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ENERGY SOLUTIONS OF KPZ ARE UNIQUE

MASSIMILIANO GUBINELLI AND NICOLAS PERKOWSKI

1. INTRODUCTION

The aim of this paper is to establish the well-posedness of the martingale problem
for the stationary conservative stochastic Burgers equation (SBE) on R,

(1) duy = vAudt + A, uldt + VDO, dWy,

where u: Ry x R — R is a continuous process in t taking values in the space of
(Schwartz) distributions over R, A € R, v, D > 0, and W is a cylindrical Wiener
process such that 0, is a space-time white noise. A direct consequence will be the
well-posedness of the martingale problem for the quasi-stationary Kardar—Parisi—
Zhang (KPZ) equation

(2) dhy = Ahydt + A((9phe)? — 00)dt 4+ V2dW,

where h: Ry xR — R is a continuous process, and for any ¢ the law of h:(-) — h+(0)
is a two-sided Brownian motion on R. The SBE describes the evolution of the weak
derivative u;(z) = 9, ht(x) of the solution to the KPZ equation h. Our uniqueness
proof also establishes that h is related to the solution of the linear multiplicative
stochastic heat equation (SHE),

(3) dZ, = AZ,dt + V27 Z, AW,
by the Cole-Hopf transformation

)\3
(4) he = A "tlog Z; + b t=0

The SHE allows a formulation via standard It6 calculus and martingale, weak, or
mild solutions in suitable weighted spaces of continuous adapted processes. The
SBE and the KPZ equation, on the other hand, cannot be studied in standard
spaces due to the fact that the nonlinearity is ill-defined, essentially because the
trajectories of the solutions do not possess enough spatial regularity. Indeed, so-
lutions of the KPZ equation are of Holder regularity less than 1/2 in space, so a
priori the pointwise square of their derivatives cannot be defined.

Despite this mathematical difficulty, the KPZ equation is expected to be a faith-
ful description of the large scale properties of one-dimensional growth phenomena.
This was the original motivation which led Kardar, Parisi, and Zhang [KPZ86] to
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study the equation, and both experimental and theoretical physics arguments have,
since then, confirmed their analysis. The rigorous study of the KPZ equation and
its relation with the SHE started with the work of Bertini and Giacomin [BG97] on
the scaling limit of the weakly asymmetric exclusion process (WASEP). Starting
from this discrete Markov process on {0, 1}Z and performing a suitable space-time
rescaling and recentering, they were able to prove that its density fluctuation field
converges to a random field u which is linked to the solution of the SHE by the
Cole-Hopf transformation (). Incidentally they had to add exactly the strange
1/12 drift in order to establish their result. Their work clarifies that any physically
relevant notion of solution to the (still conjectural) equations () and (2) needs
to be transformed to the SHE by the Cole-Hopf transformation and also that the
SBE should allow the law of the space white noise as invariant measure. A priori
these insights are of little help in formulating the SBE/KPZ equation, since given a
solution Z to the SHE it is not possible to apply Ito’s formula to A~ !log Z, and in
particular the inverse Cole-Hopf transformation is ill-defined. It should be noted
that the main difficulty of equations () and (@) lies in the spatial irregularity and
that no useful martingales in the space variable are known, a fact which prevents
an analysis via Itd’s stochastic integration theory. Moreover, the convergence result
of [BGI7] relies strongly on the particular structure of the WASEP and does not
have many generalizations because most models behave quite badly under exponen-
tiation (Cole—Hopf transformation); see [DT16,[CT17I/CST16,Labl7] for examples
of models that do admit a useful Cole-Hopf transformation.

After the work of Bertini and Giacomin, there have been various attempts to
study the SBE via Gaussian analysis tools taking into account the necessary invari-
ance of the space white noise. A possible definition based on the Wick renormalized
product associated to the driving space-time white noise has been ruled out because
it lacks the properties expected from the physical solution [Cha00]. Assing [Ass02]
has been the first, to our knowledge, to attempt a martingale problem formula-
tion of the SBE. He defines a formal infinite-dimensional generator for the process
essentially as a quadratic form with dense domain, but he has not been able to
prove its closability. The singular drift, which is ill-defined pointwise, make sense
as a distribution on the Gaussian Hilbert space associated to the space white noise,
however this distributional nature prevents the identification of a suitable domain
for the formal generator.

The martingale problem approach has been subsequently developed by Gongalves
and Jara [GJlO,GJMJ Their key insight is that while the drift in () is difficult
to handle in a Markovian picture (that is, as a function on the state space of the
process), it makes perfect sense in a pathwise picture. They proved in particu-
lar that a large class of particle systems (which generalize the WASEP studied by
Bertini and Giacomin) has fluctuations that subsequentially converge to random
fields u, which are solutions of a generalized martingale problem for (Il) where the
singular nonlinear drift 9, (u(t, z)?) is a well-defined space-time distributional ran-
dom field. Avoiding a description of a Markovian generator for the process, they
manage to introduce an auxiliary process which plays the same role in the formu-
lation of the martingale problem. Subsequent work of Jara and Gubinelli [GJ13]

IThe paper [GJT4] is the revised published version of [GJ10].
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gave a different definition of the martingale problem via a forward-backward de-
scription. The solution of the martingale problem is a Dirichlet process, that is
the sum of a martingale and a zero quadratic variation process. This property and
the forward-backward decomposition of the drift are reminiscent of Lyons—Zheng
processes and in general of the theory of Markov processes described by Dirich-
let forms; however, a complete understanding of the matter is at the moment not
well developed, and the martingale problem formulation avoids the subtleties of
the Markovian setting. Gongalves and Jara called the solutions of this generalized
martingale problem energy solutions for the SBE/KPZ equation.

Following [GJ14], it has been shown for a variety of models that their fluctuations
subsequentially converge to energy solutions of the KPZ equation or the SBE, for
example for zero range processes and kinetically constrained exclusion processes
in [GJS15], various exclusion processes in [GJSTT[FGS16,[BGS16/[GJI16], interacting
Brownian motions in [DGP17], and Hairer—Quastel type SPDEs in [GP16]. This is
coherent with the conjecture that the SBE/KPZ equation describes the universal
behavior of a wide class of conservative dynamics or interface growth models in the
particular limit where the asymmetry is “small” (depending on the spatial scale),
the so-called weak KPZ universality conjecture; see [Corl2l|Qualdl[QS15/[Spol6]. In
order to fully establish the conjecture for the models above, the missing step was a
proof of uniqueness of energy solutions. This question remained open for some time
during which it was not clear if the notion is strong enough to guarantee uniqueness
or if it is too weak to expect well-posedness. Here we present a proof of uniqueness
for the refined energy solutions of [GJ13], on the full line and on the torus, thereby
finally establishing the well-posedness of the martingale problem and its expected
relation with the SHE via the Cole-Hopf transform. In fact we even prove that
the equation formulated in [GJ13| leads to strongly unique solutions, which directly
gives uniqueness in law. The reason we emphasize the (weaker) uniqueness in law
is that energy solutions frequently arise as scaling limits for particle systems.

Our proof follows the strategy developed by Funaki and Quastel in [FQI5].
Namely, we map a mollified energy solution to the SHE via the Cole-Hopf trans-
form, and we use a version of the Boltzmann—Gibbs principle to control the various
error terms arising from the transformation and to derive the relation ) in the
limit as we take the mollification away. A direct corollary of our results is the proof
of the weak KPZ universality conjecture for all the models in the literature which
have been shown to converge to energy solutions.

Shortly after the introduction of energy solutions, the fundamental work [Hail3]
of Hairer on the KPZ equation appeared, where he established a pathwise notion of
solution using Lyons’s theory of rough paths to provide a definition of the nonlinear
term as a continuous bilinear functional on a suitable Banach space of functions.
Existence and uniqueness were then readily established by fixed point methods.
This breakthrough developed into a general theory of singular SPDEs, Hairer’s
theory of regularity structures [Hail4], which provides the right analytic setting to
control the singular terms appearing in stochastic PDEs, such as the SBE/KPZ
equations and their generalizations, but also in other important SPDEs, such as
the stochastic Allen—Cahn equation in dimensions d = 2,3 and the (generalized)
parabolic Anderson model in d = 2,3. The work of the authors of this paper
together with P. Imkeller on the use of paradifferential calculus [GIP15] and the
work of Kupiainen based on renormalization group (RG) techniques [Kupl6lKMI17]
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opened alternative ways to tackle singular SPDEs. All these approaches have in
common that they control the a priori ill-defined nonlinearities in the equation
using pathwise (deterministic) arguments, and it was not clear if a probabilistic
understanding of such singular SPDEs is possible at all. Our uniqueness proof for
the stationary martingale solution to the KPZ equation is a first indication that
it is possible and is a problem worth investigating closer—even if our method of
proof does not extend to other equations because we extensively use the specific
structure of the KPZ equation, including the facts that its invariant measure is
Gaussian, that its nonlinearity is antisymmetric, and most restrictively that it can
be mapped to the SHE through the Cole-Hopf transform.

From the point of view of the weak KPZ universality conjecture, the pathwise
approach is difficult to use and, for now, there are only a few convergence results
using either regularity structures, paracontrolled distributions, or RG techniques;
see [HQ15[[HST5/GP17[Hos16]. The martingale approach has the advantage that it
is easy to implement, especially starting from discrete particle systems which often
do not have the semilinear structure that is at the base of the pathwise theories.

The main limitation of the martingale approach to the SBE/KPZ equation is that
currently it works only at stationarity. Using tools from the theory of hydrodynamic
limits, it seems possible to extend the results to initial conditions with small relative
entropy with respect to the stationary measure. However, this has not been done
yet and dealing with even more singular initial conditions is a completely open
problem. On the other hand, with energy solutions it is relatively easy to work on
the real line, while in the pathwise approach this requires dealing with weighted
function spaces, and the question of uniqueness seems still not clear.

To summarize, the main contribution of the present paper is a proof of uniqueness
of energy solutions (in the refined formulation of Jara and Gubinelli [GJ13]) on
the real line and on the torus. We start in section 2l by introducing the notion of
solution and the space of trajectories where solutions live. Subsequently, we discuss
in section [3] several key estimates available in this space, estimates which allow us
to control a large class of additive functionals. After these preliminaries we show
in section @l how to implement the Cole—Hopf transformation at the level of energy
solutions and, by a careful control of some error terms, how to establish the Ito
formula which proves the mapping from the SBE to the SHE. Using the uniqueness
for the SHE, we conclude the uniqueness of energy solutions. In Appendix[Alwe add
some detail on how to modify the proof to deal with the case of periodic boundary
conditions. Appendix [B] contains an auxiliary moment bound for the Cole-Hopf
transformation of the stochastic Burgers equation.

Notation. We use the notation a < b if there exists a constant ¢ > 0, independent
of the variables under consideration, such that a < ¢-b, and we write a ~bifa <b
and b < a. The Schwartz space on R? is denoted with .#(R9), and its dual ./ (R?) is
the space of tempered distributions. The notation 2’(R?) refers to the distributions
on R?, the dual space of C2°(R%). The Fourier transform of u € .#/(R?) is denoted
with @ = Zu, and we use the normalization @(§) = [, €*™*"u(z)dz. For o € R,
we use the following slightly unusual (but of course equivalent to the usual) norm
for the space H(R9)

H® (Rd) = {u e (Rd) : \|u||§{a(Rd) = /Rd |a(€)[? (1 + |27r5|2)a < oo}.
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Throughout this paper we work with the quadratic variation in the sense of
Russo and Vallois [RV07]: A real-valued stochastic process (X;);>0 has quadratic
variation ([X];)i>0 if

t
. 1
[X]; = lim i ~(Xope - X,)%ds,

where the convergence is uniform on compacts in probability. If X is a continuous
semimartingale, then [X] is its semimartingale quadratic variation. Despite the fact
that we deal with continuous processes, we use the notation [-] for the quadratic
variation because (-,-) will be reserved for the inner products in various Hilbert
spaces.

2. CONTROLLED PROCESSES AND ENERGY SOLUTIONS

2.1. Burgers equation. In this section we follow Gongalves and Jara [GJ14]
and Gubinelli and Jara [GJ13] in defining stationary energy solutions to the SBE
u: Ry xR — R,

(5) duy = vAudt + Ad,uldt + VDO, dWy,

where A € R, v,v/D > 0, and 9,W is a space-time white noise. Recall that from a
probabilistic point of view the key difficulty in making sense of (H) is that we expect
the law of (a multiple of) the white noise on R to be invariant under the dynamics,
but the square of the white noise can only be defined as a Hida distribution and
not as a random variable. To overcome this problem, we first introduce a class of
processes u which at fixed times are distributed as the white noise but for which
the nonlinear term J,u? is defined as a space-time distribution. In this class of
processes it then makes sense to look for solutions of the Burgers equation ().

