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Abstract We study a generalized 1d periodic SPDE of Burgers type:
du=—A% + o,u> + A&

where 6 > 1/2, —A is the 1d Laplacian, £ is a space—time white noise and the initial
condition u is taken to be (space) white noise. We introduce a notion of weak solution
for this equation in the stationary setting. For these solutions we point out how the
noise provide a regularizing effect allowing to prove existence and suitable estimates
when 6 > 1/2. When 6 > 5/4 we obtain pathwise uniqueness. We discuss the use
of the same method to study different approximations of the same equation and for a
model of stationary 2d stochastic Navier—Stokes evolution.
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The stochastic Burgers equation (SBE) on the one dimensional torus T = (-, ]
is the SPDE

1 1
du; = Eagut(g)dz + 5% (uy(£))dt 4 9edW, (1)
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where W; is a cylindrical white noise on the Hilbert space H = L%(T) of square
integrable, mean zero real function on T and it has the form W, (&) = >_ keZo €k &) ,Bf
with Zo = Z\{0} and ex(§) = €/*¢ //27r and {BF};=0.1e7, is a family of complex
Brownian motions such that (,3;‘)* = B; * and with covariance IE[,Btk ,B,q ] = Ijx=o0-
Formally the solution u of Eq. (1) is the derivative of the solution of the Kardar—Parisi—
Zhang equation

1 1
dh, = Eagh[(g)dt + E(th,(s))zdt +dw, )

which is believed to capture the macroscopic behavior of a large class of surface growth
phenomena [20].

The main difficulty with Eq. (1) is given by the rough nonlinearity which is incom-
patible with the distributional nature of the typical trajectories of the process. Note in
fact that, at least formally, Eq. (1) preserves the white noise on H and that the square in
the non-linearity is almost surely 400 on the white noise. Additive renormalizations
in the form of Wick products are not enough to cure this singularity [9].

In [7] Bertini and Giacomin studying the scaling limits for the fluctuations of an
interacting particles system show that a particular regularization of (1) converges in
law to a limiting process u?c(é) = 0¢ log Z; (&) (which is referred to as the Hopf—Cole
solution) where Z is the solution of the stochastic heat equation with multiplicative
space—time white noise

1
dz; = Eaézt@)dr + Z: (§)dWi(§). 3

The Hopf—Cole solution is believed to be the correct physical solution for (1) however
up to recently a rigorous notion of solution to Eq. (1) was lacking so the issue of
uniqueness remained open.

Jara and Gongalves [15] introduced a notion of energy solution for Eq. (1) and
showed that the macroscopic current fluctuations of a large class of weakly non-
reversible particle systems on Z obey the Burgers equation in this sense. Moreover
their results show that also the Hopf—Cole solution is an energy solution of Eq. (1).

More recently Hairer [18] obtained a complete existence and uniqueness result
for KPZ. In this remarkable paper the theory of controlled rough paths is used to
give meaning to the nonlinearity and a careful analysis of the series expansion of the
candidate solutions allow to give a consistent meaning to the equation and to obtain a
uniqueness result. In particular Hairer’s solution coincide with the Cole—Hopf ansatz.

In this paper we take a different approach to the problem. We want to point out the
regularizing effect of the linear stochastic part of the equation on the the non-linear part.
This is linked to some similar remarks of Assing [3,4] and by the approach of Jara and
Gongalves [15]. Our point of view is motivated also by similar analysis in the PDE and
SPDE context where the noise or a dispersive term provide enough regularization to
treat some non-linear term: there are examples involving the stochastic transport equa-
tion [12], the periodic Korteweg-de Vries equation [5,17] and the fast rotating Navier—
Stokes equation [6]. In particular in the paper [17] it is shown how, in the context of
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the periodic Korteweg-de Vries equation, an appropriate notion of controlled solution
can make sense of the non-linear term in a space of distributions. This point of view
has also links with the approach via controlled paths to the theory of rough paths [16].

With our approach we are not able to obtain uniqueness for the SBE above and we
resort to study the more general equation (SBEyp):

du; = —A%u,dt + F(u,)dr + A%2dw, )

where F (1) (§) = 0g (u; (€))%, —Aisthe Lapacian with periodic b.c., where & > 0 and
where the initial condition is taken to be white noise. In the case 8 = 1 we essentially
recover the stationary case of the SBE above (modulo a mismatch in the noise term
which do not affect its law).

