The Annals of Probability

2023, Vol. 51, No. 6, 2265-2300
https://doi.org/10.1214/23-A0P1648

© Institute of Mathematical Statistics, 2023

THE CRITICAL 2D STOCHASTIC HEAT FLOW IS NOT A GAUSSIAN
MULTIPLICATIVE CHAOS

BY FRANCESCO CARAVENNA!"2, RONGFENG SUN?P AND NIKOS ZYGOURAS>®

lDipartimento di Matematica e Applicazioni, Universita degli Studi di Milano-Bicocca, ®francesco.caravenna@unimib.it

b

2Department of Mathematics, National University of Singapore, ° matsr@nus.edu.sg

3Department of Mathematics, University of Warwick, N.Zygouras @warwick.ac.uk

The critical 2d stochastic heat flow (SHF) is a stochastic process of ran-
dom measures on R2, recently constructed in (Invent. Math. 233 (2023) 325—
460). We show that this process falls outside the class of Gaussian multiplica-
tive chaos (GMC), in the sense that it cannot be realised as the exponential
of a (generalised) Gaussian field. We achieve this by deriving strict lower
bounds on the moments of the SHF that are of independent interest.

1. Introduction. The critical 2d stochastic heat flow (SHF) is a stochastic process of
random measures on R2, constructed in [9] as a universal limit of random polymer models.
It is the natural candidate solution of the (ill-defined) critical 2d stochastic heat equation,

(1.1) oru(t,x)= %Au(r,x) + BE(, Yu(t,x), t>0,x€ Rz,

where £(¢, x) represents space-time white noise, that is a Gaussian field, delta-correlated
in space and time. The term critical refers both to the fact that dimension 2 is a critical
dimension, in the sense of singular stochastic PDEs [18, 19] and renormalisation theory [21],
and that a critical scaling in the noise strength  is needed; see (1.21) below.

The criticality of dimension d = 2 for the stochastic heat equation (1.1) can be seen
through a scaling argument in the spirit of renormalisation. Indeed, in general dimension
d > 1, one can note that the rescaled function (7, x) := u(&2t, £x) solves

~ L. -4z~ ~ ~ d
8,u=§Au+,38 2&n, t>0,x eRY,

where £ (¢, x) := SH_%S(SZZ‘, €x) is a new space-time white noise. One now sees that, as ¢ —
0, when d < 2 the multiplicative factor e!174/2 attenuates the small scale effects of the noise,
while these effects are amplified when d > 3. On the other hand, when d = 2, the exponent
1— % vanishes, and the extent to which the noise influences the solution is not apparent.

In this paper we obtain explicit lower bounds on the moments of the SHF. Besides their
own interest, these bounds imply that the SHF is not the “exponential of a Gaussian field” in
the sense of Gaussian multiplicative chaos (GMC). This result provides insight on the critical
2d Kardar—Parisi—Zhang (KPZ) equation,

1 1
(1.2) dih(t.x) = S AR(t,x) + | VR, )+ B, x), 1>0,xeR>

Indeed, when the solution u(, x) of the stochastic heat equation (1.1) is function valued, its
logarithm A(¢, x) :=logu(t, x) is a solution of the KPZ equation (1.2). Since the critical 2d
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SHF is the candidate solution of (1.1), the fact that it is not a GMC suggests that the critical
2d KPZ solution (yet to be constructed) is likely not a Gaussian field.

In the rest of this introduction, we first recall the construction of the SHF from [9]; then
we state our main results on the moments of the SHF and the comparison with GMC; finally,
we discuss related results from the literature and outline future directions of research.

1.1. Reminder: The critical 2d SHF. A key difficulty in making sense of equation (1.1)
is that its solution u(t, x) is expected to be a genuine distribution on R2, not a function, so
the product £ (¢, x)u(t, x) is not well defined. A natural strategy to make sense of it is to:

(1) regularise the equation, so that a well-defined approximating solution exists,
(2) prove that the approximating solution has a nontrivial limit, as the regularisation is
removed (and the noise strength g is suitably rescaled).

This approach was recently carried out in [9], where equation (1.1) is regularised via dis-
cretisation of space and time, that is, white noise & is replaced by a family of i.i.d. random
variables w = (0 (n, X)), e, yez2 With law [P, called disorder, which satisfy

(1.3) E[w] =0, E[w?] =1, 360 >0: A(B):=logE[ef*] <00 VB €0, fol.

Replacing derivatives in the stochastic heat equation (1.1) by suitable difference operators,
the solution is the partition function of directed polymers in random environment,

N-1
(1.4) Zhy y(x,y) = E[eXummn (BotSO=2 By o 15y = x],

where E is the expectation with respect to S = (S,,), the simple random walk on Z?. Note
that (1.4) is a discretised Feynman—Kac formula for (1.1) on the time interval [M, N], up
to time-reversal and with a delta initial condition at time M. An alternative regularisation of
(1.1), via mollification, is discussed in Section 1.4 below.

The main result of [9] is that the random field of partition functions Zf,[’ ~(x, ), under
diffusive rescaling of space and time and for a suitable critical scaling of 8 = By, converges

in law as N — oo to a unique measure valued random field c@’;ﬁt (dx, dy). More precisely, we

define the diffusively rescaled random field of partition functions,

N _ o
15 2= (Zﬁ;s’t(dx, dy) := ZZf;,ﬂ”[m]]([[«/Nx]], [vNyl) dx dy) :

0<s<t<oo

where dx dy is the Lebesgue measure on R? x R? and [Ns]) is the even integer closest to
N, while [«/Nx] is the point closest to V'Nx € R? in the lattice Z2,. , where we set

even’
(1.6) ngen ={(z1,...,2a) € Z: 2 4+ zqis even].

We next rescale 8 = (By)neN in a critical window, defined by (A.1)—(A.2) in the Ap-
pendix, which separates the weak and strong disorder phases of 2d directed polymers [5].
When the disorder w has a symmetric distribution (for simplicity), this reads as follows:

, <1 0 +o(1)
N log N log N
To have a universal parametrisation, our results will be formulated using a slightly different

parameter ¥, see (A.1), which differs from g in (1.7) by a constant; see [7], equation (1.17).
We can now state the main result of [9].

(1.7) B ) for some o € R.

IThe factor % in (1.5) is due to the periodicity of the simple random walk, while the multiplication by N is due
to the local limit theorem, E[ZA \ (w, 2)] = P(Sy = zISyr = w) = O(57) = O(4) for M/N < < 1.
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THEOREM 1.1 (The critical 2d SHF [9]). Fix By in the critical window (A.1)—-(A.2) for

a given ¥ € R. The process of random measures Z,’?,N = (Zf,’.\; ,(dx, dy))o<s<r<oco, defined in
(1.5), converges in finite dimensional distributions (as N — 00) to a unique limit

27 = (27, (dx,dy))

called the critical 2d stochastic heat flow.

0<s<t<o0’

The convergence in distribution in Theorem 1.1 takes place in the space of locally finite
measures on R? x R?, equipped with the topology of vague convergence,

v = [l uv@ndn > [0 udrdy) V6eC (B < B,
1.2. Main result I: SHF vs. GMC. We focus on the SHF’s one-time marginal,
(1.8) 27 (dx) := / 27,(dx, dy).
yeR? ’

This is a stochastic process of log-correlated random measures on R2; see (1.10)—(1.11)
below. Higher moments of the SHF admit explicit series expansions; see (2.15)—(2.16) below,
which stem from the works [3, 7, 10, 17]. However, as we will show below, the SHF moments
grow too fast to uniquely determine the field.

In the subcritical regime ,312\, ~ B /log N with B <1, that is, strictly below the critical
window (1.7) that we consider here, the logarithm of the directed polymer partition func-
tion displays Gaussian fluctuations [5, 8, 16]. This suggests that, in the subcritical regime,
partition functions should be close to the exponential of a Gaussian field.

It is natural to wonder whether a similar picture still holds true at criticality: is the critical
2d SHF the exponential of a Gaussian field in the sense of Gaussian multiplicative chaos
(GMC)? Our first main result shows that this is not the case.

THEOREM 1.2. The critical 2d stochastic heat flow is not a Gaussian multiplicative
chaos.

We will recall the definition of GMC in Section 3. We point out that GMC has been studied
extensively and has applications in many contexts, including Liouville quantum gravity, tur-
bulence, zeroes of characteristic polynomials etc. A comprehensive review of its connections
to various fields in probability and mathematical physics as well as a nice introduction to its
properties is given in [24].

Theorem 1.2 suggests that, in the critical window (1.7), the logarithm of the partition func-
tions has a non-Gaussian limit. Such a limit would then be the natural candidate solution of
the critical 2d KPZ equation (1.2). Of course, putting this conjecture on firm ground will
require further work (we cannot just take the logarithm of the SHF, which is a random mea-
sure), but our results provide an indication for the emergence of non-Gaussianity in the 2d
KPZ equation.

It is also an interesting question whether the critical 2d stochastic heat flow is absolutely
continuous w.r.t. some GMC. Our current techniques (based on comparison of moments)
seem insufficient to resolve this question.

1.3. Main results II: Lower bounds for the SHF moments. Our next main results are
explicit lower bounds on the moments of the critical 2d SHF. These bounds are the key to
proving Theorem 1.2, because they show that the moments of the SHF are strictly larger than
those of a corresponding GMC, in a sense that we now make precise.



2268 F. CARAVENNA, R. SUN AND N. ZYGOURAS

The one-time marginal fé’}” (dx) of the SHF (see (1.8)) is a random measure on R2. Let us
denote by ,//Ztl9 (dx) the GMC on R? with the same first and second moments of the SHF

1
(1.9) E[.Z (dx)] =E[Z" (dx)] = 5 d,
1
(110) B[4 @04 @] =E[2 @) 2 @] = 45 . y) dxdy,
where Ji/,%) (x, y) is known; see (2.7) and it is log-divergent along the diagonal (see (5.27)),

(1.11) K3 (., y) ~ Cry log

as |y —x|— 0.
ly — x|

As will be noted after (3.7), the Gaussian field underlying such a GMC is log-log-correlated,
that is, its covariance kernel satisfies k;(x, y) ~ loglog |yl—x| as |y — x| — 0.2

We first compare the third moment of the SHF ;@?9 (@) = Jp2 (,0(x).,@il"l (dx) with that of
the GMC //1,’9 (@) = Jp2 (p(x)//tﬁ (dx) averaged over integrable functions ¢ : R> — R.

THEOREM 1.3 (Third moment lower bound). Fort > 0 and ¥ € R, let ///;9 (dx) be the
GMC with the same first and second moments as the SHF ff}ﬂ (dx); see (1.9)—(1.10). If ¢ is
the indicator function of a ball or the heat kernel on R2 (see (2.1)), we have

(1.12) E[2”(9)*] > E[.4 (9)*];
hence, 32‘;’9 (dx) # ///,’7 (dx).
REMARK 1.4. The bound (1.12) actually holds for all radially symmetric and nonin-

creasing functions ¢ that satisfy a basic inequality; see (4.11) below. These include, in par-
ticular, the indicator function of a ball and the heat kernel that we single out in Theorem 1.3.

We next turn to moments of any order m > 3. Since . (dx) is a GMC with a log-
divergent second moment kernel (see (1.11)), one can show that (see Proposition 5.1 below)
m
(1.13) E[(2.4 (g))"] ~ B[(2.47 (8))]?) as5 10,

where gs is the heat kernel on R? at time 8, the multiplicative factor 2 arises from (1.9), and
the notation ¢ (8) ~ ¥ (8) as 6 | 0 means lims o ¢ (8)/¥(8) = 1. We show that for the SHF
27 this asymptotic factorisation does not hold.

THEOREM 1.5 (Higher moments lower bound). Given any t > 0 and ¥ € R, there exists
n =n:9 > 0 such that, for any h € N with h > 3, we have

h
(1.14) E[22 ()" = (1 + nE[22" ()] vse ..
As a consequence and by (1.13), for any h € N with h > 3, we have

9 h
(1.15) liminf L2 (88)"]

i ML LI R NN
510 B4 (g5)"] "

hence, 32‘;’9 (dx) # ///,’7 (dx).