If (Q,F, (Fi)e>0,P) is a filtered probability space, then for an adapted process
W with trajectories in C' (R, (R)) we say that 0;W is a space-time white noise
on that space if for all ¢ € #(R) the process (Wi(¢))i>0 is a Brownian motion in
the filtration (7;)i>o with variance E[W;(¢)?] = t[|¢[|72 5, for all t > 0. A (space)

white noise with variance o is a random variable n with values in .%/(R) such

that (9(¢))secs(r) is a centered Gaussian process with covariance E[n(¢)n(¢)] =
a?{p, V) r2mw)- If 0 =1, we simply call 5 a white noise. Throughout, we write y for
the law of the white noise on .#’(R).

Definition 2.1 (Controlled process). Let v,D > 0, let ;W be a space-time
white noise on the filtered probability space (2, F, (F¢)i>0,P), and let n be an
Fo-measurable space white noise. Denote with @, p(W,n) the space of pairs (u,.A)
of adapted stochastic processes with trajectories in C' (R4, .’ (R)) such that

i) up = \/D/(2v)n and the law of u; is that of a white noise with variance
D/(2v) for all t > 0;

ii) for any test function ¢ € (R), the process t — A;(¢) is almost surely
of zero quadratic variation, satisfies Ay(¢) = 0, and the pair (u(p), A(v))
solves the equation

6)  uile) =uo(e) +v / u(Ap)ds + A(p) — VDWi(Oa), £ 30
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iii) for any T' > 0 the time-reversed processes t; = ur—_¢, A = —(Ar — Ap_y)
satisfy

() = do(p) + v / 0(Ap)ds + A(g) - VDWi(Dep), € [0,T), 0 € #(R),

where 9, W is a space-time white noise in the filtration generated by (1, /l)

If there exist a space-time white noise 0;W and a white noise n such that (u, A) €
Q,.p(W,n), then we simply write (u, A) € Q, p. For v =1 and D = 2, we omit the
parameters in the notation and write (u,.A) € Q(W,n), respectively (u,.A) € Q.

We will see that 9, p(W,n) contains the probabilistically strong solution to (&),
while @, p is the space in which to look for probabilistically weak solutions.

Controlled processes were first introduced in [GJ13] on the circle, and the defi-
nition on the real line is essentially the same. For A = 0 the process (X,0) € Q, p
is the stationary Ornstein—Uhlenbeck process. It is the unique-in-law solution to
the SPDE

dXt = I/AXtdt + \/ﬁaxth

with initial condition ug ~ v/ D/(2v)n. Allowing A # 0 has the intuitive meaning
of considering perturbations of the Ornstein—Uhlenbeck process with antisymmetric
drifts of zero quadratic variation. In this sense we say that a couple (u,.A) € Q, p
is a process controlled by the Ornstein—Uhlenbeck process.

As we will see below, for controlled processes we are able to construct some in-
teresting additive functionals. In particular, for any controlled process, the Burgers
drift makes sense as a space-time distribution:

Proposition 2.2. Let (u, A) € Q, p, let p € L*(R) N L*(R) with [, p(x)dx =1,
and write p¥ := Np(N-) for N € N. Then for all p € .#(R), the process

t
/ (us * pN)z(_ax(P)dSu t>0,
0

converges uniformly on compacts in probability to a limiting process that we denote
with

WV

¢
/ puds(yp), t>0.
0

As the notation suggests, this limit does not depend on the function p.

The proof will be given in section B3l Note that the convolution wug * pV is
well-defined for p¥ € L2(R) N L'(R) and not only for pV € .7 (R) because at fixed
times u, is a white noise.

Now we can define what it means for a controlled process to solve the SBE.

Definition 2.3. Let 0,W be a space-time white noise on (Q, F, (Fi)t>o0,P), let n
be an Fp-measurable space white noise, and let (u, A) € Q, p(W,n). Then u is
called a strong stationary solution to the SBE

D
(7) duy = vAudt + N uZdt + VDo, dW,, Uy = 1/ EL

if A(p) = X[, 0,uds(p) for all ¢ € S(R). If (u, A) € Qup and A(p) =
A [ O-uZds(p) for all p € .7 (R), then u is called an energy solution to ().
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The notion of energy solutions was introduced in a slightly weaker formulation
by Gongalves and Jara in [GJI4], and the formulation here is due to [GJ13]. Note
that strong stationary solutions correspond to probabilistically strong solutions,
while energy solutions are probabilistically weak in the sense that we do not fix
the probability space and the noise driving the equation. Our main result is that
strong and weak uniqueness hold for our solutions.

Before we state this precisely, let us introduce some notation. Given o € C°(R)
with ¢ > 0 and fR x)dx = 1, we write Z\¢ (@) for the unique solution to the linear
multiplicative SHE

h -
®)  dz =vAzdt+ \/_Z(”)dwt, 287 (z) = e VENOL),

where 07 = L—oom — [ o(y)dy. If G is another function of this form, then
n(@(g)) = 77(9( )) + X, where x is an Fo-measurable random variable that is inde-

pendent of z, and in particular Z ( )=ev \/;XZ (x) for all t > 0 and = € R,
which implies 9, log Z(?) = 9, log Z(?) for the distributional derivative 0.

Theorem 2.4. Let O;W be a space-time white noise on the filtered probability space
(Q,F, (Ft)i0,P), and let n be an Fo-measurable space white noise. Then the strong
stationary u solution to

/D
(9) duy = vAudt + N u?dt + v DO, dW,, uo =\ 5,
14

is unique up to indistinguishability. Moreover, for XA # 0, we have u = X0, log AR
where the derivative is taken in the distributional sense, and Z(7) is the unique
solution to the linear multiplicative SHE (8) for an arbitrary o € C°(R) with
020 and fR x)dz = 1. Consequently, any two energy solutions of (@) have the
same law.

The proof will be given in section A1l

Remark 2.5. As far as we are aware, this is the first time that existence and unique-
ness for an intrinsic notion of solution to the Burgers equation on the real line is ob-
tained. The results of [Hail3l[GP17,[KM17] are restricted to the circle T. In [HL15]
the linear multiplicative heat equation is solved on the real line using regularity
structures, and by the strong maximum principle of [CGF17] the solution is strictly
positive, so in particular its logarithm is well-defined. Then it should be possible
to show that the derivative of the logarithm is a modeled distribution and solves
the SBE in the sense of regularity structures. However, it is not at all obvious if
and in which sense this solution is unique.

Remark 2.6 (Reduction to standard parameters). To simplify notation, we will
assume from now on that v = 1 and D = 2 which can be achieved by a simple
transformation. Indeed, it is easy to see that (u,.A) € Q, p(W,n) if and only if
(u"P, A»P) e QW™D i), where

2v

U?D(SD) = But/u(¢)7 A?)D(SD) = \/%At/u(sp)v WtMD(SD) = \/;Wt/u(‘p)y
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and 9, WP is a space-time white noise. Moreover, u is a strong stationary solution
to [@) if and only if u*? is a strong stationary solution to

D
du?’P = AuPat + A/ ﬁax(u;vD)th +V20,daW P wpP =1

By also rescaling the space variable, it would be possible to set A = 1 in (E).
However, in the periodic setting discussed below, the rescaling of the space variable
would change the size of the torus on which the solution lives, so we prefer to work
with general A instead.

Remark 2.7 (Martingale problem). Energy solutions can be understood as solutions
to a martingale problem. Indeed, given a pair of stochastic processes (u,.A) with
trajectories in C (R4,.%’(R)), we need to check the following criteria to verify that
u is the unique-in-law energy solution to ([@)):
i) The law of u; is that of the white noise with variance D/(2v) for all ¢ > 0.
ii) For any test function ¢ € .#(R), the process t — A:(p) is almost surely
of zero quadratic variation, satisfies Ag(p) = 0, and the pair (u(p), A(p))
solves the equation

WV

t

wle) = wle) +v [ u(Bo)ds + Al + M) 130,
where M(p) is a continuous martingale in the filtration generated by
(u, A), such that My(¢) = 0 and M(y) has quadratic variation [M(p)]:
— Do, A

iii) For any T > 0 the time-reversed processes @; = ur—¢, Ay = —(Ar — Ap_4)
satisfy

M@z%wngﬁmmm®+4m+Mmm te[0,7],

where M(yp) is a continuous martingale in the filtration generated by
(a1, A), such that My(p) = 0 and M(p) has quadratic variation [M(p)],
= Dld¢|2at.
iv) There exists p € L*(R) N L?(R) such that [ p(z)dz = 1 and with pV :=
Np(N-) we have
¢

-At(@) = A lim (us * pN)Q(_ax<P)d5

N—o00 0

for all t > 0 and ¢ € Z(R).

Remark 2.8 (Different notions of energy solutions). In [GJ14] a slightly weaker
notion of energy solution was introduced. Roughly speaking, Gongalves and Jara
only make assumptions i), ii), and iv) of Remark 7] but do not consider the time
reversal condition iii). They then show that a wide class of weakly asymmetric
exclusion type processes have subsequential scaling limits that satisfy conditions
i), ii), and iv). We do not know whether this weaker formulation still identifies
the subsequential limits uniquely. However, the proof in [GJ14] actually shows
that any subsequential scaling limit of their particle system also satisfies iii), even
if Gongalves and Jara do not mention this explicitly. Indeed, the time-reversal
condition iii) is satisfied for the particle system, and it trivially carries over to the
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limit. Therefore, the combination of [GJ14] with our uniqueness result proves the
weak KPZ universality conjecture for a wide class of particle systems.

Remark 2.9 (Relaxations). It suffices to assume (u,A) € C (R4, 2'(R)) and to
verify the conditions of Remark 7] for ¢ € C°(R) instead of ¢ € .#(R). For
our proof of uniqueness we do need to handle test functions in .#(R), but since all
terms in the decomposition

ue(9) = uo() + v / us(Ag)ds + A / 0,uds(0) + VDWi(p)

come with good continuity estimates, it follows from the above conditions that u
and A have trajectories in C(R4,.%’(R)) and satisfy the same equation also for
test functions in .#(R). It is even possible to only assume that (u(p), A(p)) is a
family of continuous adapted stochastic processes indexed by ¢ € C2°(R) such that
the conditions i)-iv) in Remark 277 hold up to a null set that may depend on ¢.
In that case we can find a version (4,.4) with values in C(R,,.”’(R)) such that
P(u(p) = a(p), A(p) = A(p)) = 1 for all p € C2°(R). These relaxations may come
in handy when proving the convergence of fluctuations of microscopic systems to
the Burgers equation.

2.2. KPZ equation. Once we understand how to deal with the SBE, it is not
difficult to also handle the KPZ equation. Let 0;W be a space-time white noise
on the filtered probability space (Q, F, (Fi)i>0,P), and let x be an Fy-measurable
random variable with values in .#/(R) such that n := 0, is a space white noise.
Then we denote with QXP%(W, ) the space of pairs (h, B) of adapted stochastic
processes with trajectories in C'(Ry,.’(R)) which solve for all ¢ € #(R) the
equation

(10) ha() = x(9) + / he(Ag)ds + By(p) + V2Wi (),

and are such that By(¢) = 0, and for which u := 9, h, A := 0.8 satisfy (u,.A) €
Q(W,n). Similarly, we write (h, B) € QXFZ if there exist (W, x) as above such that
(h, B) € Q¥PZ(IW, x). In Proposition B.I5 we show in fact the following generaliza-
tion of Proposition 22t If (u, A) € Q and (p") C L*(R)N L*(R) is an approximate
identity (i.e., supy [|p™ |11 () < 00, pN(0) =1 for all N, limy_,o0 p/(z) = 1 for all
x), then there exists a process [ u$?ds € C' (Ry,.#”(R)), defined by

( / uzzds) (@) = Dim [ [(ue = o™ — 10 Pagay) (0,
0 0

n—oo

where the convergence takes place in LP(P) uniformly on compacts, and the limit
does not depend on the approximate identity (p?V).