For any 6 > 0 we introduce a class Ry of distributional processes “controlled” by
the noise, in the sense that these processes have a small time behaviour similar to that
of the stationary Ornstein—Uhlenbech process X which solves the linear part of the
dynamics:

dX, = —A’X,dr + A?%aw,, 5)

where X is white noise. When 6 > 1/2 we are able to show that the time integral of
the non-linear term appearing in SBEy is well defined, namely that for all v € Rg

t

AV = / F(vy)ds (©6)

0

is a well defined process with continous paths in a space of distributions on T of
specific regularity. Note that this process is not necessarily of finite variation with
respect to the time parameter even when tested with smooth test functions.

The existence of the drift process (6) allows to formulate naturally the SBEg equa-
tion in the space R of controlled processes and gives a notion of solution quite similar
to that of energy solution introduced by Jara and Gongalves [15]. Existence of (proba-
bilistically) weak solutions will be established for any 6 > 1/2, that is well below the
KPZ regime. The precise notion of solution will be described below. We are also able
to show easily pathwise uniqueness when 6 > 5/4 but the case & = 1 seems still (way)
out of range for this technique. In particular the question of pathwise uniqueness is
tightly linked with that of existence of strong solutions and the key estimates which will
allow us to handle the drift (6) are not strong enough to give a control on the difference
of two solutions (with the same noise) or on the sequence of Galerkin approximations.

Similar regularization phenomena for stochastic transport equations are studied
in [12] and in [10] for infinite dimensional SDEs. This is also linked to the fundamental
paper of Kipnis and Varadhan [21] on CLT for additive functionals and to the Lyons—
Zheng representation for diffusions with singular drifts [13, 14,23].

Plan In Sect. 1 we define the class of controlled paths and we recall some results of
the stochastic calculus via regularization which are needed to handle the It6 formula
for the controlled processes. Section 2 is devoted to introduce our main tool which is a

@ Springer



328 Stoch PDE: Anal Comp (2013) 1:325-350

moment estimate of an additive functional of a stationary Dirichlet process in terms of
the quadratic variation of suitable forward and backward martingales. In Sect. 3 we use
this estimate to provide uniform bounds for the drift of any stationary solution. These
bounds are used in Sect. 4 to prove tightness of the approximations when 6 > 1/2
and to show existence of controlled solution of the SBE via Galerkin approximations.
Finally in Sect. 5 we prove our pathwise uniqueness result in the case 6 > 5/4. In
Sect. 6 we discuss related results for the model introduced in [9].

Notations We write X <, Y if there exists a positive constant C depending
onlyona,b, ...suchthat X < CY.Wewrite X ~4 5. Yift X <qp. Y Sap... X.

We let S be the space of smooth test functions on T, S’ the space of distributions
and (-, -) the corresponding duality.

On the Hilbert space H = L%(T) the family {ex}cz, is a complete orthonormal
basis. On H we consider the space of smooth cylinder functions Cy/ which depends
only on finitely many coordinates on the basis {ex }xcz, and for ¢ € Cyl we consider
the gradient D¢ : H — H defined as Dg(x) = Zkezo Dy (x)er where Dy = 0y,
and x; = (eg, x) are the coordinates of x.

For any a € R define the space F L ¢ of functions on the torus for which

l/p
x| Fppe= Z (k1% |x, NP < 400 if p < 0o and |x|Fpoce= sup [k|*|x;| < +o0.
keZ() kGZo

We will use the notation H* = FL>“ for the usual Sobolev spaces of periodic
functions on T. We let A = —852 and B = 0¢ as unbounded operators acting on H
with domains respectively H 2 and H'. Note that {er}kez, 1s a basis of eigenvectors of
A for which we denote {A;, = |k|2}keZO the associated eigenvalues. The operator A?
will then be defined on H? by A%¢; = |k|*? ¢, with domain H??. The linear operator
Iy : H — H is the projection on the subspace generated by {ex}iez,, (k|<n-

Denote C7V = C([0, T1, V) the space of continuous functions from [0, T'] to the
Banach space V endowed with the supremum norm and with C% V=CY(0,T],V)
the subspace of y-Holder continuous functions in Cz V with the y-Holder norm.