ZFor a comparison the much studied Gaussian Free Field on R? is log-correlated; hence, the corresponding
GMC is polynomially correlated.
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REMARK 1.6. For the directed polymer partition functions in the whole subcritical
regime, a lower bound qualitatively similar to (1.14), but with n = 0, is also valid and matches
the asymptotic behaviour of the upper bounds obtained in [14, 23].

Theorem 1.3 will be proved in Section 4 by exploiting a series expansion for the moments
(2.15)—(2.16), which in the case of the third moment admits a renewal-type form [7]; see
(2.8)—(2.11). This is quite involved and can be represented as a series of complicated dia-
grams. Through an explicit computation, we are able to integrate out the spatial variables in
these diagrams. What remains is a multiple integral of time variables that have monotonicity
properties, which we exploit in order to obtain the lower bound (1.12).

Theorem 1.5 will be proved in Section 5 via a very different approach, inspired by the work
of Feng [15]. A key role here is played by the Gaussian correlation inequality [22, 25], which
saves us from analysing the complicated diagrammatic representation of the moments. By
means of probabilistic arguments, such as bounding the variance of suitable random variables,
we obtain the lower bound (1.14), which then yields (1.15).

1.4. Background. We recall here some results that led to the critical 2d SHF.

To regularise the 2d stochastic heat equation (1.1), in Section 1.1 we used a discretisation
of space and time, which led to the directed polymer partition functions. Alternatively, one
can mollify the white noise & in space on scale ¢ > 0 by defining £¢(z, x) := (£(z, ) * je)(x),
where j(x):=¢&2j(x/e) and j(-) is a smooth probability kernel, say compactly supported.
This leads to the mollified stochastic heat equation,

1
(1.16) u’(t,x) = EAug(t,x)+,3u5(t,x)$€(t,x).
The solution admits a Feynman—Kac representation [2, 3],
(1.17) W (2, x) = By [ef 05 (s B ds— 3 B21jell3r) st g 10 o 87 (5. B ds—3 B0 Je 130

where E, denotes expectation for a standard Brownian motion B starting at x (for simplicity,
we consider a flat initial condition u?(0, x) = 1). The goal is then to make sense of the limit
of ut(-,-), as ¢ = 0, for suitable rescaling of 8 = B;.

REMARK 1.7. Comparing (1.17) with (1.4), we can see u®(t, x) as the partition function
of a Brownian directed polymer in the random environment £%. Thus, the two schemes of reg-
ularisation, discretisation, and mollification, are conceptually (if not technically) analogous
with the correspondence & «~ 1/+/N (see Section A.3 for more details). Most existing results
apply to both schemes [5, 7, 8], so we will focus on the mollified stochastic heat equation in
what follows.

Denote by uf.;’g)(t,x) the solution (1.17) with 8 = B«/4n/,/log8—2 for ,3 > (0. A phase
transition on this scale with critical point EC = 1 was first identified in [5], where it was
shown that, for any fixed (¢, x), the following limit in distribution holds:

T PX=Lo B ipp .

1.18 u(’é) t,x L> A
(1.18) g ( )g_>o 0 N

where X is a standard normal random variable and cr(,f:’)2 :=log(1/(1 — 32)).
For ,3 < 1, known as the subcritical regime, the solution uéﬂ ), viewed as a random field,
suitably centred and normalised, was shown in [5] to converge in distribution to a Gaussian
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free field, given by the solution v®) of the additive stochastic heat equation (a.k.a. Edwards—
Wilkinson equation),

a 1 A a
(1.19) a,vw)(z,x):EAv(ﬁ)(z,x)Jr £(t,x) withv®(0,x)=0,

B2
where the noise coefficient diverges as B 1 1. More precisely, if we define

. lloge=2
(1.20) uP(r,x) = i(uff)(t,x) —1),

Varp

then for every test function ¢ € C.(R?) we have (ug’3 >, b) LN (U(B), ¢) ase — 0.
A similar result has been established for the solution of the mollified 2d KPZ equation,

with «? (¢, x) — 1 in (1.20) replaced by logul’ (1, x) — E[logu'? (¢, x)1; see [8, 16]. This
may be viewed as an indication that, in the subcritical regime ,3 < 1, the solution of the
mollified 2d stochastic heat equation is close to the exponential of a Gaussian field (as we
already discussed before Theorem 1.2 in the directed polymer setting). This breaks down at
criticality, as we show in Theorem 1.2.

We next review the results when 8 = 8, is scaled in a critical window around the critical
point ,[§C = 1, which for the mollified stochastic heat equation reads as follows:
4 (1+Q+0(1)) 2 (1+Q+0(1))‘

- loge—2 loge—2 - loge! loge—2

(1.21) B

Note that this is similar to (1.7) with N = ¢~ 2 (the different factor 47 vs. 7 is because the
simple symmetric random walk on Z? has period 2 and covariance matrix %I ; see Section 5.1
and the Appendix for a more detailed comparison).

The study of the mollified stochastic heat equation, with 8 = B, chosen in the critical
window (1.21), was initiated in [3], where they identified the limit of the second moment of
the solution u®(z, -); see (1.17). Subsequently, [7] computed the limit of the third moment of
u®(t,-), and [17] identified the limit of all higher moments (see also the more recent work
[10]). These results ensure that the mollified solutions (u*(z, -)).~¢ are tight as random mea-
sures on R?; hence, they admit subsequential limits in distribution as & | 0, and any such
limit has the same moments as identified in [3, 7, 10, 17]. However, these moments grow too
fast to uniquely determine the limiting random measure.

Existence of a unique limit, which was named the critical 2d stochastic heat flow, was fi-
nally established in [9] in the directed polymer setting, that is, for the solution of the stochastic
heat equation regularised via discretisation. It is expected that the same holds for the regular-
isation via mollification, that is, that u®(z, -) in (1.17) converges to the critical 2d stochastic
heat flow as ¢ |, 0, although the proof of [9] needs to be adapted.

1.5. Future perspectives. We now discuss some related works and open questions.

We proved in Theorem 1.2 that the (one-time marginal of the) SHF, as a random measure
on R2, is not a GMC. There is, however, a very different sense in which a GMC structure
emerges naturally. In the Feynman—Kac formula (1.17) for the solution u® (¢, x) of the mol-
lified stochastic heat equation, the exponent [é £%(s, By)ds may be viewed as a Gaussian
process (w.r.t. the randomness of the white noise £°) indexed by (By)se[o,:] € CIO, t], the
space of continuous functions defined on [0, ¢]. As a consequence, on the path space C|0, t],
we can consider the GMC measure M¢ (dB), defined by

(1.22) Mi (dB) := ef o SS(s,Bs)ds—%ﬂZHJ-S“%th (dB),
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where W, (-) denotes the Wiener measure on paths B € C[0,¢] with By = x. Note that
u®(t, x) = M:(CIO, t]) in (1.17) is the total mass of M (-).

This was the perspective taken in [11, 12], where an analogue of the critical 2d directed
polymer on the diamond hierarchical lattice was studied (see also [4] for the Euclidean set-
ting). In [11, 12], partition functions were shown to have a nontrivial limit and then used to
construct a family of critical continuum polymer measures indexed by the analogue of ¢ in
(1.21). Interestingly, these continuum polymer measures are related to each other through a
conditional GMC structure, even though they cannot be defined as a GMC w.r.t. the analogue
of the Wiener measure on the continuum hierarchical lattice.

This raises the natural question whether similar results hold for the analogue of the critical
2d SHF in path space, namely, whether the measures M3 on C[O0, ¢] converge as ¢ — 0, at
least when integrated over x, and whether the limits corresponding to different ¢ in (1.21)
are related to each other through a conditional GMC structure. There is ongoing work in this
direction in [13], where the authors study the second moment measure of subsequential limits
of M dx and found properties that are consistent with the conditional GMC structure.

Another interesting direction of research concerns the asymptotic behavior of the moments
of the critical 2d SHF. Theorems 1.3 and 1.5 provide lower bounds, and it is natural to ask
whether these can be improved. The works [7, 10, 17] show that, for each integer & > 3, there
is a well-defined h-point kernel 7" : (R?)* — R U {+o0} such that, for any ¢ € C.(R?),

NSRS . 0] -
E[Z (p) ]=2—h/-~/(R2)h<1'[<o<xi>>zf, (X1, 0) O
i=1

see Theorem 2.3 below. In light of Theorem 1.5 and (1.11), it is natural to conjecture that

1
as max |x; —x;| — 0,
lxi — x| I<i<j

123) AP )~ G [ log
I<i<j<h
*) : , :
for some constant 6; .5 > (C;9)'2/, where C;p is the constant which determines the
asymptotic behavior of the second moment kernel; see (1.10)—(1.11).

1.6. Organization of the paper. The rest of the paper is structured as follows:

In Section 2 we recall the moments formulas for the critical 2d SHF.

In Section 3 we review the construction of GMC and recall its moments.
In Sections 4 and 5, we prove our main results Theorems 1.3 and 1.5.

In the Appendix we compare the critical windows (1.7) and (1.21).

2. Moments of the critical 2d SHF. In this section we recall the moments formulas for
the critical 2d stochastic heat flow from [3, 6, 7, 17]. We denote by g;(x) the heat kernel on
R2,

x|

I
@2.1) gi@) =5 e

An important role is played by the following special function, defined for any ¢+ € R:

o] e(ﬂ*V)MMtM*I
2.2 Gy(t =/ —du,
(2.2) o (1) A Tt

where y = — [; logue™ du >~ 0.577 is the Euler-Mascheroni constant.
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REMARK 2.1. The function Gy has a probabilistic interpretation. Denote by ¥ =
(Yy)u>o the Dickman subordinator, defined as the pure jump process with Lévy measure
1o, 1)(x)x_1 dx; see [6]. Then Gy is the exponentially weighted renewal density of Y,

0 . P(Y, edt
Gﬂ(z)z/o eﬁ“%du for € [0, 1].

2.1. First and second moments. The first moment of the SHF is
1
(2.3) E[ 2 (dx, dy)] = 7845y — 1) dxdy,

while its covariance is given by

1
24) Cov[ 27 (dx,dy), Z7,(dx', dy')] = EK?_S (x,x; y,y)dxdydx’dy’,

where
K,’?(x,x/; y,Y)

(25) + / + /
X X /
(55 =555 [ el =06 gm0~ ) dsu.
2 2 O<s<u<t

These formulas were derived from the asymptotic results in [6] connected to the Dickman
subordinator; see [9], Proposition 3.5.

We will focus on the one-time marginal 27 (dx) of the SHF (see (1.8)), which we also call
the SHF with flat initial data. The first moment of the averaged field is then

2.6) E[2? ()] = f o(2)dz,

while its centered second moment can be derived from (2.4)—(2.5) and equals

E[(Z” )~ B[ @)=, / L PEPEIK @1, 2z de

=7g

FIN

2.7)
with K2 (21, 22) 1= 27 ff g5(21 — 22)Go (u — 5) ds du,

O<s<u<t
a formula that was first derived in [3] in the context of the mollified stochastic heat equation
(see Section 5.1 below).