So we call (h,B) € QXPZ(W, x) a strong almost-stationary solution to the KPZ
equation

(11) dhy = Ahgdt + M((9yhy)? — 00)dt + V2dW, ho = X,

if B =X [,u$?ds. Similarly, we call (h,B) € QX% an energy solution to () if
law(ho) = law(x) and B = X [, u$?ds. The terminology “almost-stationary” comes
from [GJ14], and it indicates that for fixed ¢ > 0 the process x — h:(z) is always
a two-sided Brownian motion; however, the distribution of h:(0) may depend on
time. The analogous result to Theorem [2.4]is then the following.
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Theorem 2.10. Let ;W be a space-time white noise on (0, F, (Ft)e>o0,P), and let
X be an Fo-measurable random variable with values in %' (R) such that Oyx is a
space white noise. Then the strong almost-stationary solution h to

(12) dhy = Ahydt + A((9phy)? — 00)dt + V2dW,,  hg = ¥,

is unique up to indistinguishability. Moreover, for A # 0, we have

3

A
(13) hy =X "tlog Z; + ot t>0,

where Z is the unique solution to the linear multiplicative SHE

(14) dZ, = AZdt + V21 Z, dW,, Zy = X,

Consequently, any two energy solutions of ([I2) have the same law.
The proof will be given in section A1l

Remark 2.11. It is maybe somewhat surprising that the energy solution h to the
KPZ equation is not equal to the Cole-Hopf solution hi= A1 log Z, but instead
we have to add the drift tA\3/12 to h to obtain h. Remarkably, this drift often
appears in results about the Cole-Hopf solution of the KPZ equation. For example
in [BG97, Theorem 2.3] it has to be added to obtain the Cole-Hopf solution as
the scaling limit for the fluctuations of the height profile of the weakly asymmetric
exclusion process (there the drift is —t/24 because Bertini and Giacomin consider
different parameters for the equation). The same drift also appears in [ACQII]
Theorem 1.1], in the key formula [SS10, (4.17)], and in [FQ15, Theorem 1.1].

In [GJ14] Theorem 3] it is claimed that the Cole-Hopf solution is an energy
solution to the KPZ equation, and as we have seen this is not quite correct. The
reason is that the proof in [GJ14] is based on the convergence result of [BG97], but
they did not take the drift —¢/24 into account which Bertini and Giacomin had to
add to obtain the Cole-Hopf solution in the limit.

Remark 2.12 (Martingale problem). Given a pair of stochastic processes (h, B) with
trajectories in C' (R4, .%’(R)) we need to check the following criteria to verify that
h is the unique-in-law energy solution to (I2)):

i) For all ¢ € .7(R), we have By(p) = 0 and

ha(i0) = x(0) + / ha(Ap)ds + By(9) + Wi(e)

for a continuous martingale W () starting in 0 and with quadratic variation
W(e)le =2t ol 72 gy
ii) The pair u := 9,h, A := 0.8 satisfies conditions i), ii), iii) in Remark 2.7
iii) There exists p € L*(R) N L?(R), such that [, p(z)dz =1 and with pV :=
Np(N-), we have
t

Bi(p) = A lim [ [(us*p")? — || p"|[Z2m))(0)ds

N—oc0 0

for all t > 0 and ¢ € Z(R).
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2.3. The periodic case. It is also useful to have a theory for the periodic model
u: Ry x T — R, where T =R/Z and

(15) du; = Auydt + A\,uldt + V20,dW;,  ug =7,

for a periodic space-time white noise 9;WW and a periodic space white noise 7. For
a process W with trajectories in C(Ry,.’(T)), where .#/(T) are the (Schwartz)
distributions on the circle, we say that 0;W is a periodic space-time white noise
if for all ¢ € C°°(T) the process (Wi(¢))t>0 is a Brownian motion with variance
E[|[W:(¢)?] = tHgoH%Q(T). A periodic space white noise is a centered Gaussian pro-
cess (N(¢))pecee(m) With trajectories in .#/(T), such that for all ¢,¢ € C(T), we
have E[n(e)n(y)] = (ow, Iotp) r2(r), where gy = ¢ — [ @(x)dz is the projec-
tion of ¢ onto the mean-zero functions. The reason for setting the zero Fourier
mode of n equal to zero is that the SBE is a conservation law and any solution
u to (IH) satisfies u;(0) = ug(0) for all ¢ > 0, and therefore shifting 7(0) simply
results in a shift of @;(0) by the same value, for all t > 0. So for simplicity we as-
sume 7(0) = 0. Controlled processes are defined as before, except that now we test
against ¢ € C°°(T) and all noises are replaced by their periodic counterparts. Then
it is easy to adapt the proof of Proposition .15 to show that also in the periodic set-
ting the Burgers drift [ d,u2ds is well-defined; alternatively, see [GJ13, Lemma 1].
Thus, we define strong stationary solutions, respectively energy solutions, to the
periodic Burgers equation exactly as in the nonperiodic setting. We then have the
analogous uniqueness result to Theorem [Z4t

Theorem 2.13. Let 0, W be a periodic space-time white noise on (Q, F, (Ft)i>o0,P),
and let n be an Fy-measurable periodic space white noise. Then the strong stationary
u solution to

(16) du; = Augdt + A@wufdt +v28,dW;, ug =1,

is unique up to indistinguishability. Moreover, for A # 0, we have u = A\~"'9,log Z,
where the derivative is taken in the distributional sense and Z is the unique solution
to the linear multiplicative SHE

(17) dZ, = AZ,dt + V22Z,dW,, Zoy = M,

for Fp(In)(k) = (2mik) ' Fn(k), k € Z\ {0}, Zr(In)(0) = 0, and where Fr
denotes the Fourier transform on T. Consequently, any two energy solutions of (L6
have the same law.

We explain in Appendix [A] how to modify the arguments for the nonperiodic
case in order to prove Theorem 2.131

3. ADDITIVE FUNCTIONALS OF CONTROLLED PROCESSES

3.1. It6 trick and Kipnis—Varadhan inequality. Our main method for con-
trolling additive functionals of controlled processes is to write them as a sum of a
forward and a backward martingale which enables us to apply martingale inequal-
ities. For that purpose we first introduce some notation. Throughout this section
we fix (u, A) € Q.

Definition 3.1. The space of cylinder functions € consists of all F': .#/(R) — R
of the form F(u) = f(u(p1),...,u(py)) for some n € N, ¢1,...,¢, € Z(R) and
f € C?(R") with polynomial growth of its partial derivatives up to order 2.
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For F' € ¥, we define the action of the Ornstein—Uhlenbeck generator Lg as

LOF(U) = Zaif(u((pl)v s 7“((pn))u(A90i)

+ Z i f(u(r), ..., ul@n))(0epis 0n0s) L2(R)-

4,j=1

With the help of It&’s formula it is easy to verify that if (X,0) € Q is the stationary
Ornstein—Uhlenbeck process (see the discussion below Definition 1) and F € €,
then F(X;) — F(Xo) — fot LoF(X;)ds, t > 0, is a martingale and in particular Lo F
is indeed the action of the generator of X on F. We will see in Corollary B.8 that
Lo can be uniquely extended from % to a closed unbounded operator on L?(i),
also denoted by Lg, so € is a core for Ly. We also define the Malliavin derivative
D.F(u) =Y 0if(ulgr),...,ulen))pi(z), xR,
i=1

for all F' € €, and since p is the law of the white noise we are in a standard Gaussian
setting and D is closable as an unbounded operator from LP(u) to LP(u; L2(R)) for
all p € [1,00); see for example [Nua0O6]. Similarly also F' +— 9,D,F is closable from
LP(p) to LP(u; L2(R)) for all p € [1,00), and we denote the domain of the resulting
operator by #1P. Then # P is the completion of ¥ with respect to the norm
E[|F|P]'/? + E[[|0;DF|[}gy] /7. So writing

E(F(u) = 2[0:Da F (u) [ 72s).
we have E(F(-)) € LP/?(u) for all F € #1P. Finally, we denote
IF11} := E[E(F (uo))]-

The following martingale or It6 trick is well known for Markov processes; see for
example the monograph [KLO12], and in the case of controlled processes on Ry x T
it is due to [GJ13]. The proof is in all cases essentially the same.

Proposition 3.2 (It6 trick). Let T > 0, p > 1, and F € LP([0,T]; #'*?). Then
we have for all (u, A) € Q,

(18) E |sup

t<T

¢
/ LoF(s,us)ds
0

] <(/ e, D)

2 T
] < / |F (s, )|2ds.

Proof. We first assume that F(t) € € for all t € [0, T] and that t — F(t,u) € C*(R)
for all w € ' (R). Since (ut(¢))i>0 is a Dirichlet process for all ¢ € .#(R) (the sum
of a local martingale and a zero quadratic variation process), we can then apply
the It6 formula for Dirichlet processes (see [RV07]) to F and obtain for ¢t > 0

For p = 2, we get in particular

t
Elsup / LoF(s,us)ds
0

t<T

t t
F(t,ut):F(O,u0)+/ (ﬁsF(s,uS)+L0F(s,us))ds—|—/ OuF (5, us)d A, + MF
0 0
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for a continuous martingale M with M = 0 and quadratic variation d[M¥]; =
E(F(s,us))ds. Similarly, we get for 4; = ur—_¢
T

F(T —T,ap) = F(T — (T —t),d7p_;) + / (0sF(T — s,05) + LoF(T — s, 1,))ds
T—t
T A A A
+ OuF(T — s,05)dAs + ME — ME_,
T—t

for a continuous backward martingale MF with M{ = 0 and quadratic variation
d[MF], = E(F(T — s,1,))ds. Adding these two formulas, we get

t
0= 2/ LoF(s,us)ds + M} + ME — ME_,,
0

and thus the Burkholder—-Davis—Gundy inequality yields

p

t
E / LoF(s,us)ds

0

sup
t<T

< E[sup \MtF + MTE — MTE*JP}
t<T

S E[MTR?) + E[[MF15)

T p/2
~E </0 E(F(s,us))ds>

T p/2
<( ] 16 pnds)”
0

where the last step follows from Minkowski’s inequality.

For a general F' € LP([0,T]; #'1'P), we first approximate F in LP([0,T]; #'1'P) by
a step function that is piecewise constant in time, then we approximate each of the
finitely many values that the step function takes by a cylinder function, and finally

we mollify the jumps of the new step function. In that way our bound extends to
all of LP([0,T]); w'1P). O

Remark 3.3. The right-hand side of ([I8)) does not involve the LP([0, T]; L?(p))-norm
of F, and indeed it is possible to extend the result to the following space. Identify all
F,F € € with E[£(F (uo) — F(ug))P/2]'/? = 0, and write #? for the completion of
the resulting equivalence classes with respect to the norm F + E[E(F (ug))?/?]'/?.
Then (I8) holds for all F € LP([0,T]; # ') provided that the integral on the left-
hand side in (I8]) makes sense. But we will not need this.

Remark 3.4. If in the setting of Proposition F(s) has a finite chaos expansion
of length n for all s € [0,T] (see section for the definition), then also £(F(s))
has a chaos expansion of length 2n — 2 and therefore Gaussian hypercontractivity

shows that for all p > 1,
P T p/2
] S ([ 1peoias)™

The bound in Proposition allows us to control [j F'(s,us)ds, provided that
we are able to solve the Poisson equation

LoG(s) = F(s)

¢
/ LoF(s,us)ds
0

E | sup
t€[0,T]
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for all s € [0,7]. Note that this is an infinite-dimensional PDE which a priori is
difficult to solve, but that we only need to consider it in L?(u) which has a lot of
structure as a Gaussian Hilbert space. We will discuss this further in section
Nonetheless, we will encounter situations where we are unable to solve the Poisson
equation explicitly, and in that case we rely on the method of Kipnis and Varadhan
allowing us to bound fo F(s,us)ds in terms of a certain variational norm of F'. We
define for F' € L?(u)

IF]12y := sup {2E[F(u0)G(uo)] — [|G]17},
Ge¥

and we write F € 7! if the right-hand side is finite. For details on ||-|_; and
AL, see [KLO12, Chapter 2.2]. Here we just remark that for F € L?*(u) and
G € €, we have

2 {F (110)G(u0)) — G < 2 sup ELF(uo) H (wo)]) |61 — G}
5l =1
<( swp EIF@o)H))

He®
IH[[1=1

and on the other hand we have 2\E[F (ug)H (uo)] < ||F||%; + A2 for all H € ¢ with
|H|l1 =1 and all A > 0, and therefore

IR
< _— — =
E[F (o) H(uo)] < inf {15=2 4+ 21 = [ Fs,
which proves that
(19) 1Pl = sup BIF(uo)H(uo)]
IIHH1 1

We will need a slightly refined version of the Kipnis—Varadhan inequality which
also controls the p-variation. Recall that for p > 1, the p-variation of f: [0,7] — R
is defined as

(i ——— .—sup{Z|f the1) — (tk)|p:neN,O:to<~-~<tn:T}.

Corollary 3.5 (Kipnis-Varadhan inequality). Let T > 0 and F' € L2([0,T], 57N
L?(w)), and let (u, A) € Q be a controlled process. Then for all p > 2,

‘/0 F(s,us)ds /OtF(s,us)ds 2] g/OT |7 (s, ,ds.

Proof. The nonreversible version of the Kipnis—Varadhan inequality is due to [Wu99],
and our proof is essentially the same as in [KLO12/[FQ15]. But we are not aware
of any reference for the statement about the p-variation. Note that since the inte-
gral vanishes in zero, its supremum norm can be controlled by its p-variation. Let
H € L*([0,T]); #*?), and decompose

2

E + E [sup

t<T

p—var;[0,T]

(20) / F(s, u)ds = / LoH(s,uy)ds + /'(F — LoH)(s, us)ds.