1 Controlled processes

We introduce a space of stationary processes which “looks like” an Ornstein—
Uhlenbeck process. The invariant law at fixed time of these processes will be given by
the canonical Gaussian cylindrical measure © on H which we consider as a Gaussian
measure on H* forany « < —1/2. This measure is fully characterized by the equation

/eiw,xm(dx) W2 vy H
or alternatively by the integration by parts formula

/ Drp(r)(dx) = / ko (On(dx), k€ Zo, ¢ € Cyl.
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Definition 1 (Controlled process) For any 8 > 0 let Ry be the space of stationary
stochastic processes (u;)o<;<7 With continuous paths in S’ such that

i) the law of u, is the white noise p for all r € [0, T'];
ii) there exists a process A € C([0, T],S’) of zero quadratic variation such that
Ap = 0 and satisfying the equation

t

u; (@) = uo(p) + / ug(—A%@)ds + A (9) + My (¢) @)
0

for any test function ¢ € S, where M;(¢) is a martingale with respect to the

filtration generated by # with quadratic variation [M (¢)]; = 2t | A2 IIig 1

iii) the reversed processes it; = up_;, flt = —Ar_, satisfies the same equation with
respect to its own filtration (the backward filtration of u).

For controlled processes we will prove that if & > 1/2 the Burgers drift is well
defined by approximating it and passing to the limit. Let p : R — R be a positive
smooth test function with unit integral and p®(&) = p(&/¢e)/e for all ¢ > 0. For
simplicity in the proofs we require that the function p has a Fourier transform /o
supported in some ball and such that 6 = 1 in a smaller ball. This is a technical
condition which is easy to remove but we refrain to do so here not to obscure the main
line of the arguments.

Lemmal Ifu € Ry and if 0 > 1/2 then almost surely
t
lim / F (o % ug)ds
e—0
0

exists in the space C([0, T1, FL ™) for some ¢ < 0. We denote with fot F (ug)ds the
resulting process with values in C ([0, T, FL%).

Proof We postpone the proof in Sect. 3. O

It will turn out that for this process we have a good control of its space and time
regularity and also some exponential moment estimates. Then it is relatively natural
to define solutions of Eq. (4) by the following self-consistency condition.

Definition 2 (Controlled solution) Let 0 > 1/2, then a process u € Ry is a controlled
solution of SBEy if almost surely

t

(@) = (9, / F(uy)ds) ®)

0

for any test function ¢ € S and any ¢ € [0, T].

Note that these controlled solutions are a generalization of the notion of proba-
bilistically weak solutions of SBEy. The key point is that the drift term is not given
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explicitly as a function of the solution itself but characterized by the self-consistency
relation (8). In this sense controlled solutions are to be understood as a couple (u, A)
of processes satisfying compatibility relations.

An analogy which could be familiar to the reader is that with a diffusion on a
bounded domain with reflected boundary where the solution is described by a couple
of processes (X, L) representing the position of the diffusing particle and its local
time at the boundary [22].

Note also that there is no requirement on A to be adapted to u. Our analysis below
cannot exclude the possibility that A contains some further randomness and that the
solutions are strictly weak, that is not adapted to the filtration generated by the mar-
tingale term and the initial condition.

2 The Ito trick

In order to prove the regularization properties of controlled processes we will need
some stochastic calculus and in particular an Itd6 formula and some estimates for
martingales. Let us recall here some basic elements here. In this section u will be always
a controlled process in Rg. For any test function ¢ € S the processes (u;(¢)); and
(i1, (p)); are Dirichlet processes: sums of a martingale and a zero quadratic variation
process. Note that we do not want to assume controlled processes to be semimartingales
(even when tested with smooth functions). This is compatible with the regularity of our
solutions and there is no clue that solutions of SBEy even with & = 1 are distributional
semimartingales. A suitable notion of stochastic calculus which is valid for a large
class of processes and in particular for Dirichlet processes is the stochastic calculus via
regularization developed by Russo and Vallois [24]. In this approach the It6 formula
can be extended to Dirichlet processes. In particular if (X 0o 1.k is an R¥ valued
Dirichlet process and g is a C2(R¥; R) function then

ko kL
. 1 . .
g(X1) = g(Xo) + D / dig(X)d™X{ + 5 > / 37 j8(X)d X", X7

i=1y i.j=1}

where d~ denotes the forward integral and [X, X] the quadratic covariation of the
vector process X. Decomposing X = M + N as the sum of a martingale M and a zero
quadratic variation process N we have [X, X] = [M, M] and