2.2. Third moment. The centered third moment of the SHF can be written as follows:

2.8) E[(Z’(p) —E[Z (©)])] 8/ S 3</3(Z1)§0(Z2)<P(23)K( (21, 22, 23) dz; dzp dz3,

where the kernel K,(3) (z1, 22, 23), first obtained in [7], Theorem 1.4, admits the following
explicit but quite involved expression (see Figure 1 for a pictorial representation):

Kt(3)(21, 22,23)
(2.9)

=y 2" 2n)" 10 (21,22, 23) + T (2. 23, 21) + L (23, 210 22) )

m=2

3We remark that in [7], equation (1.25), we have 7™, whereas in (2.9) we have (27)™. The main source of
this discrepancy is a missing factor 2m=2in 7], equation (1.25): indeed, a factor 21 ((1.x)eZ3)> due to periodicity,
was omitted in [7], equation (5.40), which plugged in [7], equation (5.30), yields a factor 2 for each i =3, ..., m,
hence the claimed factor 22 in [7], equation (1.25). Smce the thlrd moment in (2.8) is half the one in [7],
Theorem 1.4, (see Remark 2.2), we have a global factor 3 pm=2 — 2m this turns 7™ from [7], equation (1.25),

into (27r)™ in (2.9) and accounts for the extra factor 1 g in(2.8).
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(0,23)

FI1G. 1. Graphical representation of the kernel K,G) (z1, 22, 23) for the centered third moment, see (2.9)—(2.11).
Solid-curved lines from (b, y) to (a, x) are assigned weights g .—» (x — y), while wiggle lines from (a, x) to (b, y)
2

are assigned weights Gy (b — a)gp—a (y — X).
7

where the kernel It(m) (z1, 22, 23) is defined by

It(m)(m, 22, 23)

(2.10) m
=[] & a,,,,b,n(m,z»{HGm —ae>}dﬁd5,
O<a)<by<--<am<by <t =1
and 4, p,.....a,.b, (21, 22, 23) denotes the following convolution of heat kernels:
B bt b (1522, 23)
= / dxdyga (x1 —z1)8a (x1 — 22) - 8by-ay (V1 — X1)
(R2)m x (R2)m 2 2 4
(2.11)

"8e (v — Z3)ga25h1 (x2 —y1) - &by (y2 —x2)
m
T THgabes (e = ye-2)gar=b, 1 (X¢ = ye—1) - gbyay (ye — X0)}
=3 2 2 4
(we agree that [T}’ 5{...} := 1 for m = 2). We refer again to Figure 1.
We stress that formulas (2.8)—(2.11) are the key to our proof of Theorem 1.3.

REMARK 2.2. The normalisation chosen in [9] to construct the critical 2d SHF is slightly
different from the one in [7], due to the restriction to even parity sites; see (1.5)—(1.6). As a
consequence, the limiting field in [7] corresponds to Q’Qﬂ’mlx (¢) 4 2V (p) + 5}’}/’29 (¢), where
27 (p) and Qﬁ"ﬁ (¢) denote two independent copies of the SHF. It follows that

1 . .
E[(Z () ~E[2” @)])"] = SE[(Z""™ () = E[Z"™ @)])'):

that is, the third moment in (2.8) is half of that computed in [7], Theorem 1.4.

2.3. Higher moments. A formula for higher moments of the SHF was first identified in
[17]. For completeness we recall this formula in our framework.

Fix an integer 7 € Nwith A > 2. For¢ > O and apair {i, j} C {1, ..., h} of distinct elements
i < j, we define two measure kernels mapping from (R?)" to measures supported on the
subspace

(2.12) Ry =l = @) € (®RY 1 =)
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e The first measure kernel (actually a probability kernel) is called constrained evolution,

213) Q" (y,dx) = <H 81 (xe — ye)) : ( I1 dxe) ~dx; - 8y, (dx;),
tefl,.

=1 RN, j}

where §y, (-) denotes the Dirac mass at x; € R2 and g:(+) is the heat kernel; see (2.1).
e The second measure kernel is called replica evolution,

@1 G edn =TT gy00—mdy)Gogy (i —x)du -, @),
ee{l,...h\{i,j}
where Gy (¢) is the function in (2.2). We will only need ngtj J (x,dy) with x; = x;.

We now give the higher moments formula.

THEOREM 2.3. Fix h € N with h > 2. The hth moment of the SHF Q’f’l with flat initial
data, averaged over a test function ¢ € C.(R?), admits the expression

1
@15 E[Z' @)= /(Rz)h o) 9@ A" @, ) dar e da,
with
A CTTETY

o0
=1+ Q)" 3 // da db
h) O<ai<by<-<apy<by <t

m=1 {ii#j1} - Aim#Fjm L,
with {i¢, je}#{ie—1,je—1} V€=2

(2.16) N
. -/ h /(i F)e((R2)hy2m lel’jl}(z’ dxl)Gl{;,ll;ljl—}a] (x1,dyy)

m
JTQY (91, dx)GST, (xe, dyy).
=2

This result can be proved by arguing as in [9], Section 6, exploiting the local limit theory
for the Dickman subordinator, as developed in [6]. Formula (2.16) coincides with the one
obtained in [17] up to a simple scaling; see Proposition 5.3 below.

REMARK 2.4. The integral over the space variables X, y in (2.16) can be restricted to
the subspace ((IRZ)?Z-I’J-I})2 X -0 X ((Rz)?im’jm})2 C ((R%)M)2m; see (2.12). This is because the
kernels o}"’f Vand Gg”tj Vin (2.13)—(2.14) are measures supported on (Rz)?i’ e

REMARK 2.5. Centered moments E[(ﬁ‘jﬁ () — IE[Q’}I9 ()] admit formulas analogous

to (2.15)~(2.16), with a correlation kernel K™ (z1, ..., zx), which is obtained from (2.16) by
removing the constant term “14" and imposing the constraint | J;{i¢, je} ={1,...,h} in
the sum over {i1 # j1}, ..., {im # jm} C {1, ..., h} (incidentally, this requires m > f%}).

REMARK 2.6. In the special case A = 3, formulas (2.15)—(2.16) are consistent with for-
mulas (2.8)—(2.11) for the centered third moment. To check this, it suffices to decompose the
heat kernels ga,—s,_, (x¢ — y¢—2) in (2.11) at times a¢;—1, by—1 by Chapman—Kolmogorov,

=2

806—’271572 (Xe —ye—2)

= //;1&2)2 dx/dy/g“e—lgb/:—z (x/ - y€—2)8b5—1;“5—1 (y/ - x/)g“rZZ—l (xli - y/)’



2D SHF AIN’'T GMC 2275

FI1G. 2. Graphical representation of the kernel %(4) (z1, 22,23, 24) for the fourth moment, see (2.16). The
solid-curved and wiggle lines are assigned the same weights as in Figure 1. The hollow circles on the vertical
dashed lines are where we apply the Champman—Kolmogorov decomposition (see also Remark 2.6).

which gives rise to the operators QLZZszj,I , Ggfb’[ '71”_’ alg},l and Qilfj}y’zjfl’l ). see (2.13) and (2.14).

See also Figure 2 for the application of Chapman—Kolmogorov (in the case & = 4).

3. GMC and its moments. As already mentioned in the Introduction, a nice review of
the Gaussian multiplicative chaos (GMC) and its various connections can be found in [24].
Here we present its definition and the structure of its moments, which is relevant toward our
goals.

3.1. Construction of GMC. Let k : R? x R? — R U {400} be a kernel which is symmet-
ric, locally integrable and positive definite, that is, [fp2, g2 @(x)k(x, y)¢(y)dxdy > 0 for all
¢ €C, (R?).Let 2 =(2 (‘P))weCC(RZ) be the centered Gaussian field with covariance

ko= [[ | ek o)dxdy forg, v e Co(E).

Let us fix a locally finite measure p on R2. The Gaussian multiplicative chaos (GMC),
associated to 2" with respect to the measure u and denoted by .# (dx), is formally given by

A (dx) = exp(2(x))u(dx) .

For a precise definition, for € > 0 we take a continuous regularization k. (x, y) of k(x, y), still
positive definite, such that limg o k¢ (x, y) = k(x, y) locally uniformly in x # y. We can then
consider the centered Gaussian process Z; = (Z¢(x)),cgr2 With covariance k. (x, y), which
is well defined pointwise, and we define, for ¢ > 0,

Meo(dx) = o Ze ()= E[2: ()] j1(dx) = o Ze ()= 3ke (x,2) (dx).
The GMC .# (dx) is then defined as the following limit in distribution:

A (dx) = liirol./lg (dx),

assuming that it exists in the vague sense: for ¢ € C.(R?),

M9) = [ 000 le@0) — (@)= [ gt @)
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3.2. Moments of GMC. By construction and for ¢ > 0, we have
@3.1) E[A4:()] = [, o@nido).

Since E[G%A(XH%()’)] — E[e% Var[%()é)+35é(y)]] — e%{ks(x,X)+ks(y,y)+2kg(x,y)}’ we obtain

(32) E[.4.(0)] f f 0219 (z2)ek @D 1 (dz ) (dza).

g ay” l m. . .
Similarly, since E[e%e @)+ +Ze@n)] = ¢2 Lij=1ke@io2)) (e have

(3.3)  E[A)"]= /<Rz)m ¢(1) - gem)e ==z Gy (dzy) - pu(dzm).

When we let ¢ | 0, these formulas apply to .# (¢) once we replace k. (z;, ;) by k(z;, 2;).
Let us now record the centered second and third moments of GMC:

o Centered second moment:

E[ (4 (p) — B[4 ()])*] = f( ooy PEDPE K (1, 2R () (E22)

34

2
where Ké}l\)/IC(Zl ,2p) = ek@a)

e Centered third moment:
E[(#(p) —E[#(@)])*]
(3.5) = / ¢(Z1)¢(Zz)¢(23)KGMC(Z1, 22, z3)u(dz1) u(dz2) p(dz3)
where K((}MC(Zl’ 72,23) 1= 1_[ ek@izj) _ Z ek@izj) 4 o
1<i<j<3 1<i<j<3
Comparing (3.5) with (3.4), we see that the following structural relation holds:
Kg&c(m, 22,23) = Kg&c(m, zz)Kgl\)Ac(zz, za)Kg&c(m, 23)

+ KGMC(ZI , Zz)Kgl\)/IC(zz, 23)
(3.6)

+ KéMc(Zl ZZ)KGMc(Zl 23)
+ KGMC (z1, Z3)KGMC (22, 23).
3.3. A GMC matching the first two moments of SHF. Henceforth, we denote by ///;9 (dx)

the GMC with the same first and second moments as the SHF Q‘;’} (dx). Comparing (3.1) and
(3.4) with (2.6) and (2.7), we see that this can be obtained once we fix

1
(3.7) pd=sdv. k) =log(l+ K @1 22)).
where K t(z) is defined in (2.7). This ensures that K((}ZI\)/IC (z1,22) =K ,(2) (z1, 22). To show that

Q’;ﬂ (dx) is not a GMC, it suffices to show that the higher moments of ///tﬂ (dx) and D@’;’? (dx)
do not match.

4By (1.10)—(1.11) for the uncentered correlation function %/?f/t (129) (z1,22) = eki(21.22) | the covariance kernel of
the Gaussian field underlying the GMC satisfies k; (z1, z2) ~ loglog ﬁ as|z; —z2| = 0.
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4. Proof of Theorem 1.3: Lower bounds via Gaussian integrals. In this section we
prove Theorem 1.3: the third moment of the critical 2d SHF Q’;ﬂ () is strictly larger than
that of a GMC //,’9 (¢) with matching first and second moments, when averaged over suitable
integrable functions ¢ : R2 — [0, 00).

REMARK 4.1. Most steps of our analysis cover any integrable function ¢ : R? — [0, 00),
which is radially symmetric and nonincreasing, that is, ¢ (x) = o(]x|) for some nonincreasing
function g : [0, 00) — [0, co] with | - | the Euclidean norm. Only in the last step we need a
basic inequality (see Proposition 4.4) that we prove when ¢ is the heat kernel or the indicator
function of a ball, as in Theorem 1.3. We believe that Proposition 4.4 should hold in greater
generality—possibly, as soon as g is log-concave—but this remains open.

Let us fix an integrable function ¢, ¢ > 0 and ¢ € R. Our goal is to prove that
E[2 ()°] > E[4] (¢)’].

Since first and second moments match, it is equivalent to work with centered third mo-
ments,

@.1) E[(Z (p) —E[Z" @))’] > E[(4 (v) — E[.4" @)])’].