0 0 0
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For the first term on the right-hand side, we apply the same martingale
decomposition as in the proof of the Ito trick to get fot LoH(s,us)ds =
—1/2(M} + MH — M ,). By [Lep76, Proposition 2] we can therefore control
the p-variation by
2 2
== |

’ p—var;[0,T]
T
2
< / |H (s, )|2ds,

where the second inequality follows from Proposition For the second term on
the right-hand side of ([20)), we get
2
‘ lvar;[O,T]]

| T 2
<E ( / |(F — LoH)(s, us>|ds>

T
<T / I(F = LoH)(3) 2, ds,

E sup

t<T

. t
/ LoH (s, us)ds / LoH(s,us)ds
0

0

2

E <E

/(F — LoH)(s,us)ds

0

/(F — LoH)(s,us)ds

0

p—var;[0,T]

and therefore overall

. T
] / F(s,ug)ds ]5 / (IH (5, )2 + TI(F = LoH)(s)22,)ds.
0 p—var3[0,T] 0

Now take H,(s) as the solution to the resolvent equation (A—Lg)H(s) = —F(s).
Note that unlike the Poisson equation, the resolvent equation is always solvable
and Hy(s) = — fooo e " POVF(s)dr, where POV is the semigroup generated by
Log. Then (F — LoH))(s) = —AH,(s), and by Lemma 30 we have ||H,(s)||? =
2(H(s), (—Lo)Hx(8)) 2(y), which yields

2
E

1
MHNS) T2 + 5 AT = (HA(s), (A = Lo)HA(5)) 21
= (Hx(s), =F(s)) 22y < [[H()[[1[|1F ()] -1,
from which we get || Hx(s)]|1 < 2||F(s)||-1, and then ||H)‘(S)||%2(u) <AT2||F(s))12,.
Therefore,
IHA(s)IF + TN (F — LoHx)(9) |22y = IHA(S)IIF + TIAHA()[I72
SIEG)2 + AT E(s)]124,

and now it suffices to send A — 0. |
3.2. Gaussian analysis. To turn the It6 trick or the Kipnis—Varadhan inequality
into a useful bound, we must be able either to solve the Poisson equation LyG = F
for a given F' or to control the variational norm appearing in the Kipnis—Varadhan
inequality. Here we discuss how to exploit the Gaussian structure of L?(y) in order

to do so. For details on Gaussian Hilbert spaces we refer to [Jan97Nua06]. Since
L?(u) is a Gaussian Hilbert space, we have the orthogonal decomposition

L*(p) = P Mo

n>=>0
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where H,, is the closure in L?(u) of the span of all random variables of the form
u — Hy(u(y)), with H,(z) = e /2(=1)""¢~*"/2 being the nth Hermite poly-
nomial and where ¢ € #(R) with ||| 2®) = 1. The space H, is called the nth
homogeneous chaos, and @ _, Hy, is the nth inhomogeneous chaos. Also, p is the
law of the white noise on R, and therefore we can identify

Ho = {Walf) : fu € LIR")},
where W, (f,,) is the multiple Wiener-Ité integral of f,, € LZ(R™), that is

W fn) = . fyi, - ) W(dys -+ - dyn).

Here L%(R™) are the equivalence classes of L?(R™) that are induced by the seminorm

~ 1
||f| L2(R") = HfHLg(R")a f(xh s 73777/) = E Z f(xa(l)a s 7xa(n))a
gES,
where S, denotes the set of permutations of {1,...,n}. Of course, ||||z2®n) is a

norm on L2(R"), and we usually identify an equivalence class in L?(R") with its
symmetric representative. The link between the multiple stochastic integrals W,
and the Malliavin derivative D is explained in the following partial integration-by-
parts rule, which will be used for some explicit computations below.

Lemma 3.6. Let f € L2(R™), and let F be Malliavin differentiable in L*(n). Then

BWVA(PF) = [ EIW,-a(f(.)D, Fldy.
Proof. The proof is virtually the same as for [Nua06, Lemma 1.2.1]. Since the span
of functions of the form f = f; ®---® f, is dense in L2(R"), it suffices to argue for
such f. By polarization it suffices to consider fi = --- = f,, with || f1[|z2®) = 1, for
which W, (f) = H,(W1(f1)) for the nth Hermite polynomial H,,. By another ap-
proximation argument we may suppose that F = ®(W1(f1), Wi(p1),..., Wi(om))
for orthonormal 1, ...,0, € L?(R) that are also orthogonal to f; and for ® €
C2°(R™*1). So if vy, 11 denotes the (m + 1)-dimensional standard normal distribu-
tion, then

E[W,(f)F] = E[H,(W1(f1))2(W1i(f1), Wi(e1),- .., Wilem))]

= Hy(21)®(z1,22, .« -y Tmt1) Vi1 (dzy, .o dTmyr)
Rm+1

= / . Hy 1(21)0:,P(x1, 22, . -y Ty 1)W1 (A, - oo, dTpmy1)
Rm

— 8 |2V () [ Dy FAG] = [ B, (700D, Flay,
which concludes the proof. O
Recall that so far we defined the operator Ly acting on cylinder functions. If

we consider a cylinder function F' € H,, for some given n, then the action of Ly is
particularly simple.
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Lemma 3.7. Letn > 0 and F € € be such that in L*(u) we have F = W,,(f,) for
fn € H2(R") C L2(R"), the twice weakly differentiable symmetric functions from
R™ to R that satisfy
[ fnllFr2ny = 1 fnll72 ny + 1A Fall 2 ny < oo
Then
LoF = LOWn(fn) = Wn(Afn) in Lz(ﬂ)'

Proof. Consider first a functional G € € of the form G(u) = H,(u(y)), where
¢ € Z(R) with [[¢]|L2r) = 1. In that case
(21) LoG(u) = H;, (u(9))u(Ap) + H; (u(0)) (020, 0 p) L2(r)

= nHy 1 (u(9))u(Ap) — n(n — 1) Hy > (u(9)) (0, A9) s,
where in the second step we used that H; = kHj_, for k > 1 and H) = 0. Now
we use that [|¢||z2@) = 1 to rewrite Hy(Wi(p)) = Wi(¢®*) (see [Nua06l, Proposi-
tion 1.1.4]) and note the additional factor k! in our definition of Hj compared to

the one in [Nua06]. Thus, we can apply [Nua06l Proposition 1.1.2] to compute the
first term on the right-hand side:

nHy, 1 (u(@)u(Ap) = nW,—1 (")W1 (Ap)
=W (0®" ™ @ Ap) +n(n — NWi_a2(0®"2) (0, Ap) 12(r)
=W (Ap®") +n(n — 1) H,_2(u(e)) (@, Ap) 2w),
where in the first term on the right-hand side A denotes the Laplacian on R™.
Plugging this back into (2I]), we obtain LoW,, (¢®") = W,,(Ap®™). By polarization

this extends to W, (o1 ® - ® ¢,,), and then to general p € HZ(R") by taking the
closure of the span of functions of the form ¢; ® - - - ® ¢,, with ¢; € (R). O

Corollary 3.8. The operator Ly is closable in L?(u), and the domain of its closure,
still denoted with Lg, is

dom(Lg) = {F = Z Wi (fn) : fo € HX(R™)Vn € N and Zn!HfWH%If(R") < oo}.
n>0 n=>0
For F € dom(Ly), we have
(22) LoF =Y Wy(Afa).
n=0

Proof. Let F(u) = f(u(e1),...,u(pn)) € € be a cylinder function with chaos
expansion F' = > - W,(fy). By a standard approximation argument it follows
that Lol =3 - Wn(Af,). But then [Nua06, formula (iii) on p. 9] yields

Il:‘3[|F|2] = Z n’”fn”%g(Rn)a ]E[|L0F|2] = Z”!HAanQLg(Rn)a

n=0 n>0
from which our claim readily follows because the Laplace operator on L?(R") is a
closed operator with domain HZ2(R"™). O
Before we continue, let us link the || - |[;-norm defined in section Bl with the

operator L.

Lemma 3.9. For F € €, we have
IF|IF = E[E(F (uo))] = 2E[F (uo) (Lo F) (uo)]-
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Proof. See [GP15l section 2.4] for a proof in the periodic case which works also in
our setting. (Il

Next, we define two auxiliary Hilbert spaces that will be useful in controlling
additive functionals of controlled processes.

Definition 3.10. We identify all F, I € € with ||F — F||; = 0, and we write ./
for the completion of the equivalence classes of € with respect to ||-||1.

Similarly, we identify F, F' € L?(u) with |F||_; + || F||-1 < o0 if |F — F||-1 =0
and the space A1 is defined as the completion of the equivalence classes with
respect to ||-||—1.

Definition 3.11. Recall that for 7 € R and n € N, the homogeneous Sobolev space
H7"(R™) is constructed in the following way: We set for f € .7 (R)

ey = | 1F)P2mslr a2 € [0, 0],

and we consider only those f with Hf”Hr(Rn) < 00, where we identify f and g if

If — gHHT(R") = 0. The space H"(R™) is then the completion of the equivalence
classes with respect to ||| g (ny-

We write H” (R") for the space that is obtained if we perform the same construc-
tion replacing ||-[| - (gny by

~ . - 1
||fH2;r(Rn) ::/]R ‘f(Z)‘2‘27T2|2 dZ’ f($17...,$n): E Z f(xo(l)v---vxa(n))'
" oes,

Remark 3.12. By construction, H’(R™) is always a Hilbert space. For r < n/2
there is an explicit description (see [BCDI11l Propositions 1.34 and 1.35]) for the
nonsymmetric case:

HT(R") = {f e S/(R"): f eLi, and / |f(2)?12m2>"dz < oo}.

n

Here we write .%#,(R™) for those tempered distributions v with u(p) = u(p) for all
v € Z(R™), where ¢ is the symmetrization of .

Lemma 3.13. For f, € %(R") and n > 1, we have
W ()T =2l gy W lFdlZe = 0t fall s gy
Proof. For the #*-norm it suffices to note that

By [Wa(fa)(=Lo)Wa(fn)] = 0tV full L2 gy = 2l fullf1 n):

where the last equality follows from Plancherel’s formula. For the ~norm let
us consider a test function G =3-, -, Win(gm) € €. Then

E[Wo (fn)(u0)G (uo)] = 1Y frs gn) L2 ®n),
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and Plancherel’s formula and then the Cauchy—Schwarz inequality give

o gudizeny = | Fale)(an(2))as

1/2 1/2
T2 -2 =~ _\|2 2
< ([ Tepemea) ([ @eremera:)

= fully

from which (@) shows that ||[W,(f.)]%1 < n'||fn||2 ) To see the converse

inequality, let f,, € H; '(R™). Then we have for §(z) := ( w(2))*1272 72/ | full g7

HN(RR) 9n||H1 (Rn)”

—1

b

— 1 fall
n g dz = 2
Rnf (2)9(2)dz AP

=1 fallg-1s

and ||g||;n = 1. Of course W, (g) may not be in €, but we can approximate it by
functions in %, and this concludes the proof. O

Corollary 3.14. We have an explicit representation of A and A1

ZW fn fn€H1 Rn Zn”anHl(]R" <00 9

n>1

Do Walfa) i fo € HIURY), Yol fullfyo gy < o0

n>=1

Moreover, there is a unique extension of Lo from dom(Ly) C L?(u) to A for
which Lg is an isometry from ' to A1,

Proof. We only have to prove the statement about the extension of Ly. Since
(1+1272]%)2 > |272|? for all z € R", we have H2(R") C HI(R”) and | f,,||%

HL(R™)
||anH2(Rn for all f,, € H2(R"). Thus,
domg(Lg) := {F € dom(Ly) : E[F] = 0} C s#".
For F'=3%" - Wa(fs) € domg(Lo), we have
ILoFI2, = 3 nlA s o
n>=1
and
8Tl sy = [ (20 FaIDPI2mel 25 =l oy
which proves that |LoF||2; = |F||? and thus that Lo is an isometry from

domg(Lo) C " to s#~" which can be uniquely extended to all of #! because
domg(Lg) is dense in 7. O
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3.3. The Burgers and KPZ nonlinearity. With the tools we have at hand, it
is now straightforward to construct the KPZ nonlinearity (and in particular the
Burgers nonlinearity) for all controlled processes.