ko1 kK !
g(Xy) =g(Xo)+Z/8ig(Xs)d‘M§ +Z/8ig(xs)d—Nj

i=17 i=17

1
. 1 2 — i Jj
+ E ai,.jg(Xs)d [M ,M ]s

i,j=1 0

where now d™ M coincide with the usual Itd integral and [M, M] is the usual quadratic
variation of the martingale M. The integral fé 0;g(X;)d™ N! is well-defined due to the
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fact that all the other terms in this formula are well defined. The case the function g
depends explicitly on time can be handled by the above formula by considering time as
an additional (O-th) component of the process X and using the fact that [X?, X°] =0
foralli = 1,..., k. In the computations which follows we will only need to apply
the It6 formula to smooth functions.

Let us denote by L the generator of the Ornstein—Uhlenbeck process associated
to the operator A?:

Lop(x) = >~ |k (= xk Deg(x) + 3 D4 Drop(x)). ©)
kEZO

Consider now a smooth cylinder function 4 : [0, T] x [Iy H — R. The Itd formula
for the finite quadratic variation process (u” = [yu,), gives

t t
h(t,ul) = h(0, ugV)Jr/(as+L{)V)h(s,u§’)ds+/Dh(s,uSN)dHNAS+Mt+
0 0

where

Li'h(s,x) = D" [k (i Dh(s, x) + DeD_gh(s, x))
keZo:|k|<N

is the restriction of the operator Lg to [1y H and where the martingale part denoted
M™ has quadratic variation given by [M ], = fé EY (h(s, ) (u)ds, where

1
=5 > D,
keZo:lk|<N

Similarly the Itd formula on the backward process reads

1
T —t,uy ) = h(T,uf) + /(—ax + LT — s, ul_)ds
0

t
—/Dh(T — s, uf_ ANy A7 + M,
0

t
with [M~], = [ €% (W(T — s, )} _)ds so we have the key equality
0

t
/2L{)Vh(s, ulyds = —M;" + M5, — M. (10)
0
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which allows us to represent the time integral of /2 as a sum of martingales which allows
better control. On this martingale representation result we can use the Burkholder—
Davis—Gundy inequalities to prove the following bound.

Lemma 2 ( Ité trick) Let h : [0, T] x Iy H — R be a cylinder function. Then for
any p > 1,

t

1/2
sup / Loh(s, Myuy)ds Sp TV sup €GN oy (D)
tel0,T] s€[0,T]

0 LP(P,)
where E%(p)(x) = %Zkezo |k|??|Dro(x)|%. In the particular case h(s,x) =
e*T=9(x) for some a € R we have the improved estimate

1/2
Ly

12)

T 1 — eZaT 172
/ea(T—S)LOh(HNuS)ds Sp (T) ng(h)
0

LP(Py)
Proof

t

sup / 2LY (s, ug)ds <
te€[0,T] 0

sup | M|
1€[0,T]

+2
LP(Py)

sup |M, |
1€l0,7T]

LP(By) Lo
12

T
o 10 e, + 1002 e, 0 | [ €0 s s
0

LPR2(Py)
1/2

T
< / £ s D@ e, b | Sp T2 sup [€Ghs N e
selv,
0

For the convolution we bound as follows

T 1/2

T
- - 1/2
a(T—s)n 1 N < 2a(T—s) H 9 H
/e 2Ly h(ugs)ds Sp /e ds E” (M) (up) Lor,)
0 Lr(Py) 0
1 _ eZaT 1/2 - 1/2
<, |— E%h
Np( 2a ) H ®) Lr/2()

O

The bound (11) in the present form (with the use of the backward martingale to remove
the drift part) has been inspired by [[8], Lemma 4.4].
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Lemma 3 (Exponential integrability) Let h : [0, T] x IIyH — R be a cylinder
function. Then

E sup o2 Jo L hGs. Ty ug)ds S]Ee8foT89(h(s,uS))ds (13)
t€[0,T]

Proof Let as above M* be the (Brownian) martingales in the representation of the
integral fé Lév h(s, TIyus)ds. By Cauchy—Schwartz

1/2 12

" _

E sup eroLévh(s,l'INus)ds <|E sup esz E sup 2(Mz =Mz _) .
t€[0,T] 1€[0,T] 1€[0,T]

AM;T—8(MT)

By Novikov’s criterion e * is a martingale for t € [0, T'] if Ee3M 7 < oo,

In this case

E sup M <E sup (eZMer_‘t(Mﬂ’ sup e4<M+)f)
1€[0,T] 1€[0,T] 1€[0,T]
1/2
amMt—g(mt sy 12
< |E sup oM 87 []Ee< >T]
1€[0,T]

and by Doob’s inequality we get that the previous expression is bounded by

[Ee‘*M?—S(M*)r]”Z [Eeswﬂr]m - [Eeswﬂr]l/z.