In view of (2.8) and (3.5) (see also (3.7)), we can rewrite (4.1) as

4.2) kP (@) > kS (9).

where, given a kernel H(z1, z2, z3), we use the shorthand
(43) Hpy= [[[ L o@eepE e b o des

It remains to prove (4.2). The kernel K,(S) is complicated, but we can perform an almost

exact computation of the function ggl")bl by (z1, 22, z3) in (2.11); see Proposition 4.6 be-

..... am,
low. From this we obtain a lower bound on K,(3) (¢) (Proposition 4.2) that we complement
with an upper bound on Kg&c (¢) (Proposition 4.3). At last, we will show that these bounds
are compatible (Proposition 4.4), which yields our goal (4.2).

Let us introduce two key quantities ¢, 4, (¢) and fgal .a, (@) that enter our bounds,

@) Gon(@)i= 02 [[[ 00600 6 - 8 (- 52 ) &,

~

@) Fua@) =0 [[[ 0e0pE0Es0 2~ 86— )

where g;(z) denotes the heat kernel; see (2.1). We can now state our lower bound on K ,(3) (¢),
which involves the quantity ¥, 4, (¢).

PROPOSITION 4.2 (Third moment lower bound for the SHF). Fix 9 e Randt > 0. Let
K,(3) be the centered third moment kernel of the critical 2d SHF Q’;’?; see (2.8)—(2.9). For
any integrable function ¢ : R* — [0, 00) which is radially symmetric and nonincreasing (see
Remark 4.1), we have the strict lower bound

(4.6) kP ) > 1% (9,
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FI1G. 3.  Graphical representation of I,G) (@) (see (4.7)) when ¢ = g, is the heat kernel; see (4.13). More specif-
ically, we represent the term m = 4 in the series in (4.7). Double solid lines from b; _» to a; are assigned weights
(a;j — bi,z)_l, while wiggle lines from a; to b; are assigned weights Gy (b; — a;).

where we define

0
P@=3y 2 [ /O Gar.a (@) Gy (b1 — a1) Gy (b — a2)
m=2

<ay<by<--<ay<by<t
4.7)

m G b _ . N
v ]‘[7’9( i =4 gadi
=3

with 9y, 4, (@), as in (4.4), and Gy, as in (2.2).

ai —bi_»

We refer to Figure 3 for a graphical representation of It(3) (¢) when ¢ = g, is the heat
kernel, in which case ¥, 4, (¢) can be computed explicitly (see Remark 4.5).

We next state an upper bound on Kgl\)/lc (¢) which involves the quantity %1#2 (¢). Inter-
estingly, this bound applies to any positive integrable function ¢.

PROPOSITION 4.3 (Third moment upper bound for GMC). Fix 9 € R and t > 0. Let
K C(:I\)/IC be the centered third moment kernel of the GMC ///;9; see (3.5) and (3.7). For any
integrable function ¢ : R* — [0, 00), we have the strict upper bound

(48) Koue@ <17 (p),
where we define

7,(3)((p) =3 Z om—1 / . /0 %haz((p)Gﬂ(b] —a1)Gy(by —az)
m=2

<aj<by<--<am<by<t
4.9)

—r Go(bi —ai) . =
« 1920 =9 4z g
i=3

with %wz (9), as in (4.5), and Gy, as in (2.2).

a;i —bi_»

Note that 11”(¢) in (4.9) is like I} (¢) in (4.7), just with 4, 4, (¢) in place of %, 4,(¢).
If 94, .4,(@) > g:n,az (¢), then we can combine the bounds (4.6) and (4.8) to yield our goal
(4.2). We finally show that this indeed holds when ¢ is the indicator function of a ball or the
heat kernel, which completes the proof of Theorem 1.3.

PROPOSITION 4.4 (Comparison of bounds). Recall ¥, 4,(¢) and %1,@ (p) from (4.4)—
(4.5). Let ¢ be the indicator function of a ball or the heat kernel; see (2.1),
(4.10) ¢ =1 cr2xj<ry OF ¢=8gr,1r>0.
Then we have

4.11) Gayay (@) > %l,az(@ Yai,ay > 0.
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Recalling (4.7) and (4.9), it follows that, for any ¥ € R and t > 0,
(4.12) 1) > 1 (p);
therefore, in view of (4.6) and (4.8), one has Kt(3) () > KS\),IC (¢).

REMARK 4.5. When ¢ = g, is the heat kernel, ¥, 4,(¢) and gz,l,az (@) in (4.4)—(4.5)
can be computed by an explicit Gaussian integration (see Section 4.3),

1 1 ~ 1

4.13 9, = —_—, 7 = ,
( ) al,az(gr) a1+2r a2+%r a],az(gi‘) a1a2+2r(a1+a2)+3r2

and in this case one sees easily that &, ,(g) > %1,“2 (gr) in agreement with (4.12).
A graphical representation of It(3)(ga) for ¢ = g, is given in Figure 3.

It only remains to prove Propositions 4.2, 4.3 and 4.4, to which Sections 4.1, 4.2 and 4.3
are devoted.

4.1. Proof of Proposition 4.2. The heart of the proof is the following “computation” of

the function gc(f’)bl by, (z1, 22, z3) in (2.11), which we will prove below.

,,,,,

PROPOSITION 4.6. For m >2,0<a; <b] < - < apm < by, 21,22,23 € R? and

g;’?,,l by, (21, 22,23), as in (2.11), we have

Z1 + 22
4.14) gf;T)bl ,,,,, by (215225 23) = 8ay (21 — 22) * 8zz0m (23 - ) l_[ 80p 5™ 0)
for suitable variables @™ and a; — bi_z(m) (depending on ay, by, ..., am, by), which satisfy
b
a™ <ap - 21 <an,

(4.15) b

- ] —dj_

a; — bi—z(m) <a;—bi_— % <a; —b;i_.

We will also need a basic monotonicity property for the function ¥, 4, (¢) in (4.4).

LEMMA 4.7. If ¢ : R* — [0, 00) is integrable, radially symmetric and nonincreasing
(see Remark 4.1), then the function 9, 4,(¢) in (4.4) is strictly decreasing in ap > 0.

21+22 +Z2

PROOF. By the change of variables x :=z1, y := 23 — , Z .= Z3, We can write

(4.16) Yuan(@) = @7 [ F()gr(3)dy.

where we define
@17 F(y) = / hG—Ne@dz,  hw) = / 9()PQw — x)ga, Qw — 21) dx.
R2 R2

By (4.16) we can write ¥, 4,(¢) = (27)2E[ f(axZ)], where Z is a standard Gaussian random
variable on R? (with density g;). Then, to prove that a; > 94, .a, (@) s strictly decreasing,
it is enough to prove that f is radially nonincreasing and integrable (see Remark 4.1). The
integrability of f is easily seen from (4.17), which ensures that the volumes of the level sets
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of f(ayy) are finite and strictly decrease as a; increases. We then show that both f and h are
radially symmetric and nonincreasing, which completes the proof.

We recall the layer cake decomposition of a radially symmetric and nonincreasing func-
tion,

o0
(4.18) for a.e. x € R?: <p(x)=/0 L)<y 0¥ (dr),

where ¥ is a positive measure on (0, co), defined by u? ((r, 00)) := ¢((r, 0)). Using a simi-
lar decomposition for g,,, we replace the three factors ¢, ¢ and g,, in the definition of & by

L{1<r}> L{|<ry) and 1y ;<5 and show that, for any rq, 72, s > 0, the resulting function h is
radially symmetric and nonincreasing,

h(w) := /Rz11{|x|<r1}]l{|x—2w\<r2}1{|x_w|<%}dx
(4.19) - Leb(B(O, N B(w, %) N BQuw, rz))

= Leb(B(—u), ri) N B(O, %) N B(w, ’”2)),

where B(z, r) := {x € R?: |x| < r} is the ball of radius r centered at z. It is clear that h is
radially symmetric and nonincreasing and so is 4 since it is a mixture of h with different
values of 71, rp and s.

Note that we can write f = ¢ % h as the convolution of two radially symmetric and nonin-
creasing functions. If we replace 4 and ¢ by 1y.,<;} and 1y.,<,}, by the layer cake decompo-
sition we get the function

o) = / (12—l <t1L{jz]<r) dz = Leb(B(0, ) N B(y. 1)),

which is clearly radially symmetric and nonincreasing, hence the same holds for f. [

It is now easy to prove Proposition 4.2. When we average ga L b by b (21,22, 23) with
respect to the function ¢, as in (4.3), we can apply (4.14) to write, recalhng 4.4),

1
g,(lrln)bl ,,,,, by () = o) G, a2<"'>(¢’)ng (m)(O)

Since ¢t — g;(0) and az — %, 4, () are strictly decreasing functions, we obtain the bound

1 m
(m) @ _p_,(0
SRR al,az(‘p)lllga,—bl—z() T )m 7N a2(¢)11_[3 l—b, 2

In fact for m > 3, this strict inequality already follows from the fact that t — g;(0) is strictly
decreasing and as — %, 4,(¢) is nondecreasing. Plugging this into (2.9)—(2.10), we obtain

K ,(3)(<p) > I,(3)((p) with I,(3)((p) defined in (4.7). This completes the proof of Proposition 4.2.
We are left with proving Proposition 4.6. A key tool is the following elementary lemma.

LEMMA 4.8 (Triple Gaussian integral). Let g;(x) be the two-dimensional heat kernel;
see (2.1). Forall s,t >0and x,a,b € R2, we have

(4.20) 8s(x —a@)gi(x — b) = gsr1(a — b)gn(s,n) (x —mys(a, b)),

where we set

@21) ks o) <1+1)_1 St () = x4
) s, )=-+ - = , m; (x,y) 1= ——x )
Ky t s+t bs Y s+t s—i—ty
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It follows that, for all s, t,u > 0 and a, b, c € R?, we have

(4.22) \/[;QZ gs(x —a)g(x —b)gu(x —c)dx = gy, (a — b)gh(s,t)-i-u (C - mt,s(a9 b))

PROOF. (4.20) follows directly from the definition (2.1) of the heat kernel and an easy
algebraic manipulation. Then (4.22) follows by (4.20) and a simple Gaussian convolution.
0

PROOF OF PROPOSITION 4.6. We first prove (4.14)—(4.15) for m = 2. Recall that, by
(2.11),

2
ggl),bl,@m (21,22, 23)
(4.23) = [[[] .., en e = 2y 1 = 22 gna (11 = 1)
(R2)4 2 2 7
8% (x2 — Z3)8ang1 (x2 —y1) - 8byey (y2 — x2) dxy dy dx2 dys.

Since fRZ gs(x —a)g:(x —b)dx = gs4:(a — b), we can integrate y, then x», then y; to get

J] g = 2085y (1 = 22) - g1 (1 =31 g enoy (1 = 22) i
(R2)?2 ) 2

=A;{2g“71(X1 —Zl)g%l(m —22) b 4 aooh (x1 — z3) dx;.

Applying (4.22) to compute the last integral over x;, we finally obtain

2 21+ 22
(4.24) ggl)bl by (215225 23) = 8ay (21 — 22) 875 (Z3 i )
where we set
_ —by b1 by
4.25 @._ 9, % bh_ 0
(4.25) = y T tyiTeT g

This completes the proof of (4.14)—(4.15) for m = 2.
We next move to m > 3. In formula (2.11) the terms, depending on x,, and y,,, are

(4.26) gdm*’;m_z (Xm — ym—Z)gam*qu Xm — Ym—1) - gbmgam (Ym — Xm),

which after integration over y,, and x,, give

(427) gam—b

am—by_p am—bm 1 Om—1—Ym—2) = b1 4bm—2 Ym—1 — Ym—2)-
—  tT 2 Say—m=tytn=2

This shows that we can rewrite (2.11) for m > 3 as follows:

m
84, by (215225 23)

.....