Proposition 3.15. Let T >0, p > 1, let p,p € L (R), and let (u, A) € Q. Then
sup

t<T /0 [(us * p)* = [Ipll72r)](0)ds ]

(23) STV Tl @l el a-1/2)"-

Therefore, the integral [ [(us * p)* — ||pllL2m)(@)ds is well-defined also for
p € L'(R)NL*(R). Moreover, there exists a unique process [ ui*ds € C' (R4, &' (R))
such that for every approvimate identity (pV) < LY(R) N L*(R) (ie.,

—~

E

supy |V || 2wy <00, pN(0)=1 for all N, limy_, pN (z)=1 for all z), we have

n—oo

t t
( / uz2ds) (@) = tim [ [ o™ — |P" Bagl@)ds, ¢ 30,0 € F(R),
0 0

where the convergence is in LP(P), uniformly on compact subsets of Ry. If p €
LY(R) is such that p(0) = 1, zp € LY(R) and p~ := Np(N-), then

t t P
E [sup / u§2ds(¢)—/ [(ws % p™)* = o™ 22| (0)ds ]
t<T |JOo 0
(24) S (T2 TPYNTP{(1 + ||l o)/ 2 w0l gy ]l ooy -

Proof. Let us set
F(w) i= (05 0() = ol age) [ olo)da
- / (u(p(w — ulp(z — ) — ol @) (w)dz
= [ Walpla =) a)as = W ( [ ole- ->®2<p<x>da:) ,

where in the last step we applied the stochastic Fubini theorem. Due to infrared
problems, it seems impossible to directly solve the Poisson equation LoG = F', so
instead we consider H with (1 — Lo)H = F which means that H = Wy(h) for

(1= AYh(yr,pm) = / oz — y1)p(e — y2)p(@)dz

or in Fourier variables

(=&1)p(=E&2)p(&1 +§2)_

ﬁ(flv&Q) = P 1+ ‘27T§|2

Then we have

¢ P t p
Elsup / F(us)ds ]:E sup/(l—Lo)H(us)ds ]
+<T |Jo <1 |Jo
¢ P t p
(25) S E [sup / H(us)ds| | +E |sup / LoH (us)ds ]
<7 |Jo <7 |Jo
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For the first term on the right-hand side, we further apply Gaussian hypercontrac-
tivity to estimate

lsup / H(ug)d
t<T

1 < TPE[|H (uo)[P) = TPE[| H (uo) [*["/* = T ||Al|}2 g

ool [ 1PEEDPIAE)PlpE + &) N\
=T (/ (11 [2n[2)? d§>

@&+ &)1\
< ([, )

Pl N
S Tp”ﬂ”iﬁ (R) (/ Wdfo

NTp”pH (]R)”(AOHH—S/Z(R)a

where we used the completion of the square to compute

1 1
/R 016 &P GPE = / 26— &/2P + G /22

1 1
= / AT oGP TGP/ S TGP

By Proposition B2 together with Remark B4 and Lemma BI3] the second term on
the right-hand side of (25) is bounded by

t
/ LoH (us)ds
0

P

Tp/2||h||H1(R2

2 p/2
_ e/ ( / |27r§|2d£>
]R2

R /2
e +&)1P° L\
ST pllF g </R [6(6 + &) (11+ |€§) d£>

(61)2 v
<T;D/2|| ||L1(]R) (/R &Wdfl)

= Tp/QHpHLpl(

E |sup
t<T

P(—E€1)p(=E2)p(&1 + E2)
1+ |2m¢?

R)||(P||1;{—1/2(R)~

Since [|@|| gr-1/2 = [|@|| sr-2/2, the claimed estimate (23) follows.

If (pV) is an approximate 1dent1ty, then p (fl) N (&) converges to 1 for all
¢1,&, and since ||pY||z1 and thus ||pN||Loo is uniformly bounded the convergence
of fot [(us * p™)? = [|pN]172 )] () ds follows from the above arguments together with
domlnated 1 convergence theorem. If (p"V) is another approximate identity, then
|p ( ) — pN(z)| converges pointwise to 0 and is uniformly bounded, so the inde-
pendence of the limit from the approximate identity follows once more from the
dominated convergence theorem.

Finally, for FN(u) := u2?(p) — [(u* pN)? — ||pN||%2(R)](<p), we can solve the
Poisson equation directly (strictly speaking, we would have to first approximate
ug® by (us * p*)* — [[p"||Z2(z), but for simplicity we argue already in the limit
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M — o0). We get FN = LoHYN for HY = Wy(h") with

(1= pV(=8))o(E + &) | pM(=6) 1 = pV(=E))4(E + &)
2] |22

Let us concentrate on the first term, the second one being essentially of the same

form (start by bounding [p™N (=&1)| < [[pN|[zr < (14 [[pN]|£1) in that case):

(=N (=)@ + &)
H"( oréP )

WN (&, &) =

2

HL(R?)
2
<

:/R?

< / min{[|9,pN || o< [&1], (1 + 0™ ][10)}2
R

/(1+|IPN|L1 )18z pN Il oo

(=N (—6))p(6 + &)
7 ( 2P >

H1(R?)
2

|22

|¢(&1 + &)
ae

<2 102N 17 dé1 [l ll7 2
0

= L+ (1PN 21)?
+2/ N |§ |2 d£1||<p||%2
A+1pN I L) 102l oo 1

~ (L4 oM ) l0epN e llelFemy < A+ o) llzp™ [z |l

Now ||pN ||z = |lpllz: and ||zpN |0 = N7Y||zp| 11, and therefore our claim follows
from Proposition together with Remark B4l and Lemma 313 O

Proposition about the Burgers drift follows by setting

t t
/ Opuds(p) := / u?ds(—0,p).
0 0

Remark 3.16. For the Ornstein—Uhlenbeck process (X,0) € Q, one can check that
the process [; X¢?ds has regularity C([0,T], CL-(R)). But given the bounds of
Proposition B.I5] we cannot even evaluate fo X?22ds in a point, because the Dirac
delta just fails to be in H~1/2 (R). The reason is that the martingale argument on
which our proof is based gives us at least regularity 1/2— in time, and this prevents
us from getting better space regularity. On the other hand we are able to increase
the time regularity by an interpolation argument as shown in the following corollary
which will be useful for controlling certain Young integrals below.

Corollary 3.17. For all p € /(R) and allT > 0, the process (( [, u?ds) (ap))te[o 7]

is almost surely in C%/*~([0,T],R), and we have for all p € Z(R) with p(0) = 1

and for all « < 3/4

[ uzzaste) = [ o™ = 10 e (o) -0,
0 0 C([0,T],R)

lim
n—oo

where the convergence is in LP for all p > 0 and we write again p& := Np(N-).
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Proof. Proposition BIH] yields for all N, 0 < s < t, and p € [1,00)
t t
20) B|| [ utdste) = [ (™) = 10" o (o)ds
t P
[ ) = 1o o)) ]

(27) S 1t = sPE[((uo * p™)* = 1oV 172) (0) ]2
The expectation on the right-hand side is

P
] <|t— S|p/2N*p/27
and a direct estimate gives

E

E[[[(uo * p™)* = o7 1221 (s

/ Wa(p™ (@ — %) (o))

_ / dz / dz'B[Wa(p™ (z — )2) (uo) Walp™ (2 — -)¥2) (uo)Jp(z)p(a)
R R
*/ dx/ de’ / dyrdyp™ (@ — y)p" (& — y)p” (&' — 1)p” (' — po) (@) (e)

/dx/dxl ™) (@ — 2" )Po(@)e(a) < (0™ = p™)? * ozl e

(N % ™l llell7e = (o * )V 1Z2ll0l 22 = Nlp* ol 2ol 72
Plugglng this into ([27)), we get for all N and 0 < s < ¢

@) B [ [ w2 = 10V 1)

p
] S It — 5|pr/2-

Now if 0 < s < ¢t < s+ 1, we apply 28) and @8) with N ~ |t — s|7%/2, and we
get]E[

yields the local Holder-continuity of order 3/4—. Moreover, for N > |t — s
equation (26]) gives for all A € [0, 1]

t t p

B[] [ uaste) = [l s o = IV Ial)] ] o= 0NN,
S S

while for N < [t — s|7'/2, we get

“ / el - /:K“s o)~ 1V 310

S {Jt = spp/2N PP

y {]E [ aste JACRYA T A

p‘| }1)\
S (It = sIPRNP2P x {Je = o7/ 4 o — sy
< It = PPN x {Jg = 5Py,

so that choosing A > 0 small and applying once more Kolmogorov’s continuity

criterion, we get the convergence of fst[(us xpN)2— || pN13 2] (¢)ds to f; u$?ds(p) in
LP(2;C*([0,T],R)) for all @ < 3/4 and all p > 0. O

J2 [
St §2ds(<p)‘ ] < |t — s|*?/4, from which Kolmogorov’s continuity criterion
=12,

p

+E
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4. PROOF OF THE MAIN RESULTS

4.1. Mapping to the stochastic heat equation. Let 0;W be a space-time
white noise on the filtered probability space (2, F, (Fi)i>0,P), and let n be an
Fo-measurable space white noise. Let (u,.A) € Q(W,n) be a strong stationary
solution to the SBE

(29) duy = Awgdt + Apu2dt + V20, dW,,  ug =1.

Our aim is to show that w is unique up to indistinguishability, that is to prove
the first part of Theorem [Z4l The case A = 0 is well understood, so from now on
let A # 0. The basic strategy is to integrate u in the space variable and then to
exponentiate the integral and to show that the resulting process solves (a variant
of) the linear SHE. However, it is not immediately obvious how to perform the
integration in such a way that we obtain a useful integral process. Note that any
integral h of u is determined uniquely by its derivative u and the value h(o) for a
test function o with [, o(z)dz = 1. So the idea, inspired by [FQIF], is to fix one
such test function and to con51der the integral h with h:(o ) =0forallt>0.

More concretely, we take o € C2°(R) with o > 0 and [ o(z)dz = 1 and consider
the function

/6931/ y)dy = /R(]ly<2<w —Locacy)o(y)dy

00
(30) = ]lzgz - /R(]ly>z]1z<m + ]lz<z]lz<y)a(y)dy = ]l(fooz](z) - / U(y)dy7
z

which satisfies for any ¢ € (R)

00O, 0) 12(s) = 01 ( | et [ [ a(y)dydz) — ()
and

[ensrmo@iar= [ [ [(1ee - L)ootz o

50  — (O, ) 2(R) is the unique integral of ¢ which vanishes when tested against
o. Moreover,

(Oz,0:0)L2r) = /R(ﬂy@@ﬂ(x) — oY) — Lacy(v(y) — ¢(x)))o(y)dy

(31) = () — (@, 0) L2®),
and in particular
(32) Az(Oz,0)r2m) = 020(x) = (O, Ap) r2(m) + (020, 0) L2(R)

where the notation L?(R) means that the L?(R)-norm is taken in the variable z.
Now let p € .Z(R) be an even function with p € C°(R) and such that p =1 on
a neighborhood of 0. We write p’(z) := Lp(Lz), and by our assumptions on p
there exists for every L € N an M € N such that pV % pI' = p& for all N > M.
This will turn out to be convenient later. We also write pZ(z) := p¥(z — 2) and
0L = pl x0, € #(R), and we define

ul (z) = (ug * pP) () = us(pl), hE(z) = / 0. (2)uk(2)dz, z €R.
R
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Using that p” is even, we get hl(z) = u,(©L). So since u is a strong stationary
solution to (29), we have

dh () =uy(A:07)dt +dA(O7) + V2AW,(=0:07),  d[h" (2)]:=2]0.07 |7 dt,

and (31 yields
(33)

0.0 (2) = A@m(z’)asz(z—Z’)dz’ = —pL(2)+(p, o) 12m) = —p5 (2)+(p" %) (2).

Now set ¢F(z) := et @) Then the Ito formula for Dirichlet processes of [RVO7]
gives

46k (@) = o @) (AdhE (o) + 32000, )
= AL (2) (uf(Azeg)dt + dA,(OF) + v2d W, (—0.0%)
+ APk = b % o3 mydt),
and from ([B2) we get
A.07(2) = (04, Aupl) 12m) = (O, AupZ) 12, (m)

= No(Ou, p2) 12m) — (02107, 0)r2,(®)
= 2,07 (2) + 0:(p" x 9)(2).
Therefore, ul(A,0L) = A hE(x) + uy(p* * 8.0). Since moreover
NG (@) AghE (2) = Apok (1) — N26E () (D.hE (),
we obtain
Aoy () = Mgy (x)dt + V2A¢ ()dWi(—0.07)
FXO (@) (AT dANOF) + (A (p" * 0:0) = (uy (2)* + |l pg —p* * 072 (z))d1).

Expanding the L?(R)-inner product and noting that W (-9,0%) = W(pL) —
W (p" x o) by B3)), we deduce that

df (z) = Apdf (x)dt + V2X¢r (2)dW,(pE) + A2dR] (z) + N2 K Lo (z)dt
(34) + AN2¢r (2)dQF — 2X%¢f () (pL, p* * o) p2rydt — V2AoF (2)dWi(p" * o),

where we introduced the processes

t
(35) Ry () ¢:/O o5 (2){A T dA(O7) — ((ug (2))? = ((u)?, ) L2y )ds — K ds}
for the deterministic function

(36) KzL = —((PL * PL * GI)Z(x) - <(PL * PL * 995)27 U>L2(R))a

and

t
(37) @ :=/0 {=(@)? = 1lp" 122 r)» O L2y + 10" %0172y + A s (p" %0:0) Yds.
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Integrating (34]) against ¢ € C°(R), we get
A0k () = 0F (At + VI [ 6 @)pl@ldWilpk e + XA RE() + X0k (KF)

+ >\2¢t (Sp)th - 2>\2/ ¢t (z)p(x) <P£7PL * o) p2(rydedt
R
(38) — V22 (9)dWi(p" * ).
In section we will prove the following three lemmas.