Reasoning similarly for M~ we obtain that

E sup 2o LY s Tyu)ds — o 8MH) 7 _ o8 Jy €7 (his.ueds
1€[0,T]

3 Estimates on the Burgers drift

In this section we provide the key estimates on the Burgers drift via the quadratic vari-
ations of the forward and backward martingales in its decomposition. Let F(x)(§) =
B(x(£))? and Fy(x) = F(I1yx). Define

o]

Hy(x) = —/FN(e_Agtx)dt
0
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and consider LoHy (x) as acting on each Fourier coordinate of Hy (x). Remark that
the second order part of L( does not appear in the computation of Ly Fy since

DiD_y F(Tlye 2"x) = 0
for each k € Zg. Indeed

0 0 0 0
D_y Dy F(Mye A" x)=B[D_; Dy(Mye A 'x)2|=2BD_ 4 [(Mye A x)(Mye 4 ep)]

0 o
= 2B(Mye A" e_p)(Mye 4" ep) + (Mye " e_) B(Tye A )] = 0

Then it is easy to check that

o0

LoHy(Iyx) = (A%x, DHy(Tlyx)) = =2 / Bl(e™* " Tyx) (A"~ Ty x)ldr
0
i d —A% 2 2
__ / Bl Tyx)] = B(Iyx)” = F(Tlyx)
0

since lim;_, oo B[(e’Ag’l'INx)2] = 0. Denote by (xx)kez and (Hy (X)i)kez, the coor-
dinates of x = Zkezo xrer and Hy (x) = ZkeZO Hp (x)ex in the canonical basis
(ex)kez,- Then a direct computation gives an explicit formula for Hy (x):

Xiy Xk -
k1|20 + |kp |20 12

(HyGo =2ik >

ki,ko:k=ky+ko

Let us denote with (Hy (x)),:—L respectively the real and imaginary parts of this quantity:
(HN()C))]::: = ((Hy(0)x + (Hy(x))—x)/(2i*) where it = 1 and i~ = i. Now

I
+ _ . 2 kI, k1], lka| <N
(HN(-x))k =itk kze T k29 (xkl-xkz + x—k]-x—kz)
ki,ky:k=ky+k> 1 2

and recall that £ (H);)) () = X ez, 1917 1Dy Hy ()|

Lemma 4 For A > 0 small enough we have

sup Eexp |1k () wo) | S 1 (14)
kGZQ
and
sup sup Eexp [/\|k|_2M29_189((HN — HM),f)(uo)] <. (15)
1<M<N keZy
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Proof We start by computing £ ((HN),f): noting that

I _gl< 1
Dq(HN)z,C(X) —iTk |: kl.lq],|k—g|<N kl,1q!,1k+q|<N :|

Xk—q F —k—
1?7 + 1k — g P T g P+ Tk g0

we have

Lik), 191, lk—q1<N
ENHNHx) = > kP lg [2 WLl RZgI=N g P
" quZO TGP+ k=g

Lkt lql 1k—gi=n ikl gl lk+g1<N
g% + 1k — q1?? |q1?? + |k + q|*

(Xk—qXk+q + xk+quq)i|

which gives the bound

k129 Tk ey 1 ko) < v
E9(HOE ) < 1kI? KL RISV 2
(HVO@ S Y P+ o

ky,ko:ky+ko=
[kl lk1l, k2| <N
I
2 [kl Ik, [ka| <N 2 2
< Ik| Z mhkﬂ = Z ck, ki, k2)lxi, | = hy(x)
ky,ky:ky+ka=k ! 2 ky,ky:ky+ko=k
Ikl 1K1 ], lk2| <N [SRISTAISIENY

where c(k, ki, ka) = |k|2/(|k1|% + [k2|*). Let

Ik = D ek ki k)
ki,ko:k1+ky=k
[kl lk1l, k2| <N

and note that the sum in /Iy (k) can be bounded by the equivalent integral giving
(uniformly in N)

dg 3-20 dg 3-20
In(k) S |k|2/— = |k| /— S kI
J lq1%? + |k — q|*° J lg1?? + 1 —q|%

since that the last integral is finite for 6 > 1/2. Then

EMKP P E (HN O Wo) < EhCIKP =Ry (o)