(RZ)m—IX(RZ)m—l P > =

(4.28) 8% (x2 — Z3)gaz;b1 (x2 —y1)- &by (y2 — x2)
m—1
) l_[ {gaz z (X = Yi—2)&ai—biy z (6 = yi-1) - g, biz i (i _xz)}
i=3

-8 bn—1+bm—2 (ym—l - J’m—Z),
adm———75



2282 F. CARAVENNA, R. SUN AND N. ZYGOURAS

where we agree that ]_[m*1 -}:=1 for m = 3. We note that b does not appear in the
right-hand side of (4.28); hence, we dropped it from the notation g a b (zl ,22,23).

.....

We are ready to prove (4.14)—(4.15) for m > 3 by induction. For m = 3 (4 28) becomes

3
gél)b, ay.by.az (Z15 225 23) =////(R2)4 g%l(xl _Zl)g%l(xl —22) "&b, (1 —x1)
"8 (X2 — Z3)ga2;bl (x2—y1) - 8ty (2 — x2)

8

az—

bith (y2 — y1) dxy dy; dxp dy»,

and integrating over y,, we obtain

///(‘]RZ)%gaTl(xl _Zl)g‘%l(xl —22) g@(yl —Xx1)
(4.29) :

8a (X2 —23)8a-b; (X2 — Y1)+ & by _ay+by (X2 — y1) dxy dy; dxo.
2 2 a3—7 I
When we integrate the last line over x,, by (4.22) we get
8-ty aattr yorty (V8 oty 0y aretn) (91 = 23) = 82— (0) - 879ty (31 — 23),

where we define

b_
bl() (a3 —by1) — 24a2,
430
(4.30) a—(3>-_%+ﬁ+h<a2_bla—b—l—a2+b2>
2Ty 2 BT 4 )

We can then perform the integral over y; in (4.29) to get

85500 /RZ Ga (x1 —21)84 (¥1 = 22) - 870t (1 — z3) dxy,

and a further application of (4.22) finally yields

3) Z1t+ 22
@3 8 @222 = g1 — 208 (23— T g 0O,
This proves (4.14) for m = 3. To prove (4.15), we note that i(s, t) < s (see (4.21)); hence,
GO 2 b ebh b
N I 27

We finally fix m > 3, we assume that formulas (4.14)—(4.15) hold for g(m) and we prove
that they hold for g+ To this purpose, it is enough to show that
(m+1) (m)

gal b1seeesm by 11 (21,22, 23) = gm(MH) (0) ' gal’hla'-'vam—l’hm—laé\};l (21,22, 23)

(432) ) by —a
for suitable ay,+1 — by—1 <amy1 —by—1— % and a,, < a;,.
Indeed, by the induction step we can apply (4.14)—(4.15) to g™ in the right-hand side, and
since ay, < a,, we obtain (4.14)—(4.15) for g+,

It only remains to prove (4.32). If we write formula (4.28) for g

z3), we see that the terms which depend on x,, and y,, are

(m+1)
ar,by,...,am by, am+1 (Zl » X2,

8am—by_y Xm — Ym—2)&am—by_1 Xm — Ym—1) - gbmlam Ym — Xm)
2 2

-8 _ bmtby, g m — Ym—1),
2

Am+1
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which after integration over y,, yield

am—by_ Xm — Ym—2)8am—by_1 Xm — Ym—1) - 8 b1 am+bm (Xm — Ym—1).
—s —s am41——5— — 0

A further integration over x,, gives, by (4.22),

bmz—l am+bm+ m 1(0) gh( bmz—l am+bm )+ m 2 (ym 1— ym—2)

am+1— am+1 -

=8

Am+1—bm—1

) (0) - 8~ by 1+bms (ym—1 — Ym-2),
m 3

where we define

—  (m+1 by, —a

Am+1 — bm—l(m ) = (am+1 —bm-1) — %,
C’lV._am“‘bm—l_i_h(am_bm—l a _bm—l_am+bm)
) 2 T & )

Recalling (4.28), we see that (4.32) holds (note that a,, < a,, because h(s,t) <s). [

4.2. Proof of Proposition 4.3. We recall relation (3.6) satisfied by any GMC. Our choice
(3.7) ensures that KéMC (z1,22) = K,(z) (z1, z2) (see (2.7)); hence, (3.6) becomes

2 2 2 2
KGMC(Zl,Zz,m) = Kz( )(Zl,zz)Kz( )(Zz,Z3)Kz( (21, 23) + Kt( )(Z1,12)Kt( (22, 23)
(4.33) + K7 @1, 2K 21, 23)

2 2
+ K,( (21, Z3)Kt( (22, 23).

We first give an alternative expression that we prove below for the product of two covari-
ance kernels which appear in the right-hand side of (4.33).

LEMMA 4.9 (Double correlation product). The following equality holds:

2 > .7
K21, 20K (22, 23) = 2 Z [ da db
O<aj<by<-<ay<by, <t
(4.34) {84 (22 = 2184, (23 — 22) + 84, (23 — 22)8a, (22 — 71)}
Gy (bi — a;)
~Gy(br —a1)Gp(by —az) ]_[ b
a; — ble
i=3
see Figure 4 for a graphical representation.
21
e --. ~
29 - i ay by as b3 as b5
=" -—-—-—-—-__ _
- -7 ag by ay by ag be
23 -7 .
o -
F1G. 4. Graphical representation of the term m = 6 in the series (4.34), which represents

Kt(z) (21, ZQ)K,(Z) (z2,23). The total weight of the dashed lines from z| and zp to aj is assigned weight
8a, (22 — 21), and the total weight of the dashed lines from z and z3 to ay is assigned weight gq,(z3 — 22); a
double solid line from b;_» to an a; is assigned weight (a; — bi,z)_l ; a wiggle line from an a; to b; is assigned
weight Gy (b; — a;).
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When we average K t(2) (z1,22)K t(z) (z2, z3) with respect to a function ¢ as in (4.3), recalling
the quantity ¢, 4, (¢) from (4.5), we obtain the equality

2 2 >
/(R2)3 0(21)9(22)9(z3) K7 (21, 22) K> (22, 23) dZ

o0
) / . / da db
(4.35) m§2 O<aj<b|<--<am<by, <t

= Gy (bi —a;)

'%1,02(¢)G§(b1 —a)Gy(by — ay) .
ai —bi»

i=3

Note that this expression resembles I:G)(go) in (4.9), except that 3 - 2m=1 g replaced by 2.
We next consider the product of three covariance kernels, as in (4.33). The following result
is also proved below.

LEMMA 4.10 (Triple correlation product). The following equality holds:

2 2 2
(4.36) K@, K @, Kk @)= Y @By
a,B,y€{12,23,13)
a#p,B#y.aFy

where we set

7(12,23,13) := 27)° X > // da db

m=3 (=3 O<ay<b<-<am<by<t
Gy (bi —ar)
4.37) - 8a (21 — 22)8a, (22 — 23) Gy (b1 — a1) Gy (b — a2) H Golbi —ai)
i=3 a; — bi—2
Gy (b —a;)
'gag(Zl —23)Gy(by —ay) Z A S

Otgtvemomell2,23,13 i=e+1 4 T bprevii)
op+1#13,0i#0; 1 Vi

see Figure 5 for a graphical representation, where we define
(4.38) prev(i) :=max{j € {l,...,i —2}:0j = 0;},
and we setoj =12 forodd j < —1,0; =23 foreven j <{ — 1 and oy := 13.
The definition of Z(12, 23, 13) in (4.37) is complicated, but a much simpler bound will be
enough for us: if we shorten the gaps a; — bprev(i) > a; — b;—2 (see (4.38)) and we bound

1 1
2mway = 27 (ag — be—s)’

8a,(21 — 23) < 84,(0) =

then we can estimate

o m
7(12,23,13) < 27)* ) sz—f/.--/ da db

=3 (=3 O<aj<by<--<am<by,<l

" Gy(b; —a;)
8y (21 — 22)8ay (22 — 23) Gy (b1 — a) Gy (by — ap) [ | ot

i=3

’

ai —bi_»
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[c T~
N ~ .
N ~
N
N <
N
N
N
o @ b1 a3 b3 \ a6 be
o=~ -——-—-—_ - \\
=~ \
\
L7 a b ay by ar by
- \
z3 ’/,’ \
i |
R NN
Tt~ -7 as bs

FIG. 5. Graphical representation of the term m = 7 in the series (4.37), which describes
K,(z)(zl,zg)K,(Z)(zg,z3)Kl(2)(zl,z3), see (4.36). Fairs of dashed lines from z;j, zj to an a are assigned
total weight gq(z; — z;); double solid lines from b; _; to a; are assigned weight (a; — bi_z)_l; wiggle lines from
a; to b; are assigned weight Gy (b; — a;). Referring to (4.37), we have £ =5 and prev(6) = 3, prev(7) = 4.

where 2~ is the number of choices of O¢+1,--.,0m in (4.37). Recalling (4.5), we obtain

2 2 2 >
/(R2)3 02929 K (21, 22) K (22, 23) K (21, 23) &2

oo m N
<6222m—@/..-/ da db

m=30=3 O<ay<by<-<am<bpy<l
> = Gy (b — a;)
(4.39) “Gu1,a2 (@) Gy (b1 —a1)Gy (b — az) AL
iy i —bia
o ) -
=6) (2" —lf---f da db
mzzz( ) O<aj<bi<--<am<by<l
z Gy (b — a;)
Gt ar (@) Gy (b1 —a)Gy (b —ap) [ | —————,
iy @i —bio

where in the last line we added the term m = 2 because the factor (2”2 — 1) vanishes.

We finally plug (4.39) and (three times) (4.35) into (4.33). Since 602" 2 _-1)4+3.2=
3.2"=1 we obtain th),lc(w) < I®(p); see (4.9). This completes the proof of Proposi-
tion 4.3.

PROOF OF LEMMA 4.9.  Our basic strategy is to approximate K ») by its lattice analogue.
Figure 4 provides a useful reference to the underlying structure that we will explain. In [6],
Theorem 1.4, we arrived at the Dickman renewal density Gy as the limit

log N n
(4.40) Uy(n)=——Gy(— |(1+0o(l)) as N — oo,
N N
where forn e N,
) k
(4.41) Un(n) :=1p=) + _(oF) > [ 192011y (©)
k>1 O=ng<ni<--<np=ni=1

with ‘71%/ = %(1 + ﬁlgg"](\})), as in (A.1), and g, (0) denoting the n-step transition probability

from O to O for a simple symmetric random walk on Z2. Moreover, the following uniform
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bound was established in [6], Theorem 1.4:

log N
(4.42) Uy () < C%Gﬂ <%) VO<n<N

for C € (0, 00). It will also be useful to recall the following asymptotic estimates for Gy from
[6], Proposition 1.6:

1 20 1
Gz?(t)z—lz{l +—01()} ast — 0 and
1(log 7) log ;
(4.43)
Gy(t) < fort € [0, 1].

t(log 1)?

t

Using the local limit theorem for random walks, the asymptotic (4.40) and the bound
(4.42), which allows us to apply dominated convergence, we have that (recall [[-]] from (1.5))

KP(z1,22)

= lim o3 Z gam, ([[(z1 —Zz)\/ﬁ]])UN(mz—ml)

N—o00
1<smi<my<N

= lim > (o)t

N_)ookzl 1<mi<my<N

k
> qom; ([(z1 — 22)V'N]) ] 22611 (©)
i=1

MI=nQ<n|<--<ng=my

k
= lim Z(UJ%,)HI Z q2no ([ (21 —ZZ)W]])HQZ(M—"H)(O)-
i=1

N_)OOkzl O<ng<ny<--<ng<N
To lighten the notation below, we will drop the brackets [[-]; that is, when we write z+/ N, we
refer to [[z+/ N]|. Using this expression for the product K @ (z1,20) K@ (22, z3), we obtain
that

K®(z1,22)K® (22, 23)
(4.44) = lim Y (o) 3 @2 (@1 — 22)VN)

k,k'>1 O<ng<ni<---<np<N
0<n6<n/1<~-~<n;c,§N
k k'

- qan (22 = 2)VN) [T @20-n: 1) O) [ T d20 =, (0)

i=1 i=1

Let us start by assuming that the sequences {0 <ng <nj <--- <ng < N} and {0 <nj <
n| <--- <ny, < N} do not share common points, and let us look at all possible ways they
interlace, that is,

/
< e <Ny

/ / /
(445) O<np<---<ng <”0<’”<”r1’<”Tl+1<"'<”fz<”rl’+1 5

for integers 71, 12,... € {1,...,k} and 7{,75,... € {1,...,k’}. The case nj < ng is similar.
We can now group together the blocks of primed or unprimed integers and sum over the
possible cardinalities of the blocks as well as the values of their elements after fixing first the
vector (ay, by, az, by, ...) = (no, ney, ng, n/f{’ ...), which marks the boundaries of the blocks.
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Afterward, we sum over all possible values of (a1, by, az, ba, ...). Using this decomposition
in expression (4.44), we can then see that

KP(z1,220)KP (22, 23)

9]

= lim Y > {420, (21 = 2V N) @20, ((z2 = 23)V'N)

N—>oom:2 O<aj<b)<--<apym<by<N

(4.46)
+ @20y (22 — 23)V'N) q2a, (21 — 22)V/'N))}

m
- Un (b1 —a1) - o Un(ba — ) - [T o Un (b — ai)qaia b, (0).
i=3
After passing to the limit using the local limit theorem for random walks and the asymptotic
(4.41), we arrive at expression (4.34).