Lemma 4.1. We have for all T >0, p > 2, and all p € C(R)

lim (E[[|R"(#)Il;—varfo.7] +E[Sulet( )I*) =0.

L—oo

Lemma 4.2. The deterministic function K* converges to \2/12 as L — oo and is
uniformly bounded in the sense that supp ey yer |KE| < oo.

Lemma 4.3. For all T > 0, the process (QtL)te[O,T] converges in probability in
C3/4=([0,T),R) to the zero quadratic variation process

i t
O ;:_/ uSds(0) + ol 2aqyt + A~ /us(aza)ds, te 0, 7).
0 0

With the help of these results it is easy to prove our main theorem.

Proof of Theorem 4. Consider the expansion [B8) of ¢Z(p). Denoting ¢;(p) 1=
limz, o ¢F (), the stochastic integrals converge to

VB[ e - Vo | 6 ()AWs(0)

[0,t] xR

by the stochastic dominated convergence theorem; see [RY99, Proposition 1V.2.13]
for a formulation in the finite-dimensional setting whose proof carries over without
problems to our situation. LemmaTshows that the p-variation of RY () converges
to zero in L?(P) whenever p > 2. Combining this with Lemmas and @3] the
p-variation of ¢¥(p) stays uniformly bounded in L, and therefore we can use once
more that Lemma 3] gives us local convergence in C%/4~ for Q* to obtain that
Jo L ()dQL converges as a Young integral to [, ¢s(¢)dQs. In conclusion, we get

ou(9) = ("®) ) o + / 6o(Ag)ds + VN / b () p(2) AW, (2)da

[0,t] xR

)\4 t t t

. <(0)ds + A2 <(0)dQ, — 222 < d

5 | ortonas [ o040, -2 [ o(eas
t

V2 / 64(£)AW4(0).
0
So let us define

A
X, = V2AW,(0) + <_ﬁ + >‘2”‘7”%2> t=NQu, Zi(x):=eNu(x), t=0,
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for which Zy(p) = ¢o(p) and

12,(¢) = Xd6u(0) + Zi($)AX, + 5 Zu()AIX], + gl ]

4

= Z,(Ap)dt 4+ V2X / Zy(x)p(z)dW, (z)dx + %Zt(ap)dt + X2Z,(0)dQ,

R
— 2227, (po)dt — V2XZ;(p)dWi (o)

4
+V2XZy(0)dWi(0) + Zi () (—% - A2||0|2L2) dt — N2 Z,(¢)dQ;

+ N Z(p)o7-dt
+ 202 (pyp, €Xt0) padt — 202 Z, () || o ||22dt

(39) = Z,(A)dt + V2X /R Zi(x)p(z)dW, (z)dz.

This shows that Z is a weak solution to the SHE. By Lemma [B] in Appendix
[l there exist ¢, T > 0 such that sup,eg seo,7) e~ °l*IE[Z,(2)?] < oo. This allows
us to extend B3) on [0,7] to ¢ € C? which together with their derivatives up

to order 2 decay superexponentially. We can also extend ([B9) to time-dependent
¢ € CH2(]0,T) x R) which are such that

sup  e"P{|0p(t, @) + (L 2)| + |0xp(t, )] + | Ap(t, )|} < 00
(t,z)€[0,T| xR

for all @ > 0, for which we get for ¢t € [0, 7]
2 (0) = Zo(@(0) + [ Zu(0upls) + Agts))ds
+V2) Zs(x)p(s, x)dW;(z)dz;

[0,t] xR

see, e.g., [Wal86, Exercise 3.1]. We apply this with ¢(s,y) = p(t +e — s,z — y) for
t € [0,7) and = € R fixed and where p is the heat kernel generated by A. Then
(0s + A)p =0, and

Zi(ple,x —-)) = Zo(p(t+ &,z — ) + V2 /[0 - Zs(y)p(t+ e — s,z — y)dW,(y)dy.

Since Z, = ¢,eXr and eXr does not depend on the space variable z, it is easy to
see that Z; and Z; have modifications which are continuous in x. Therefore, as
e — 0, the term on the left-hand side converges to Z;(x), and the first term on the
right-hand side converges to Zy(p(t,x — -)). For the stochastic integral we have

2
B| [ 2@l e - s —9) (e - s,z - )W)y |
[0,t] xR
= / E[Zs(y))(p(t + ¢ = 8,2 —y) = p(t — 5,2 — y))*dsdy
[0,t] xR

</ eW(p(t+e—s,z—y)—p(t—sz—y)) dsdy
[0,t] xR

X sup e‘cly‘E[Zt(y)z].
yeR,t€[0,T]
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By the dominated convergence theorem, the right-hand side converges to zero,
and therefore (Z;);co0,7) is the unique mild solution to the multiplicative SHE as
defined in Walsh [Wal86, Theorem 3.2]. Walsh considers the equation on [0, L] with
Neumann boundary conditions, but as [Quald, Theorem 2.4] shows, the arguments
carry over to R as long as we have at most exponential growth of E[Z;(z)?] in .

So far we have only showed uniqueness on a small time interval, to extend this
to, say, [0,27], we need a uniform L?-bound of the type E[Z;(x)?] < el®! for all
t € [0,27]. Lemma Bl gives us such a bound if we know that E[Z,(2)'0] < eIl
for t € [0,7] and some ¢’ > 0. But now we know that (Z;);c[o,7) is the unique mild
solution to the SHE, and for ¢ = 0 and p > 0 we have for some ¢, > 0

E[Zo(z)?] = E[e*%0(©)] = P2 (P < el

Therefore, the Burkholder-Davis—-Gundy inequality together with the arguments
from the proof of [Qualdl Lemma 2.3] show that E[Z;(z)P] < eIl for ¢ € [0,T]
and some ¢, > 0. Now the uniqueness extends to [0,27], and of course we can
iterate the argument to see that (Z;);>o is the unique mild solution to the SHE on

[0, 00).
But we know that

w= lim X = lim 8, = lim 9, A\ *log ¢’ = . A" log o,
L—o0 L—o0 L—o0

where the derivative is taken in the distributional sense. Since for fixed ¢ > 0 we
have Z;(z) = ¢¢(x)e** and X; does not depend on the space variable, we get

0z (log Z(x)) = 0y (log ¢¢(x) + X¢) = 0, log ¢ (),

and therefore the strong stationary solution u is unique up to indistinguishability.
The uniqueness in law of energy solutions follows in the same way from the weak
uniqueness of Z. O

Proof of Theorem BI0. Let (h,B) € QXFZ be a strong almost-stationary solution
to the KPZ equation

dhy = Ahydt + A\(8,he)? — 00)dt +V2dW,,  hg = x.
Since by definition of the pair (u,.A) € Q(W,n), we have u = 0;h and J,u(0,) =
u(zx), we get
(40) hi(z) = w(04) + hi(o), t>0,zxeR.

Again, by definition, u is a strong stationary solution to the SBE. So in the proof
of Theorem [Z.4] we showed that

(41) u (0,) = At log ¢y (x) = A (log Zy(z) — Xy),

where Z solves the linear multiplicative heat equation with initial condition e**0(©-)
and X was defined by Xy = 0 and

/\4
dX, = VIAW, (o) + (—E + X2 — N2(—u?(0) + o2 + Alut@a))) dt

4
= V2XdW, (o) — %dt + N2 (o)dt — Aug(0.0)dt

A A

= M he(Ac)dt + M2 (0)dt + V2dW, (o)) — Tpdt = Adhy(o) = Tt
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This shows that A\~'X; = hy(o) — ho(o) — i\—;t, and therefore we get with ([@0)
and (1)
23

hi(x) = A (log Zy(z) — Xy) + hy(o) = A log Zy( )+ho(0)+ﬁt.

Finally, Z, = e X(9) Z, where Z solves (), the linear multiplicative heat equation
with initial condition e*X, and this concludes the proof of the strong uniqueness
for strong almost-stationary solutions. The weak uniqueness of energy solutions
follows from the weak uniqueness of Z. O

4.2. Convergence of the remainder terms. We now proceed to prove Lem-
mas EIHZ3 on the convergence of RV, K, and Q, respectively.

4.2.1. Proof of Lemmas B1 and E2l To treat R”, we introduce the auxiliary pro-
cess

) :/0 ¢£($){(_(pN>|<u5)2(aZ@£))_((ug(x))Q_«ug)g,0>L2)_K£7N}ds
for
(42) KLN .=\ /R 05 (1, 2) 0% (51) O (y2) Ay

We will show in Lemma that KLV converges to KL for all # € R and is
uniformly bounded in N € N and z € R. Since by assumption A = [ d,uds and
9.0L ¢ #(R) is a nice test function, we get from Corollary BI7 that RXN (¢)
converges to RF () in L?(P).

We also define

PN (ug, @) = o () (= (0™ u5)*(0:07)) — ((ug ())* = ((ug)?, o) 2) — KN)

so that RPN ( = Jor Lyl N(ug,x)ds. Using Corollary 3.5, we can estimate for
p € CF(R)

43)  E[IR"M(@)7_vary OT]+E[OS?£)T|R Me)PL S TN G2y,

where we recall that

Ir= N (0 )||21—§up{2E[ M(uo, ) F(uo)] = | FIIT},

where ¢ are the cylinder functions and [|F||} = 2E[||0,DF (uo)||72(gy] in terms of
the Malliavin derivative D associated to the measure p. We prove below that we
can choose K2V so that E[r® (ug, )] = E[rlN (ug,2)] = 0 for all z € R. This is
necessary for ||r%N (-, )||_1 to be finite for all p € C>°(R). At this point everything
boils down to controlling E[r%¥ (ug, ¢)F(ug)] and to showing that it goes to zero
as first N — oo and then L — oo.

Observe that the random variable (—(p™ xug)?(9,0L)) — ((ud (z))? = ((u§)?, o) 12)
is an element of the second homogeneous chaos of ug. Let us compute its kernel.
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From (3I)) we get
005 = /R? [_ /R d20:6; (2)p" (2 = y1)p" (2 = yz)] W(dy1dy2)
= [ 16" 10 0% (20
:/R2 /dz/dz’@ (z—Z)in(yl)in(yz)] W (dyrdys) — 0
= /Rz /dZ( (z—a)—(p" (= - -),0>L2(R))piv(y1)piv(yz)]W(dy1dy2)

= [ [ et0h0) 0t )0 )| W),

and furthermore

(ug (2))* = ((uf)?, o) 2 = /RQ (0% (1) Pk (y2) — (pk. Pk, o) L2(m) ] W (dyrdya)
+lp (1 = [ o(o)ia)

= [ )k ) = (0}, o ) e W ().