ACIK[=3 Iy ()| o)k, 12 AC 1wk, I*
< > ckkik)E 7 = 2 ckk kB ——
k1 Kotk +Hho=k N (k) k1 katky +Hho=k N (k)
Ik, Ik, k2 [ <N Ik, k1 |, k2 | <N

where we used the previous bound to say that C k|23 1y k) < uniformly in
k. Remind that (ug); has a Gaussian distribution of mean zero and unit variance.

Therefore for A small enough Ee*C'1 ) | < 1 uniformly in k; so that

Rk E (HNO o) < |
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This establishes the claimed exponential bound for £ ?((Hy (x)),f). Similarly we have

EHN—HWHWS D Wkl olen =L il ka1 =) ek, ki, ko) g, 1.
ki,ky:k1+ko—=k

Let

Inm®) = D gk kal=N = Tk ik kal<an) ek, ki, k2)
ki,ky:k1+ko=k

and note that, for N > M,
et ke ol <N = Lkt 1kl <) S Lkl e 1 kot <3 (Wi it =+ Ly 1> + Ly > m).

Then, by estimating the sums with the corresponding integrals and after easy simpli-
fications we remain with the following bound

dg 2 Iig1>mdg
In (k) < |k|211k>M/—+|k| /—
i J 1aP7+ 1k =g J 1aP? Tk =gl

The first integral in the r.h.s. is easily handled by

dg

2 3-20 2ag1-20

K] H|k|>M/m S KPP Tgn S K12M
R

since 6 > 1/2. For the second we have the analogous bound

I qu I qu _
| |2/ 29|(1|> TIPS | |2/ ‘q‘>20 < |k|2M1 20
lg1%” + |k —q] lq1
R
which concludes the proof. O

Using Lemma 2 and the estimates contained in Lemma 4 we are led to the next set
of more refined estimates for the drift and his small scale contributions.

Lemma 5 Let G?” = fé Fuy(ug)ds. For any M < N we have

sup |G| luve,y Sp IKIMT, (16)
te[OT
| sup |G| o,y Sp K0T, (17)
te[0,T]
sup |G = (GI| lere,) Sp IIT 2001270, (18)
te[OT]
sup || sup |(GIillLoe,y S, WIT2/0529). (19)
M=0 t€[0,T]
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Proof The Gaussian measure u satisfies the hypercontractivity estimate (see for exam-
ple [19]): for any complex-valued finite order polynomial P(x) € Cyl we have

1PN Ly Sp 1P GO L2y - (20)

Then we have (Fy (x))r = ik Zk1+k2:k Xk, Xk, and for all k # O

/ [(Fa ol i(dx) = k> D7 > T ok kg <M / i X X Xy 1 ()

k1+ko= kk’+k’ =k
= 4)k|>M?

This allows us to obtain the bound (16). Indeed

sup (G| Ierce,y < / ICFar @)l oge, s
IE[O T]

ST INFEMOillLrq Sp T ICEM (Dl 2¢uy Sp IKIMT.

For the bound (17) we use the fact that Lo Hy = Fx and Lemma 2 to get

1/2
sup |G| lere,y Sp TV sup 17 (YOI} g, S II20T
[EOT] t€[0,T]

where we used the first energy estimate (14) of Lemma 4 and the fact that || Q|| { () <p

S/ [eQWT 4 2@ (dx) where again QF are the real and imaginary parts of Q.
The bound (18) is obtained in the same way using the second energy estimate (15).
Finally the last bound (19) is obtained from the previous two by taking 0 < N < M,
decomposing Fy(x) = Fy(x) — Fy pm(x):

I sup |G| I, = 1 s (G| Ie@n+ sup |Gk = G0 ILr@,
te[0,T] te[0,T] te[0,T]

<p k(NT + N1/2071/2)

and performing the optimal choice N ~ 7~1/(1+20), O

Analogous estimates go through also for the functions obtained via convolution
. 0 .
with the e=4"" semi-group.