It only remains to check that the interlacing blocks (4.45) are well defined, that is, con-
tribution to (4.44) from sequences {0 <ng <ny <---<nx <N} and {0 <ny<nj <--- <
ny, < N} that share common points is negligible due to the loss of some degrees of free-
dom. So let us look at (4.44) when the sum on the right-hand side is over configurations such
that

{0<np<ni<--<ng<N}N{0<nyg<n)<--<n, <N} #2.

By summing over 1 < n < N where a coincidence between some n, and né, can occur, the
right-hand side of (4.44) can be bounded by

Z (Ul%)k+k,+2 Z Z ]lne{nl ..... ndN{nd, ..., n;c,}

k,k'>1 I1<n<N O<ng<ny<--<ng<N
O<n6<n/1<-~~<n;<,§N
k k'
“qono (21 — 22)V'N) g (22 — 23)V'N) [T 220-nn O[] D) —n!_»(0).

i=1 i=1

Rearranging terms, this can be rewritten as

on D 2 qum(@1—2)VN)ga (22 — 23)VN)

I<n<N 1§n0,n6§n

4.47)
-UN(n—no)UN(n—né)) Z UN(n—n)UN(n/—n),

n<n,n’<N

where recall from (4.41) that Uy (0) = 1. First, restrict to the case ng, n,, n,n’ # n. Using
(4.42), this can be bounded by

Coy > qu(@— ZZ)“/N)QQnE)((ZZ —23)V'N)

l<ng,ny<N
log N n— log N n—n,
Z g Gﬁ( no) log Gy ( 0)
‘ N N N N
nQVn0<n§N

log N n—n\logN n—n
> Gy Gy :
N N N N

n<n,n’<N
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We now show that this sum goes to 0 as N — oco. Using the local limit theorem, we can
approximate the above sum by

Ca;‘,
N2 > gz — 22)82my (22 — 23)
1<ng,ny<N N N

Z logNGZ?<n—no>.logNGﬁ(n—n6>
N N N N

noVng<n<N

log N n—n)\logN n—n
x ol )nee )
N N N N

n<n,n’<N

Note that we have five independent summation variables no, n6, n, n, n’, compared to six

factors of N~!. Using a Riemann sum approximation and that 0]‘\‘, = O((log N)™?), we can
further bound the above sum by

ClogN)* (1 (1
T/o dto/O drgg2ry (21 — 22) 824 (22 — 23)

1 1 1

/ dtGy(t—10)Gyp(t— t(’))/ dt/ d'Gy(t — Gy (t' —1).
N7 t t

The asymptotics of Gy from (4.43) show that all integrals involving Gy are finite and so are

the integrals involving the heat kernels for z; # z2 # z3. Thus, the whole quantity vanishes

at the speed of O(%), as N tends to infinity.

Finally, we consider the sum in (4.47), when n coincides with at least one element in
{ng, n(), n,n’}, in which case a corresponding sum of Uy in (4.47) is replaced by 1, which
yields a better bound. We illustrate this in the case ng = n6 = n; the other cases are similar
and will be omitted. The quantity in (4.47) now becomes

oy Y qm(zi —22)VN)gm((za —23)vV'N) Y. Un(m—n)Uy(n' —n)

1<n<N n<n,n’<N
Cod log N n—n\logN n—n
SWKZ 820 (21 — 22)8 (22 — 23) Z N G@( N > N G@( N )
<n<N n<n,n'<N

c 1 1
<+ /0 dsgas (21 — 22)25 (22 — 23) / dr / 4Gy (t — )Gy (' —s),

which is O(N 1), as all integrals above are finite by (4.43) and by the small time asymptotics
of the heat kernels for z; # zo #2z3. O

PROOF OF LEMMA 4.10. The proof is similar to that of Lemma 4.9, so we will just give
a sketch.

For the product K (21,220 K@ (20, 23) K@ (21, 23), we can write a formula analogous
to (4.44) and (4.46), where we now sum over three type of blocks: unprimed, primed and
double-primed and to each one of which we assign a label o; € {12,23, 13}. Due to the
interlacing of the blocks, the assignment of labels will have the constraint that o; # o;_; for
all i. Thus, the only difference with the analogous formula for K @ (z1,22) K@ (22, z3) would
be that g2(4;, -5, ,)(0) would be replaced by 92(a;—bprev(iy) (0), where prev(i) corresponds to the
previous block with the same label 0. [
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4.3. Proof of Proposition 4.4. 1f ¢ = g, is the heat kernel (see (2.1)), we can compute

1.0, (@) and 9, 4, (@), as in Remark 4.5. We start from the latter; see (4.5): integrating z3
by Gaussian convolution, then z» by Lemma 4.8 and finally z;, we get

Tor ar(81) = (270)? / / 2 (21)8r(22)Gay (22 — 21)8r+ay (22) dz1 d22

= (27)%g2r44,(0) / &r(21)8ay+h(r,r+ay) (21) dz1

1
= (2 2 0 r(r+a 0 = ’
(27)"82r+a( )gr+al+z(r+a§)( ) 3r2 +2(a1 + ax)r + a1az

which proves the second relation in (4.13). We can compute ¥, 4, (g,) from (4.4) with similar
arguments, but it is easier to exploit the following basic fact: when z1, z2, z3 are independent
Gaussian random variables on R? with density g, then x :=z; —zp and y :=z3 — % are
independent with densities go, and g 3 > therefore,

Garax(8) = @) [[ 801 (082 (g (g, () e dy

1
a1+2l”a2+%r’

= (27)° 8142 (008,43, (0) =

which proves the first relation in (4.13). The fact that ¢, 4,(g,) > %1 ., (gr) then follows.
It remains to prove (4.11) when ¢(z) = 1j;/<,) is the indicator function of a ball. If we
define

£(2) = (¢ % gap) (2) = f ()80 (2 — ) d.

then we can write, recalling (4.4) and performing a change of variables,

21+ 22
2

=em? [[ | e(:=3)e(:+3 e 0@y

o0 = 2 [[ 006G =206 (F52 ) dside

Similarly, by (4.5)
Ty oy (@) = (27) f f 0(z — V()G (NE() dy dz.
(R2)2

Note that & is a radially symmetric and strictly increasing function since the convolution of
two radially symmetric and nonincreasing functions (see the proof of Lemma 4.7). We can
apply a layer cake decomposition for & as in (4.18), thus replacing £(z) by 1;/<;} with ¢
integrated w.r.t. the measure £ (df), which has full support on [0, o). Plugging also ¢(x) =
1{jx|<r}> We can write the contribution at each fixed t > 0 by

000 = T (o=@ [ fLebs(3.r) 0 B(=3.7) 050D
— Leb(B(y,r) N B(0,r) N B(0, t)}gm (y)dy,

where B(z,r) :={x € R?: |x| < r} is the ball of radius r centered at z. Note that

A(y) = B(%,r) n B<—%,r>
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is a symmetric convex set (possibly empty), which translated by % gives
y
Ar(y)+5=B(y,r)NB(Q,r).

2
Then it follows from Anderson’s inequality [1], Theorem 1, that we have the bound

Leb(A, (y) N B(0, 1)) = Leb((Ar(y) + %) N B(O, t)),

which can also be checked directly, and given r, the inequality is strict for a nonempty open
set of # and y. Integrating ¢ w.r.t. ué and y w.r.t. 8a, (v) dy then gives ¥, 4, (@) > Yy, a4, (@)
when ¢ is the indicator function of a ball.

5. Proof of Theorem 1.5: Lower bounds via collision local times and the Gaussian
correlation inequality. In this section we prove Theorem 1.5. The key point is the lower
bound (1.14) on the moments of the SHF D@iﬂ: for a suitable n = n; » > 0, we have, for any
m € N with m > 3,

5.1) B[22 (g9)"] = (1 + ME[22” (85))*]2) Vs (0, 1),

where g; is the heat kernel on R2; see (2.1). Then, in order to obtain (1.15) and complete the
proof, it suffices to show that (1.13) holds, which follows from the next result.

PROPOSITION 5.1 (Higher moments of GMC). Let //,’9 (dx) be the GMC with the same
first and second moments as the SHF fZ;ﬁ (dx); see Section 3.3. Then, as § |, 0, we have

. 1\(%)
(5.2) B[(2.4 (69)"] ~ (Cuo o %) >

where C; p = % f(; Gy (v) dv is the same constant which appears in (1.11).

The rest of this section is divided in three parts:

e First, we show that the moments of the SHF %’9 (dx), averaged over a test function ¢, can
be obtained as the limit (as ¢ | 0) of the moments of the solution u® (¢, x) of the mollified
stochastic heat equation (1.16), based on [17].

e Then we prove the bound (5.1) by exploiting the Gaussian correlation inequality [22, 25],
adapting the approach in Feng’s Ph.D. thesis [15].

e Finally, we prove Proposition 5.1, which completes the proof of Theorem 1.5.

5.1. SHF and the mollified stochastic heat equation. We consider the mollified stochastic
heat equation (1.16) with spatially mollified space-time white noise

£ (1) = (60 )W) = [ @ECx —2)dz,

where j(x) := &7 2j(x/e) and j(-) is a probability density on R? (usually taken compactly
supported). Assuming initial condition u®(0, -) = 1, by the Feynman—Kac formula [2], Sec-
tion 3 and equation (3.22), the It6 solution u®(f, x) = ufg(t, x) of (1.16), where we highlight
the dependence on S, has the representation

(5.3) Sy (2, x) = Ex[e” Jo &7 = By du—3 B2 jel3r | A5t gy 1o S5 &7 . Bu) du—3 21 131,

where E, denotes expectation for a standard Brownian motion B starting at x. We will omit
x from E, if x =0.
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We can directly compute the moments of u% (t, x), which do not depend on x by translation

invariance, thanks to the initial condition #(0, -) = 1. Given m € N, let (B("))lf,-fm denote m
independent Brownian motions, and define J, := & ~2J (x/¢) with J := j % j. Note that

.. t . .
(5.4) Var|:2/ £°( B(’) du:| Z L where ngjt ::/0 Je(B,El) — BL(/))du,

1<i,j<m
which can be viewed as a collision local time at scale & between B® and B"/). Note that
Ly, = J:(0)r = ||j8||%t, where || - ||» denotes the L2 norm. Given xi, ..., x, € R2, if we
denote by P; the law under which B starts at Bé’) = x;, a Gaussian computation yields

(5.5) E|:H u%(t, Xi):| — EE;[eﬁ DN Ss(Lt,BL(f))du—%ﬂzlljsII%f] _ E;[ H 6132 I L’61,1|
i=1

I<i<j<m

REMARK 5.2. Inthe critical window (1.21), we have ,882 ~2m/loge™ !, hence /SEZLQJ, for
i # j converges in law as ¢ | 0 to an exponential random variable ¥ of mean 1, by a classical
result [20]. This explains why B, is critical, since E[e*! ] diverges precisely at A = 1.