Therefore, let
I (g1, ) = / d=(p2(2) — (o 0) 2o () ()

(44) — [P () s (2) — oy, Py 0) L2®)],
so that
W2(9£’N) = (—(PN * U0)2(3 0;)) = ((ug (2))* = ((u§)?, o) 2)-
We also let Wi (g5 (y1,-)) :== [z 95 (y1,y2)W (dyz). Using the partial integration
by parts derived in Lemma BIL we are able to bound ||rLY (-, )||_; by a constant:

Lemma 4.4. Setting KN = )2 fRQg (Y1, y2)OL (y1)OL (y2)dy dys, we have
forall F €%

(45) B[ (w0, @) F(uo)ll S [Fll (A7 + 67,
and in particular ||r=N (-, o)1 < AFN 4+ BN where
5 1/2
(46) APN =E ‘ /w(w)Wl(gﬁ’N(yl, D))o ¢ (z)da| ]
R Hy ' (R)
and

5 1/2
47y  CPN.=E ‘ ] :
Hyy' (R)

Here the notation H;‘(R) means that the norm is taken in the y-variable and

Wi (g2 ™ (y1,-) © ¢f (z) := Wl(gﬁ’N(yh-))%(a?)—Agﬁ’N(yl,yz)Dy2¢€(w)dyz

is a partial Wick contraction in the sense that E[Wy(g2N (y1,-)) o ¢k (z)] =

/ ()0 (2) / g2 (41, 2)O (41 )y da
R R
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Proof. Consider
@) B () Fluw)] = [ @B IWaloh™) = K2)0k ) Fluo)lda,

Partially integrating by parts Wa(g2™), we have
E[Wa(g;"™) 95 (2) F (uo)] = /R]E[Wﬂgﬁ’lv(yh ))Dy, [65 (%) F (uo)]ldys
= [ BV (62 (51,0 (2)Dy, F(wo))

+ / E[Wi (g5 (41, ) Dy, (85 (2)) F (o) dun.
R

The second term on the right-hand side can be integrated by parts again to obtain
[ EWA (G2 (01, Dy, (0 () F (o)l
R
= [ 95N (0, 12)BIDE, , (0 ) Fluo) e
R

+ [ B () EID,, (6 (0D F (o)l
R
while the first term can be written as

/R E[W: (g5 (1, )6 (2)Dy, F(uo)]dun
- / E[(W1(g5 (1. )) © 65(2))Dy, F ()] dyy

+ [ 05 1,32 BID . (6§ @)D, Flwo) e,
In conclusion, we have the decomposition
(49) B[ (uo, ) Fuo)] = AP + BEN 4 CEN
with
A i [ (@) [ BUWA(GE™ (.9) 0 0 @)Dy, Fluo) s,

BEN ::/da:cp(:t)
R

x [ / G5 0 2B (D3, (96 (@) F (w0)] s — KEN B[ () F ()]
and
=2 [ p(a) [ b (n.0e)EIDy, (6 ()P (o)l
R R2

So it suffices to bound the three terms AXN, BLN  CLN independently. In order
to proceed, observe that

Dy, ¢ (x) = Dy, (X0(®2)) = A (2)OF (1),
D2, .66 (x) = N2oF (2)0F (11)O% (32),



458 MASSIMILIANO GUBINELLI AND NICOLAS PERKOWSKI

so that by definition of KLV
BN

=/<p(w) [/ 95N (g1, 12) 2O % (y1)O% (y2)dyrdys — KLV | E[¢§ (2) F(uo)]dz
R R2

= [ el KEN — KEVEIG (@) P(u)lde = 0
and
N =2 [ @) [ gb™ (10,02 AOE LG (0)D, (1) dpr
R R2

Using the duality of H'(R) and H~'(R) and the Cauchy-Schwarz inequality, we
bound further

2
(ALN)2 <R gy | Bl F )l )

Hy ' (R)

/R (@) (Wi (g5 (1r, ) o 6 (2))d

L.N
= (AR,

where A¥Y is the constant defined in (@8). Similarly, we obtain
(CL’N)2

E[HDyzF(UO)”?ﬁ[;Q(R)}

)¢t (x) / 05N (41, 42) O (y1)dyy dr

Hy, (B)
L,N
= (CrIFIE,
where C1 is the constant in (@T). This proves (@5). O

So to control RN it remains to show that the two constants Af’N and C’lL’N

vanish in the limit N, L — oo. Before doing so, let us prove Lemma More
precisely, we show the following refined version:

Lemma 4. 5 We have supy, y , |KEN| < 0o and K = limy_o0 KXV as well as
limy, o KE = X\2/12 for all z € R.

Proof. Recall that ©L = 0, * p~, so
AREY = [ gbY )0 ) O )

- / (P(2) — (o 0) 2y (P % 0 % ©,)7 (2) dz

(50) — (" % " 5 0,)2(2) — (6" 5 p" % ©,)%,0) 1aey)-

By B3) we know that for N — oo the first term on the right-hand side converges
to

/(pﬁ(Z)—@z, o) 2(®) (p" * O2) /a Pt % 0,)(2)(p* * 0,)%(2)dz
R

:_g/Raz(p £ 0,)3(2)dz =
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where in the last step we used that p* * ©, € .#(R). Moreover,

/(05(2) — (pf, U>L2(R))(PN * pl % ©,)%(2)dz
= 1(p" % (P % p¥ 5 ©,)2) (&) = {p x (PN ¥ p"  ©,)%,0) 2w
o™ @) 10" % ™ % ©2) || ey (1 + ol 1 2)

<
<NOu ooy (1 + lloll 1)) S 1,

and by similar arguments also the second term on the right-hand side of (B0) stays
— [ o(y)dy, we get by

bounded in L, N,z. Recalling that ©,(z) = 1(_ 4(2)
symmetry of p * p
1 [e.¢]
/ a(y)dy
x

lim (p% * p¥ %+ ©,)(x) = lim (p* p)F * Ou(z) = = —
L—o0 L—oo 2
as well as limp_, o (p% 5 pP %0,) = 1 (oo o) — [~ o(y)dy in LP(R) for any p € [1,00).

In particular,
lim (0" p" % ©,)%(2) — (o # p" * ©,)%,0) 12(x)

L—oo
= % - /:o o(y)dy + (/:o U(y)dy)2

2

(51) —/R(]l(_ooyx](z)—/:o J(y)dy) o(z)dz.

For the last term on the right-hand side we further get
2

A(ﬂ(—m,x](z)_lwa(y)dy) o(2)dz

T
:/ o(z)dz—2/ dydzl.<,1y>.0(y)o(2)
R2

—0o0

+/3dZdyldyZ]l,m>z]ly2>z0(yl)a(y2)g(z)
-
=1 —/ o(z)dz — 2/ dydzl,<, 1> 0(y)o(2)
T R2
+ [ dsdindalysetysotm)om)o(:)
]RS

and the three-dimensional integral takes the value

/3 dzdyrdysaly, >-1y,>-0(y1)o(y2)o(2)
R
1

= /3 dzdyldy21z=min{yl7y27z}O—(yl)o'(yQ)o'(z) — g
R

by symmetry of the variables z,y1,y2. To compute the two-dimensional integral,

observe first that
(]lzgz,zgy + ]lygm,y<z) = ]lzgy - ]lm<z<y + ]ly<z ]lm<y<z =1- ]lm<y]1m<z>
and integrating this against o(y)o(z)dydz and using the symmetry in (y, ), we get

dydeT.c, 5.0 (y)o(z) = % (1 - ( / h a(z)dz)2> .

R2
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Plugging all this back into (&l), we have

lim (o # % + ©,)2(x) — (o * p* * ©,)%,0) L2(m))

L—oco
— i - /:O o(y)dy + (/:o o(y)dy)2
- <1 - /:o o(z)dz — (1 - (/w 0(2)d2>2> + %)
1 1
4

1
3 12’

which concludes the proof. O

The following computation will be useful for controlling both AlL’N and C’lL N
which is why we outsource it in a separate lemma.

Lemma 4.6. Define the kernel

GLN (y1) /@L y2) 95N (y1, y2)dye.

Then there exists C > 0 such that for all L € N there is M (L) € N with

L,N _
sup (|G | oy < OLTV2,
z,x' ER,N>M (L)

Proof. We argue by duality. For f € Cg°, we have
(52)
(GEN P oy = / A=(p2(2) — (o5, o) 2 (P * 1)) * 1) (2)

—{(p" % (@) (p" * OL) (@) = ((p" * F)(p" * OL),0) 12wy }
= (" (o™ * ))(p™ * ©L)))(x)

- / dza(2)(p" (0 + F)(PN * OL)))(2)

et Dt 0k - [ doet « N6 k) |
=E[f(z — R{ - RY)Oy (¢ — R{ — RY') — f(Z — R{ — R})©;/(Z — Ry — Ry')]
—E[f(z — R{)Oy (¢ — RY) — f(Z - R1)O3(Z — RY)),
where the random variables (R¥, RY, RY RL Z) are independent and RF ~ pL,
RN ~ pN and Z ~ o (note that p¥, p"V o are all probability densities). The

observation that we can simplify the notation in this way is taken from [FQI5].
Note that by assumption p” * p¥ = p’ for sufficiently large N, and therefore

E[OL (z — Rf — RY) — ©L(z — RY)] = ((p" » p™) x OL)(z) — (p" x OL)(x) = 0.
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Similarly E[f(Z)(0L(Z — R — RY) — ©L(Z — RL))] = 0 by the independence of
Z and RE, RN hence we can regroup

<G£,’£fl, 2w
=E[(f(z — Rf — RY') — f(2))(©L (x — R{ — RY') — OL (z — RY))]

(
+E[(f(z — RY = RY') = f(z — R))O (z — RY)]
—E[(f(Z - Ry - RY) = f(2))(05:(Z - R{ — R{') = ©5(Z — RY))]
(53) ~E[(f(Z - R - RY') — f(Z - R{))©5/(Z — RY)].

Let us estimate for example the most complicated term

(54)
[E[(f(Z - R = RY) = f(Z))(©5(Z = RY = RY) - ©5(Z - RY))]|

Z—RY¥—R)
( / f’(y)dy> (OL(Z — RF — RY) — 6L (Z — RY))

Z
<20 f a0 105 e ) [ENRY + BY V2 S 11l gy (L% + N712).

E

The other terms can be controlled using the same arguments, and therefore we get

(55) (G D@ S Il (L2 + N7 Sl gy L2
which yields |G || 71z < L7Y/2 by the density of C2°(R) in H'(R). O
Lemma 4.7. We have limy,_, imsupy_, Af’N =0.

Proof. We expand the squared H~l-norm as

ALN

H/ 2)Wi(gy ™ (1. ) 0 ¢ (x)de

2 ]
Hy ' (R)

z/chp(:c)so(w’)]E [<¢5($)<>W1(9£’N(y1,-))>¢§($')<>W1(g£/’N(y1,-))>Hy—;(R) dada’

Integrating by parts the Wi terms and taking into account the cancellations due to
the partial Wick contractions, we get

E [%(”j) oWi(gr ™ (y1,-)) o5 (@) o Wilg,™ (91))) iy gy
= Bioh (0106 ()] | (02 (o v2), 0™ (. 00)

+ [ BID 0 () (Dt D2 (920,08 (1,9 sy s
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The second term can be written as
/R2 E[(Dys%L(x))(Dyngg (95/))]<9£’N(y1, Y2), 95/7N(y17 y3)>H;11 (R)dy2dy3

= NEl¢g (2)95 (a')] /}R2 CHORCH (y2)<gmL’N(y17y2)a9£/’N(y1,y3)>H;11(R)dy2dy3,
so letting VE(x,2') := N2|p(z)p(2")E[pE (z)pk (2)]], we have

(A77)? = /RQ d:vda?'VL(:c,:v’)/R<g£’N(y1,yz)7gf/N(y1,yz)>H;11(R)dy2
—|—/ dedz'VE(x, 2"
R2

< [ OO () 0 1, ). 5™ (01,0 5 e

(56) =: A1,1 + A172.
Let us consider first Ay = [p, V* (x,x’)(Gi’g, Gﬁ,’£>H,1(R)dxdx’, which accord-
ing to Lemma [£.6] can be bounded by
L,N L,N
Ars < /]R V@ IGEN 1y IG5 1y’
hS Lil/ VE(z,2)dzds’ < L1
R2

for all large N. We continue by estimating the term A, ; in (B8] which is bounded
by

(657 Au< | deda'VE(,a) / g™ Cov) s 192 o 2) s ey A

To treat the H~!(R)-norms, we argue again by duality, as in the proof of LemmaZ5l
Therefore, let f € C2°(R), and consider

(58)
<9£’N('a Y2): [z

_ / dz(p (2) — (pF, o) o) (0™ * F)(2)pY (12)

— ((p" = ) (@)% (y2) — (0" * F)pk,, 0) L2(m))
=E[f(z — R — Ry )p"(z —y2 — RY) — f(y2 — Ry — Ry )o(y2 — R — RY))
—E[f(z — R)p"(z — y2) — f(y2 — Rf — RY)o(y> — R)],

where RF RN | Z are independent random variables as above. Now observe that by
our assumptions on p

Elp" (x —y2 — RY) — p"(z —y2)] = (p" * p") (@ — y2) — p"(x —y2) = 0
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if N is large enough, and similarly E[o(y2 — RY — RY)] = Elo(y2 — R¥)]. So for
large N we can decompose the expectations in (B8] as

<9£’N('7y2),f>L2(R)
=E[(f(x — R — RY) — f(z — R{))p" (z — yo — RY)]
+E[(f(z = RY) = f(2))(p" (z — y2 — RY) — p"(z — 42))]
E[(f(y2 — RY — RY') — f(y2 — R — R3))o(y2 — R — Ry)]
E[(f(y2 — RY — Ry) = f(y2))(0(y2 — Ry — RY) — o(y2 — RY))]-

Bounding each term individually as in the proof of Lemma [£.6] we get
(92 Coy2)s Frzy < IIfllip gy X (E[\Révl”2pN(w —y2 — RY)]
+E[RY|V2 (Y (x — yo — RY) + p"(x — o))
+E[|RY + RY + R + RY|'?0(yo — RY — RY))
+E[[RE + RE|2(o(y2 = RY = BY) + oy — RE))),

which yields

Hgﬁ’N(’,yz)HH—l(R)
E[|RY["2p"N (¢ —y2 —R{)] + E[RY|V2(p" (¢ —y2 —RY) + p* (x—y2))]
+E[|RY + RY + Rf + RY|'?0(y2 — RY — RY)
+E[|RY + RY[V2(0(y2 — RY — RY) + oy — RY))].
By the same computation we get a similar bound for ||ng,’N(-,y2)||H,1(R), and
plugging these back into (B1), we generate a number of products between dif-

ferent expectations. Let us treat three prototypical cases: Writing VL(x) =
Ao (x)[E[|¢F (2)]?]*/?, we have

