theorem 1.2(a)*. It now remains only to show Theo-
rem 1.2(b). We will establish the large deviation upper and lower bound separately. To simplify notation set
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Vi := H(2t,0) + &5. Fix y > 0. Markov’s inequality gives P[V; > ty] < e PYE[eP"*]. Apply Theorem 1.2(a),
take logarithm, and divide by t. We obtain, for all p > 0,

limsup 1 log P[V; > ty] < —py + %p?’. (5.1)
t—o00
Minimizing the right side of (5.1) over p > 0, we obtain the desired large deviation upper bound

lim sup % logP[V; > ty] < _%y3/2_
t—o0

For lower bound we employ the standard change-of-measure argument and utilize the strict convexity of
the function %pB, p> 0. Fix e > 0, set ¢, :=2(y + 5)1/2, and let V; denote the random variable with the

tilted law P[V; € A] = s Ele™ 1y (Vi)]. We write

ed* Vt]

PV, > ty] = E[e—q*fft 150y CE[et V1] > e~te- (0+2) ple Vi) P[Vt € [ty t(y + 22)]]. (5.2)

Our goal is to show that limy_,, P[V; € [ty, t(y+2¢)]] = 1. To this end, for X € (0, ¢.) bound the complement
probability by Markov’s inequality as
Ele(d-—VVt]
E[et-V:]
) E[e(q»«‘f’)\)‘/t]
E[e‘I*Vt]

P[‘N/t <ty] < eAtyE[e_MZ] = MW

P[‘Z > t(y+2£)} < 67>\t(y+26)E[6>\‘7t] — ef)\t(y+25

Take log, divide the result by ¢, and apply Theorem 1.2(a). We obtain

lim sup + logP[V} <ty] <yr+ (g —A)? — 5, (5.3)
t—o0

limsup 2 log P[V; > t(y +2¢)] < —(y + 26)A + 15(qx + \)® — &5 (5.4)
t—o00

Now, view the r.h.s. of (5.3) and (5.4) as functions of A € (—gx, g«). It is readily checked that these functions
are strictly convex, zero at A = 0, and has negative derivative at A = 0. Hence there exists a small
enough A« = A.(g,y) > 0 such that the r.h.s. of (5.3) and (5.4) are negative for A = A.. This gives
limy ;00 P[V; € [ty, t(y+2¢)]] = 1. Use this in (5.2), take log, divide the result by ¢, and apply Theorem 1.2(a)
to get

liminf 3 log P[V; > ty] > —q.(y +2¢) + g54¢ = —5(y +)*/% = 2e(y + )%,

Since € > 0 was arbitrary, sending € — 0 gives the desired large deviation lower bound.
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