We now describe the link between the solution u%(t, x) of the mollified stochastic heat
equation and the SHF .Ziiﬂ (dx). We recall that the latter was obtained in [9] from the directed
polymer random measure Z f,; [(dx)=Z2 16;0,: (dx, R?) (see (1.5)), based on the simple random
walk (S,) on Z2, which has covariance matrix s/ with s = % and is periodic (note that Sy,
takes values in Zeven, see (1.6)). On the other hand, the solution u%(t, x) of the mollified

stochastic heat equation (see (5.3)) is based on a standard Brownian motion on R? with
covariance matrix / and, of course, with no periodicity issues.

For these reasons and to obtain the SHF fZ;ﬁ (dx) from the solution ufg (t, x) of the mollified
stochastic heat equation, we need an appropriate rescaling: given ¥ € R, if we scale 8, =
Be () in the critical window (A.4)—(A.5) (see also (A.7)-(A.9)), we expect that

60 S 1 xv2) d - 27 @)

see Section A.3 for a heuristic derivation. We refrain from proving such a convergence, which
we expect to follow from the same techniques as in the paper [9]. As a matter of fact, for our
goals it is enough to show that the two sides of (5.6) have asymptotically the same moments,
and this follows by [17] and [9], as we now describe.

PROPOSITION 5.3 (Moments of SHF and stochastic heat equation). Fix ¥ € R, and set
B = Be, as in (A.9). Fix a mollification density j(-) which is radially symmetric and nonin-
creasing. For any integrable ¢ : R — R and for any h € N, we have

h
(5.7) E[2 ()] = ihmIE[(/RZ u%s(t,xﬁ)go(x)dx) }

PROOF. It is enough to compare formulas (2.15)—(2.16) with Theorem 1.1 and equa-
tion (2.5)in [17]. O

REMARK 5.4. Recalling (2.7), we see that relation (5.7) for 4 = 2 reduces to
(5.8) /_/(Rz)z (/’(X)go(x’)Kt(z) (x,x")dxdx" = lgiﬁ)ﬂ/ar[/l;z u%s (t, xﬁ)ga(x) dx].

The validity of such a relation was proved in [7], Theorem 1.7 (note that the choice of ¥ in
(A.8)~(A.9), which enters K> = K% in (2.7), matches [7], equation (1.38)).
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5.2. Proof of the lower bound (5.1). Henceforth, we fix 8 = S, as in (A.4)—(A.5), and
omit it from notation; that is, we set u®(¢, x) := u%g (¢, x). It follows by (5.4)—(5.5) that

E[(/ ue(t,x«/i)(p(x)dx)m}

" 2t op@_ p() .
= [ TTwtEe s T eine-ahalqe
i=1

I<i<j<m

5.9

where we recall that E5 denotes expectation w.r.t. m independent Brownian motions with
B(()l) = y;. We now take ¢ = g5 to be the heat kernel (see (2.1)) and note that by diffusive

scaling we can write gs(x) = 2g25(x «/5). Then, in view of (5.7) and by a change of variables,
to prove (5.1) it suffices to find n = n; y > 0 such that, uniformly in m > 3 and § € (0, 1),

i : 0 _ () .

lim/ ngzs(xz')Ei[ 1_[ eb? Jo Je(Bs" =By )ds] dx
el0J@®ym i l<i<j<m

(5.10)

m

M p@ (5)

> (1+ n)lim(/ 82s(x1)82s (xz)E}[eﬂg Jo Je(B5~Bs V4] dx, dX2>
el0 (RZ)Z

We will adapt the approach in Feng’s thesis [15], which used the Gaussian correlation
inequality [22, 25] to prove an analogue of (5.10) for m = 3 with gs(-) replaced by 8p(-).
Unfortunately, not much could be concluded in that case, because all moments E[u® (¢, 0)™]
of order m > 1 diverge as ¢ |, 0: this is due to the fact that u®(z, 0) — 0 in distribution for
B = B¢ in the critical window (1.21) (see [5], Theorem 2.15), while E[u®(¢,0)] = 1 stays
constant. We will show that the Gaussian correlation inequality can still be applied when we
average u®(t, x) w.r.t. gs, which will lead to the interesting bound (5.1).

Let Z%), s Zgg) be i.i.d. normal random variables on R? with probability density g»s,
independent of the Brownian motions B("), ..., B® all starting from 0. Denoting by E ex-
pectation w.r.t. their joint law, we can rewrite (5.10) as

limE[ l_[ eﬂf Jo JS(Z;?-FBX(")_Zéé)_B‘gj))dsi|
(5.11) W hisicien

>(1+ n)limE[eﬂs2 15 Jg(Z§(§>+B§”—Z§§)—B§2))ds](’g).
- el0

Next, we Taylor expand the exponential in the left-hand side: for each i < j, we write
B3 o2 +B ~ 25~ By ds
o T (D ()
) . S
=1+Zﬂ8"/---/ [17:(255 + BY — ;) — BY) ds
n=1 O<sy<--<sp<t =1

n

00

_ 2n

=1+ Z'Bf / ’ '[)<sl<~-~<sn<t
n=1

() ; 0 N 42 45
La, ) (Z3s +BY — 235 — BY) d5 dy,
Veonn >0 I=1

where we used the decomposition J.(x) = f0°° La,(y)(x)dy with

(5.12) Ae(y) =[x e R?: J(x) > y).

Note that J := j % j is a radially symmetric and nonincreasing function, as the convolu-
tion of two radially symmetric and nonincreasing functions, as we showed in the proof of
Lemma 4.7. It follows that the set A.(y) is a ball centered at the origin for any y > 0.
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We can substitute this Taylor expansion into the left-hand side of (5.11) to obtain

2n
E|: l_[ (1 + Z '8 / ﬁ)<s1< <sp <t 1_[ ]lAs(”)
I<i<j<m Vlseeos >0 I=

(5.13)
(259 + B —Z5) — Bg))dmyﬂ,

which, upon expansion, leads to a positive mixture of terms of the form

n@:0
(l) @) (J) ()
(5.14) |: H l_[ ]lA 0! <z/> Z +B E”) —Z; Bs<t.j))i|’
(i,))eT I=1 !
where 7 C {(i Jj):1<i < j<m} and, for each (i, j) € Z, we have n>)) e N as well as
0<si) <<y (IJ) <tand y* D387 > 0. Note that

. (@) (@) o)
Wesii = ((Zzls )lgigm’ (Bs;,-,,-), le(ji.j))(i,j)eI,lglgn(i,j))

is a centered multidimensional Gaussian random vector. Since A.(y) is a convex set sym-
metric about the origin (in fact, a ball), we can apply the celebrated Gaussian correlation
inequality [22, 25] to lower bound (5.14) by

nG.J)
(@) @) () )]
E[ [1 [ Ly (235 + Bszm —Zy — Bs(i.n)]

(. ))ETN((1,2),(1,3)) I=1 ! !
(5.15)

nG.J)
(@) ) ) )
x [ [H Lo »(Zys + B 09 —Zy — Bva.j))}
(,j)eT =1 K

(i, ))#(1,2),(1,3)

where we have kept the factors from (7, j) = (1,2) and (1, 3) inside the same expectation,
while separating all other factors involving different (i, j) € Z.

Substituting the bound (5.15) back into the expansion of (5.13) gives a lower bound on the
left-hand side of (5.11), namely,

E[ I1 B (2 +B ~ 25— B§f))ds]

I<i<j<m

(5.16) |
) e R e e
j=2,3

Then the proof of (5.10), and hence (5.1), is complete once we prove the following Lemma.

LEMMA 5.5. There exits n = ;9 > 0 such that, uniformly in § € (0, 1), we have

(1) (1) (J) )
Z + By Z — By
E[l_[j 23 eﬁg /0 Je( )dS]

5.17) lim inf

>14+n.
240 E[ef? Jo J: (23 + BV~ 23] —B) dsp

PROOF. Let us define W(l) Z(’) + Bs(i) and W = (Wy(i))osss,. We introduce the
shortcuts

®, 5 (WD) := E[efe J“?(WS(U_WS@)dSIW(I)],

(W(l), W(l)) E[Cbs,(S(W(l)NWél), Wz(l)]
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so that the ratio in the left-hand side of (5.17) can be written as

E[Ds(W)2] _ EIE[@s (WD) We", w1 B W, Wiy
E[Des (W R0 ;WD) We" WP ™ E[D, (W, W)

by Jensen’s inequality. Therefore, it suffices to show that, uniformly for § € (0, 1),

D5 (W W) N2
E[®,s(Wy ", W, )]

(5.18) lim infE[(
el0

Let us show that the fraction in the left-hand side has a limit as ¢ |, 0. We treat separately
numerator and denominator, starting from the latter: by (5.9) with m =2 and ¢ = gs,

2
E[®.;(W", w)] = E[(f Wl (t, x«/i)ga(x)dx) ];
hence, by (5.7) with h =2 and recalling (2.7), we get
B = BB (W3 W)] =4E[ 2 (s5)’]

2
(5.19) =1+ //(JRZ)Z gs(x1)gs () K> (x1, x2) dxy dxa

t 1
=1427 // 825+5s(0)Gy(u —s)dsdu ~ (/ Gﬁ(u)du>10g—.
O<s<u<t 810 0 8

Next, we focus on the numerator: in analogy with (5.5), we can write

— (1 @) 4.

Be s (x1, y) = B[ o MWD yyD — ey w D = ]
(5.20)
= [ g Bl .yt (1. x)

where we define u® (¢, x1]y) as a modification of the Feynman—Kac formula (5.3),
(5.21) u®(t, x1ly) :=Ey, [eﬁfés%u,Bu)du—%ﬂznjsu%r|Bt =]

(we recall that Ey, is the expectation for a Brownian motion B, started at By = x1, so that
conditioning on B; = y yields a Brownian bridge). In [7], Theorem 1.7 & Section 8, a for-
mula for limg o E[(f ¢ (x)u®(z, x))?] was derived using chaos expansion and renewal type
arguments. The same arguments can be adapted to show that

HmE[u’ (¢, x1]y)u’ (t, x2)]
el0

:1+4”/"'/z,weR2 8s(z —x1)8s(z — x2)

O<s<u<t

-Gy (u —s)g%(w —Z)wdzdwdsdu,

gi(y —x1)
where the integral is equal to (modulo some different constants, as explained in Section A.3)
the covariance kernel K ® (x1, x2), defined in (2.7) and illustrated in Figure 4, if the factor
gi—u(y —w)/g:(y — x1) was not present.’ This factor is the conditional transition kernel from
(u, w) to (¢, y), originating from the conditioning on B; = y in the definition of u®(¢, x1]y),

SFor consistency, if we remove that factor, right-hand side becomes 1 + 47 fy_ ., <, 825 (x1 — x2)Gy (u —
s)ds du, which is consistent with formula (5.7) once we plug in x1+/2 and x3+/2; see also (5.8).
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while (u#, w) is the last time-space point of matching disorder between the chaos expansions
of u®(¢, x1|y) and u®(¢, x2). This factor disappears if we average over the law of y = B;.
Therefore,

@s(x1,y) = lim @ 5(x1, y)
el0

(5.22)

828(x2)8s(z — x1)8s(z — x2)&g; _uts (y — 2)
x,2€R gt (y —x1)

O<s<u<t

-Gy(u —s)dzdxpds du.
We can now combine (5.19) and (5.22), where ®s(x, y) and @ are defined: if we define

o)
(5.23) Ws(x1,y) 1= 7‘3@’”,
D

then by Fatou’s lemma we can bound

[< e s (WD, Wy
E[®, ;(W", w)

liminfE
el0

2
]) | = Brws(wg WP,

It is easy to check that E[Ws(W.", W) =1 (see (5.26) below). Since Ws(W.", w V) is
clearly not a constant, it follows by Jensen’s inequality that, for any § € (0, 1),

E[w;(W", W) > 1.
Since § — E[\D5(W(l), W,(l))z] is continuous, to prove (5.18) it only remains to show that

(5.24) laif(}E[\Ifg(Wé”, w )] > 1.