[, dwde W Gaa)| [ EUREE (@~ REBIREY 2™ @~ R e
< /R2 dada’'VE(2)VE ()
< [ EURHEp (@ =y = RJEIRE " 0! 2 — Ry
= [EIRE 2" « V) + REEIRE " « V) + R

_E [waméw [N = VA + BN V)0 + REY,
R
< BIRM2IRE2[ (0N VI Bagwy) © L (1o sy IV L) € L

where we introduced a new independent copy RY of RF; this is a trick that we will
apply several times in the following. Another situation occurs if only one of the
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two expectations depends on z (respectively z’), for example,

daeda’' VE(2)VE ()
g
< [ BURY (@ = g~ REJEIRE + RE o = RY — Rl
= V¥ w)
[ EURHN « VE) -+ REVENRE + RE ot - BY = RE )y,
=B || PRE + RE2 [ (o v e + RE ot~ B - RE)e

< E[RY[Y2|RE + REIM?||pN « Vi 2@ lloll e )]
N N_1/2L_1/2HPN”L1(R)||VL||L2(]R)||U”L2(R) SLh

Finally, we have to handle the case where none of the expectations depend on x or
z’, for example,

/ dadz'VE(2)VE ()
]RQ
x / E[|RE + RE[V20(y, — RY — REVE[RY + RE[V20(yy — RY)]dys
R
— [VE g E [|Rf + RE[V2|RE 4 RE|? / o(y2 — RY — RE)o(ya— RE)dy
R

SElRY + Ry [V?|RY + R[V?0]|Z2@) < L7

In conclusion A;; also vanishes as first N — oo and then L — oo, and this
concludes the proof. O

Lemma 4.8. We have limy,_, o limy_, o C’lL’N =0.

Proof. Recall that

CRIE

[ e@ek@) [ a8 00k m)dnda
R

R

2
Hy,' (R)l

So by Lemma I8 we get directly (CL™)2 < L= for all large N, from where the
convergence immediately follows. O

- /R 2 Vi@, )WGEN, G o gy dada

Lemma [Tl now follows by combining Lemma 4] Lemma 7] and Lemma 38
4.2.2. Proof of Lemma [£3 Recall that

t
QF = / [—(h)? = [0 2o ay 0) 2(e) + 10" % 0113y + A~ s (0" * 0.0 Yds.
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By Corollary BI7 the first term on the right-hand side converges in
LP(Q;C3/4=([0,T],R)) to — [, uS*ds(c) whenever p > 1 and T > 0. The conver-
gence of the remaining terms is obvious, and overall we get

¢ ¢
lim Qf = Q, == — | u%?ds(o) + HO’H%z(R)t + A7 [ ug(9,0)ds
L—oo 0 0

where the convergence takes place in LP(Q; C3/4= ([0, T],R)).

APPENDIX A. THE PERIODIC CASE

For the periodic equation described in section [2.3] most of the analysis works
in the same way. The Ito trick and the Kipnis—Varadhan inequality are shown
using exactly the same arguments, and also the Gaussian analysis of section
works completely analogously. We only have to replace all function spaces over R"
by the corresponding spaces over T", say L?(R") by L?(T"). The construction of
the Burgers nonlinearity and the proof of its time-regularity also carry over to the
periodic setting, although we have to replace the integrals over R? in Fourier space
by sums over Z2. But since those sums can be estimated by the corresponding
integrals, we get the same bounds.

The first significant difference is in the construction of the integral. As discussed
in section @] any integral Tu of u € ./ (R) is determined uniquely by its derivative
u and the value Tu(o) for some o € “(R) with [, o(x)dz # 0. The same is true
on the circle, and here there is a canonical candidate for the function o, namely
the constant function 1. So let (u,.A) € Q(W,n) be a pair of controlled processes,
where 0;W is a periodic space-time white noise and 7 is a periodic space white
noise. Let p € Z(R) be an even function with p € C°(R) and such that p =1 on
a neighborhood of 0, and define

(59) up = Fp (L) Frug) = phox uy, t >0,

where Fru(k) = [, > u(z)dz, respectively Fr '(z) = >, ;2™ RTp(k),
denotes the Fourier transform (respectively inverse Fourier transform) on the torus,
u % v(z fr u(r — y)v(y)dy is the convolution on the torus, and pf :=
Y okez Lp(L( + k)) is the periodization of p* := Lp(L-). For the last identity
in (B9) we applied Poisson summation; see for example [GP15, Lemma 6]. We then
integrate u” by setting
hf = Fp H(FrOFr(uf)) = O xuf = (O % p&) xuy =: OF %y, t>0,
where Z1O (k) = 1j.0(2mik) ™!, which corresponds to
1 1 1 11

O(z) = 1[_1,0)(90)(—1‘—§)+1[o7%)($)(—$+§) = —37—5"']1[0,%)(37)7 T € [—57 5)7

or equivalently ©(z) = 1 — z for z € [0,1). From the representation as a Fourier
multiplier, it is obvious that 9,(© * u) = Ilyu, and since we assumed that ul =
Houl for all t > 0, we get 9,h% = ul. Writing (© * p) * us(x) = u(OL) for
OL(y) := (©xpr)(x —y), we get from the fact that u is a strong stationary solution
of the periodic Burgers equation that

dhl(z) = uy(A.OL)dt + dA(OL) + vV2d W, (—0.6EL)
= A, hf () + dA(OF) + V2dW4(9,07)
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and d[h" (z)]; =2(|0, O [|72 ) dt. From the expression ©(z) = i—gforz €[0,1), we
see that 9,0, = 6—1, where & denotes the Dirac delta, and therefore 9,0 = pL —1
for pL(y) = pL(z — y). So setting ¢F(x) := i (@) we have

A6 (2) = ot (o) (M Ge) + R0
= 20F (@) (Ahf (@) + dA(OF) + V2AW(D,05) + Nk = 1|32yt
and since g} (2) Azhf (x) = Ay of (x) — N2¢f (2)(D,hf (x))2, we get
Aoy () = Ay (z)dt + V2Aey (x)dW4(0,07)
+ N1 (2) (AT dANOF) — ((uf (2))? = 155 — Ul72(r))dt)
= A oL (z)dt + V2ASE (2)dW, (L) + A2dRE (z) + N2 K E ok (2)dt

+ A20f (2)dQf — V2A${ (2)dW; (1) — 2X°¢y (w)dt

where we expanded the L?(T)-norm and defined

R (x / OF (2) A 1AL (OF) — To((ul(x))?)ds — K ds})

for the constant K = limy_,oo KXY (which is independent of z) with KXV
defined in (1)), and

t
- / {={(E)? = 5712y, 1) pacry + 1},

From here on the proof is completely analogous to the nonperiodic setting provided
that we establish the following three lemmas.

Lemma A.1. We have for all T >0, p > 2, and all p € C*°(T)
Jim (B{IRM@ i) + Elsup [RE()F) = 0

Lemma A.2. The constant KT converges to A\*/12 as L — cc.

Lemma A.3. For all T > 0 the process (QtL)te[O,T] converges in probability in
C3/4=([0,T),R) to the zero quadratic variation process

t
Qt = —/ U:st(l) + t, te [O,T}
0

To prove these lemmas, we follow the argumentation in section Here the
kernel gk takes the form
(60)

92N (y1,p2) = /sz(ﬁﬁ(z) —1)p (y1)py (y2) — (0% (Y1) Pk (y2) — <ﬁ§lﬁ7f2a Dr2(r))s
and as in section we see that we should choose
(61) KEV =32 [ g (. 1n) 04 )0 ) e

The proof of Lemma is not a trivial modification of the one of Lemma [£.2] so
we provide the required arguments.
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Proof of Lemma [A2. Sending N — oo and using that ©%(y) = 0% (x — y) and
pi(y) = p"(z —y), we get

lim KLN KT

N—o00
= /\2/sz(/j£(z)_1)65(2)95(2)_/\2(<@Laij>iQ(’ﬂ“) —{(p" *©")2, 1) r2(my),

and the first term on the right-hand side is A*(—1/3) [ d29.(©%(2)) = 0. More-
over, also

(O, p") 21y = /@ dy—/9L (p"(y) — 1)dy

= / 504(0%(y)*)dy =0,
T

and therefore we remain with

AR = ((p" x O ey = 19"+ OF[[Fa gy = Y | F2(p" + OF) (k)

k€EZ

- ¥ (L~ k) LZ [p(L~'k)[?

(2mk)? 272 k2
kez\ {0} k=1

oo

Looo 1 1 1

Tl E T
k=1

which concludes the proof. O

The rest of the proof is completely analogous to the nonperiodic case. Let us
just point out that if f € C°°(T), then

/T (F(z — ) — f(2))p"()dy = E[f(x — R¥) — ()],

where R is a random variable with density p*, and that
. (z—RE)(mod1)
fo—RE) - f@) = [ 0,1 (y)dy.

z(mod1l)

and therefore the same line of argumentation as in section yields Lemmas [A]]
and [A3l From here we follow the same steps as in the proof of Theorem 24l to
establish Theorem 2131

APPENDIX B. EXPONENTIAL INTEGRABILITY

Lemma B.1. Let ¢;(x) = eXt(®<) fort >0 and z € R, and

Zi(z) = ¢¢(x) exp (ﬁ/\Wt(U) — %t + )\2/ u®?ds(o )\/ us(0,0)d )

Then there exist ¢, T > 0 such that

sup e IE[Z,(2)?] < .
te[0,T],z€R
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Moreover, if R > 0 and there exists ¢ > 0 with sup,c(o g) ver e~ 7IE[| Z,(2)|"°) <
o0, then for some ¢, T > 0, independent of R,

sup e IR [Z(2)?] < .
te[0,R+T],x€R

Proof. Note that
E[| Zo(x)|'0] = E[e'0 0(®=)] = SN0 12 5 < eclel

for some ¢ > 0, so the second statement is a generalization of the first one. We
have

Zrit(x) = Zp(x)e Aur+(02)~ur(O2)) o VZAWR41(0)=Wr(0))

a4 2 R+t 02 R+t
t_A ul?ds(o) —A ugs(0,0)ds
x e 1zter S ulds(@) oA g (9z0)ds

and therefore with Holder’s and Jensen’s inequalities

E[ZR+t(9C)2]5
< E[Zg(z) B[O ur+1(Oz)—ur(O:))]

2 (R4t 0240(y _ R+tus L o)ds
x Ele 10vV2AW; (o )]E[em)\ I °2ds( )] e 1ox [ (8.0)d ]

R+t
< ec\z|E[ezouo(ew)}6100,\2HUHQLQE[em,\z [T uist(U)}l/ E[e—thAus(Bzo)]ds
< ec\x|E[610/\2 flf"” u§2ds(a)].

It remains to bound the expectation on the right-hand side. To simplify notation,
we will write the following computations directly for [ }5 +t u2?ds(o), but to make
them rigorous we should mollify us before taking the square and derive bounds
that are uniform in the mollification. Let H be the functional from the proof of
Proposition BI85 with (1 — Lo)H (u) = u®?(c). By [GJ13, Lemma 3] we have

]E[ewv SR u§2ds(a)] < ]E[eQO)‘Q f?*fH(us)ds]l/zE[ezoAZ fg“(fLoH)(us)ds]l/Q

< E[620A2 SR H(us)ds]l/QE[eSOO)\‘L P 5(H)(us)ds]1/2

R+t
< (1/ E[ezox"tH(us)]ds)l/Q
tJr

R+t
o (l/ ]E[esoo,\‘*tg(H)(us)]ds)1/2
tJr

_ ]E[620)\2tH(u0)]1/2]E[6800)\4t5(H)(u0)]1/2’

where the third step follows from Jensen’s inequality. Now H(ug) and E(H)(ug)
are random variables in the second inhomogeneous Gaussian chaos generated by
ug, and therefore they have small exponential moments. Indeed, if X is a random
variable living in a second-order homogeneous Gaussian chaos, then E[|X|"] <
(n = 1)™[|X||}2 for all n (see [NuaO@, p. 62]), and therefore by Stirling’s formula

9] [eS) n

K n n

Elexp(k| X[)] = Z—]EHXI ] < Zgn X122
n=0 n=0

oo

~Z W X < (kel| X 12)",

n=0
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which is finite as long as K < 1/(e||X||z2). Since variables in the first- and zero-
order Gaussian chaos have all exponential moments and we can make ¢ small by
choosing T sufficiently small, the proof is complete once we know that || H (ug)| z2 +
IE(H)(uo)||r2 < co. But this we already showed in the proof of Proposition
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