Lemma 6 Let

t

GM = / e~ A=) B )ds
0
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then for any M < N we have

_ 1— e—2k291/2

”(G?/I)k”LI’(]P’,L) Sp |k|M(2k—20 2D
172
1— 672k29t/2
G llLre, Sp k1P~ Q(T (22)
20 /

AMy AN < - l—e R )

Gk — (G DillLre,) Sp 1KIM 2520 (23)

Proof The proof follows the line of Lemma 5 using Eq. (12) instead of Eq. (11). O

Corollary 1 For all sufficiently small ¢ > 0

sup IGM = (CillLr,) Sp KPP0 — 5)° (24)
>

Proof To control the time regularity of the drift convolution we consider 0 < s < ¢
and decompose

Gk = (Gl e,
t
_AO(f— 1204 ~
< / eV Ey ua)edrllLo,) + € = DGkl Lo,
5 |k|3/2_9([ _ S)I/Z + |k|3/2_29(€_k29(t_s) _ 1) S |k|3/2_9(t _ 5)1/2

Moreover a direct consequence of Eq. (22) is

sup [(GllLre,) Sp K272
te(0,7T]

which give us a uniform estimate in the form
G = GYillir@,y < WGlr@y + IGHilre,) Sp kP27
By interpolation we get the claimed bound. O

Remark 1 All these L? estimates can be replaced with equivalent exponential esti-
mates. For example it is not difficult to prove that for small A we have

sup sup Eexp (X|k|29_3/2((~}£v)zf) <1
t€[0,T] keZy

where (-)* denote, as before, the real and imaginary parts, respectively.
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At this point we are in position to prove Lemma 1 on the existence of the Burgers’
drift for controlled processes.

Proof (of Lemma 1) Let BY = fé F(p® * ug)ds. We start by noting that since 5 has a
bounded support we have p® x (ITyuz) = p® * us for all N > C/e for some constant
C and ¢ small enough. Moreover all the computation we made for F remains true
for the functions Fe n(x) = F(p® * [Ixx) so we have estimates analogous to that in
Lemma 5 for G*M = fé fot F(p® * I pus)ds. Intaking e > &’ > 0and N > C/e,
M > C/¢’ and M > N we have

sup [(B) — (BY |

N "M
sup [(G5) = (G5
t€[0,T] 1

tel0, T

LP(P,)
<, K| T2 /20 <, K| T2 (Y0~ 1/

Lr(P,)

uniformly in &, ¢/, N, M. This easily implies that the sequence of processes (B%),
converges almost surely to a limit in C(Ry, FL™!75°) if & > 1/2. By similar
arguments it can be shown that the limit does not depend on the function p. O

4 Existence of controlled solutions
Fix ¢ < 1/2 and consider the SDE on H“ given by

dul = —A%uNdt + Fy@)dt + AY2dw,, (25)
where Fy : H — H is defined by Fy(x) = 111y B(ITyx)?2. Global solution of this

equation starting from any u(])v € HY can be constructed as follows. Let (Z;);>0 the
unique OU process on H* which satisfies the SDE

dz, = —AYZ,dr + A??aw,. (26)

with initial condition Zg = u(l)v . Let (v,N )s>0 the unique solution taking values in the
finite dimensional vector space I1y H of the following SDE

dv = —A%Ndr + Fy(wN)dr + A2dTiy W,

with initial condition U(I)V =1 Nuév . Note that this SDE has global solutions despite
of the quadratic non-linearity. Indeed the vector field Fy preserves the H norm:

1
WV, Ey@M)) = N, BwM)?) = 3 / dg (N (£))de =0
T
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and by It6 formula we have

dlvM3, =2V, —A%Ndr + Fy(N)dr + AY2dTTIy W) 4 Cyde
= 2| AN |13, dr + 2N, AP2dTIN W) 4 Cndr

where Cy = [AY?TIy W], = ZO<W<N |k|%Y. From this equation we easily obtain
that for any initial condition v(’)v the process (|| vtN Il )0, 7 1s almost surely finite for
any T > 0 which implies that the unique solution (vtN )¢>0 can be extended to arbitrary
intervals of time. Setting u¥ = vV + (1 — I1y)Z, we obtain a global solution of
Eq. (25). Moreover the diffusion (u {v ):>0 has generator