Denote Ws(W, ") := E[Ws(WS", W) w1 By W = 2 + B{", we have

J— 1 _ _
Ws(y) = _—/cbg(xl,y)g%(xl)gt(y x1) ax
8r+26(y)

= _i<1 + —/ / 82s(x1)825(x2)gs(z — x1) g5 (2 — x2)
Ds g1+25(¥) x1,%7,2€R?

O<s<u<t
X gt_%(y —2)Gy(m — s)dzdx;dxads du)
1<1+ /] ()2, e (v — )G )ddd)
== DN 25+s(Z s —2)Gy(u —s)dzds du
N 8r+25(y) cerz 82+ 8 Y

O<s<u<t

and since g5+ ()% = g2(23+s)(0)g5+% (z) by (4.20), we obtain

1 47
[\7 1—|—7// 0 _u(MGy(u—s dsdu)
=5 S e @8 G =)

8r+s—1(¥)
(1 +// i Gy (u —s)dsdu).
CI>5 O<s<u<t 26 +5 gr425())

Incidentally, this relation, together with (5.19), shows that

(5.25)

(5.26) E[ws (W, W) = E[Ws(W))] = /Rz Ws(y)gr42s(y)dy = 1.
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Note that, as § | 0, the dominant contribution to the integral in (5.19) for ®s comes from
s < 1, since we can restrict the integral to s < (log %)_1 (say) without changing the asymp-
totic behavior. The same is true for the integral in (5.25); hence, we obtain

Jo &—1 (1) Gy (u) du
g [§Gyw)du

which implies that 7p (W,(l)) = 55(2&? + Bt(l)) converges in law to EO(BI(I)) as 8 | 0. There-
fore, by Jensen’s inequality and Fatou’s lemma,

lim ¥, =, =
5% s(y) 0(y)

timE[ws (W3 ")) = B[ (W, ")) = E[Bo(5")’] > 1.

where the last inequality holds because E[@(B,(l))] =1 and \T(Bt(l) ) is not a.s. equal to 1.
This concludes the proof of (5.24), hence of Lemma 5.5. [J

5.3. Proof of Proposition 5.1. The log-divergence of the second moment kernel .%; @ (x,
y) of the SHF (see (1.11)) plays a crucial role. Recall from (3.7) and (2.7) that

AP, ) =) =1 KP(x,y) =1+ 27 /f 8s(x = y)Gp (u — s)ds du,

O<s<u<t

which is a monotonically decreasing function of |x — y|. By a change of variable,

t—yI 72 =25 ¢ pr—lx—yl% i
anf gs(x—y>Gﬂ<u—s)dsdu=f _ (/ Gm)dv)ds,
O<s<u<t 0 S 0

and note that, as |x — y| | 0, the dominant contribution to the integral comes from the range
of values 1 < § < |x — y|~2. Therefore, as |x — y| | 0,

! t
(527) :%/1(2)(]6., y) — ekt(x?y) ~ (/ Gﬁ(v) dv) log ﬁ ~ Ct,ﬁlog
0 X=y

1
lx — I’
where we set C; = 2[6 Gy (v)dv.

Applying the moment formula (3.3) and (5.27) to the left-hand side of (5.2), we find that,
asé | 0,

m
E[(Z///tﬁ(g(g))m] :f , Hga(xl.)eZgiqgmkt(xi,xj)d)—é
®™ =1

1 -
—dx.
lx; — x|

= (1 +0(1))(Cp.)(2) - ; 1
(1+0(1)(C1.9) /<R2w,~:l_[1g‘3(” [T tog

l<i<j<m
Via the change of variable y; = x; /+/8, the integral in the right-hand side can be written as
m 1 1 . 11\(2)
g1(yi) <log— + log 7> dy ~ (log —) ,
/(RZ)’” l:l_ll l 151-135,” NG lyi = vjl Vs

where the asymptotic equivalence as 6 | 0 follows by expanding the product and noting the
finiteness of the integrals. This shows that, as § | 0,

E[(2.4, (g5))"] ~ (Ct,ﬁ log %)(2),

which proves (5.2) and completes the proof of Proposition 5.1.
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APPENDIX: ON THE CRITICAL WINDOWS

In this section we compare the critical windows for directed polymers and for the mollified
stochastic heat equation.

A.1. Directed polymer setting. The critical scaling of 8 = Sy for the directed polymer
partition functions (1.4) is defined by the following asymptotic relation:

L<1+ ¥ +o(l)

(Al) O']%/ = e)‘(zﬂN)_Z)‘-(,BN) — 1= 1OgN

= ) for some fixed ¥ € R,
Ry
where A(-) is the log-moment generating function of the disorder (see (1.3)), while Ry is the

expected replica overlap of two independent simple symmetric random walks S, S’ on Z2,

N N N
= E[Z 1{Sn=5é}] =2 2 PE=0=) P(Su=0)
n=1

_ B
(A2) " "=zl
N

_ 1 /2n\1? _ log N
- Z 2211 n - T
n=1

witha =y +1log16 — 7 and y = — [ logue™ du ~ 0.577 the Euler-Mascheroni constant.

Since A(B) ~ %ﬁz as B — 0, it follows from (A.1) that ,BI%, ~m/logN as N — oo. The
parameter ¥+ € R tunes the higher order asymptotic behavior of By, which also depends on
the third and fourth cumulants «3, x4 of the disorder: see [7], equation (1.17), for the exact
formula, which simplifies when x3 = 0 (e.g., for symmetric disorder distribution) and yields

U — 1
12\/= b4 (1+ c+o( ))
log N log N

+ﬁ+0(1) as N — oo,
T

B

(A-3)
wh = —|——1 + — =y +1 16——1 + —

re ¢ : ,

erec:=«o b4 1 ks =7y +log T 7 TK4

that is, (1.7) holds with o =¥ — c.

A.2. Stochastic heat equation setting. We next consider the stochastic heat equation
(1.16) with mollified noise £° (¢, x) = (&(¢, -) * Jo)(x), where j.(x) := 8_2j(8_1)€). The crit-
ical scaling 8 = B; is (see [7], equation (8.28))

1 D 1
82 - (1 + L()>,
Re loge—2

where R, is defined as follows (see [7], Section 8.2):

(A4) B

-2

(A5) Re = _/: (/(Rz)z Jx)J()ga(x —y)dx dy) dr.

Note that we can view R, as the expected replica overlap of two independent Brownian
motions B, B’ on R?, enlarged via J := j % j into Wiener sausages, described by the functions
Jp,(2) :=J(z— By) and Jp/(2) := J (z — B)),

g2
Re = / / J()T (g (z — )81z — y) dx dy dz dr
0 (R2)3

(A.6) . B
= fLre moste - mpaca =]

(JB[, JB[/>L2(R2) dt]
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It was shown in [7], end of Section 8.2, that

loge™?> C
(A7) Re = Oig + . +o0(l) ase 0,
where
1
(A.8) C=2/ J(x)log J(y)dxdy +log4 — y.
(R2)2 lx =yl

Plugging this into (A.4) yields

4 U —C+o(1)
A9 2= (1 )
(A.9) P logs—2 + loge—2

that is, (1.21) holds with o =9 — C.

A.3. Matching directed polymers with the stochastic heat equation. In this appendix
we explain heuristically relation (5.6).
The stochastic heat flow %, ¥ (dx) is the limit of the directed polymer random measure

(A.10) 25 (A, R?) = Z Zy oy (IVNx1, 2);

Z EZeven

see (1.5) and Theorem 1.1. We can then rewrite (5.6) as

(A.11) 2 (dx, R?) y £ i %ugs (t,xv/2)dx ase |0,
B
where the disorder strengths in the two sides are tuned in the respective critical windows; see
(A.1) or (A.3) for By and (A.9) for B¢, for the same value of ¥ € R.
Relation (A.11) is expected to hold by comparing both sides to the same coarse-grained
model in [9]. However, we can simply explain the scaling factors in (A.11) by comparing the
mean and covariance of both sides:

e The multiplicative factor % is due to the periodicity of the simple random walk: we have
indeed E[Zﬁ’?’o’t(dx, R?)] = 4 dx (see (A.10)), while Elug (-,)]1=1.

e The factor V2 is because each random walk component has variance %: we have
Cov[ 2R, (dx, R?), ZR%)  (dy, RH)] ~ 1K (x — y)dxdy (see [9], Remark 3.7), while
Covlug, (t,x),up (t, )]~ K(z)(x y) see [3], equation (3.14), [7], Theorem 1.9.

We now give a heuristic derivation of relation (A.11). Let (S,) be a T-periodic random
walk on Z? (i.e., S, takes values in a sublattice T, C Z2? whose cells have area T) with
covariance matrix s/. For the simple random walk, we have s = % and T =2 with

(A.12) T, — :Zz for n even,

even
224 =2°\172,, forn odd;

see (1.6). The parameters s and T enter in the local limit theorem: recalling that g;(x) denotes
the heat kernel (see (2.1)), we have, as n — 00,

(A.13) P(Sy =2) = (gsn(2) + 0(n~ 1)) TL1, (2).

We insist on the use of general parameters s and T, instead of the particular values % and 2,
because the following arguments become more transparent.

The solution ufg(t, x) of the mollified stochastic heat equation (1.16) can be viewed as
the partition function for a Brownian directed polymer B in a mollified white-noise random
environment £¢, comparing (1.4) with the Feynman—Kac representation formula (5.3). To
account for the random walk variance s and periodicity T, we can modify (5.3) as follows:

even
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e We replace (B, x) by (+/sB, x/+/s) to get a Brownian motion with variance s started at x,
and accordingly, we replace the mollified white noise £° by gvse,

e We replace B by +/T8; this ensures that computing the variance u%(r, X) as a power series
in B2, arising from the polynomial chaos expansion (see, e.g., [7], equation (8.12)); each
heat kernel is multiplied by T, matching the local limit theorem (A.13).

Overall, since «/7,85\/58 (t —u, \/sB,) has the same distribution as /7 /sBE®(t —u, B,), we
can simply modify the Feynman—Kac formula (5.3) replacing x by x//s and B by /T /sp.
Summarizing, for the directed polymer random measure Zf,’;\'o, ,(dx, R?), defined in anal-

ogy with (A.10), with % replaced by % and waen replaced by Ty, we expect that
(A.14) zBv (dx, R?) £ u(t,x)dx witha(t, x):= lus (t i)
N N;O,l‘ ’ N=g—2 ) 9’ . T \/?BN ’ \/g .

For s = % and T = 2, this equation is “close” to (A.11) since +/T/sBy = 2By ~ Be, cf. (A.3)
and (A.9). For an accurate comparison, we should replace /T/sBy by B in the definition of
i(t,x) in (A.14), which leads to (A.11).

Finally, we note that i(z, x) from (A.14) solves a mollified stochastic heat equation with
adjusted coefficients; to account for the random walk variance s and periodicity T,

oru(t,x) = %Aﬁ(z, x)+ «/5\/;81\/&0, x)swg(t, x),
1
?7

(A.15)
(0, )=

where £%(1, x) := ﬁé“/\/g(t, %) has the same distribution as £%(¢, x). Again, for an accu-

rate comparison with directed polymers, we should replace /T/sBx in (A.15) by B, from
(A9).
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