Lyo(x) = Lop(x) + > (FN())Dip(x)
keZo,|k|I<N

where L is the generator of the Ornstein—Uhlenbeck defined in Eq. (9) and which
satisfies the integration by parts formula u[pLop] = u[€(p)] for ¢ € Cyl. This
diffusion preserves the Gaussian measure (. Indeed if we take uév distributed according
to the white noise u we have that ((1—I1x)Z;);>0 is independent of (v,N),zo. Moreover
Z; has law p of any ¢ > 0 and an easy argument for the finite dimensional diffusion
(vtN )i>0 shows that for any ¢+ > 0 the random variable le is distributed according to
wuN = (ITy),u: the push forward of the measure ;o with respect to the projection ITy.
We will use the fact that u” satisfy the mild equation [11]

t t
ulV = =4y, +/e*A9<f*S>FN(uSN)ds + A9/2/e*A9<’*s>dWS 27)
0 0

where the stochastic convolution in the r.h.s is given by

t t

A0/2/€_A6(t_s)dWs — Z |k|9€k/€_|k‘29(t_s)d,3§,

0 kEZ() 0

Lemma 7 Let

t t

AY =/FN(uﬁv)ds, AY =/6_A9(t_s)FN(“§V)dS~
0 0

and set 0 = (3/2 — 20) 1. The family of laws of the processes {(u", AN, AN, W)}y
is tight in the space of continuous functions with values in X = FL°°7¢ x
FLOO3/2=0=¢ o F[00.3/2=20=¢ o T1%=¢ for all small & > 0.

Proof The estimate (24) in the previous section readily gives that for any small ¢ > 0
and sufficienly large p
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2043 = = p _
E, Z |k [3/2-26+366)p (l(AﬁV—Aﬁv)kl) Spe Z k|~0%P |t — s|PE < |t —s)|P
kEZO kEZO

This estimates show that the family of processes (AN} is tight in C ([0, T], FL°>%)
fora = 3/2—26+36¢ and sufficiently small ¢ > 0. An analogous argument using the
estimate (17) shows that the family of processes { A"}y is tightin C? ([0, T], FLF)
forany y < 1/2 and § < 3/2 — 6. It is not difficult to show that the stochastic
convolution | e=A%=9) A0/2q W, belongs to C([0, T, FL>'~9=¢) forall small ¢ >
0. Taking into account the mild equation (27) we find that the processes {(ufv )ie[0,T1IN
are tight in C ([0, T'], FL*>°7¢). O

We are now ready to prove our main theorem on existence of (probabilistically
weak) controlled solutions to the generalized SBE.

Theorem 1 There exists a probability space and a quadruple of processes (u, A, A,
W) with continuous trajectories in X such that W is a cylindrical Brownian motion
in H, u is a controlled process and they satisfy

t t
wp = o+ A — / A%uds + BW, = e A" ug + A, + / A=) paw,  (28)
0 0

where, as space distributions,

t t
A; = lim /FM(us)ds and A, =/e_A9(’_‘Y)d.AA-. (29)
M— o0
0 0

this last integral being defined as a Young integral.

Proof Let us first prove (29). By tightness of the laws of {(uN, AV, AN , W)lny in
C(R; X) we can extract a subsequence which converges weakly (in the probabilistic
sense) to a limit point in C(R; &X’). By Skhorohod embedding theorem, up to a change
of the probability space, we can assume that this subsequence which we call {N, },>1
converges almost surely to a limit # = lim, u™" € C(R; X). Then

t

t
/ Fag(uy)ds = / (Fyr () — Fag ) ds
0

0
t

t
+/(FM(u§Vn) — FNn(ugvn))ds+/FNn(u§Vn)ds.
0 0
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But now, in C(R, F [00:3/2-0—¢ ) we have the almost sure limit
lim / Fy, @Nm)yds = lim AN = A
n n
0
and, always almost surely in C(R4, F 103/ 2_9_"’3), we have also
lim / (Fau(uy) — Fagu¥))ds = 0,
0

since the functional Fj; depends only of a finite number of components of « and u»
and that we have the convergence of u™n to u in C(R; FL%°~¢) and thus distribu-
tionally uniformly in time. Moreover, for all k € Z,

t
lim sup sup /(FM(uf.V") — Fy, (uﬁ,v”))kds =0.
M N,:M<N, |t€[0,T] "

LP(Pu)

By the apriori estimates, A™" converges to A in C¥ (FL%3/270=¢) forall y < 1/2
and ¢ > 0 so that we can use Young integration to define fot =A% _S)d.Aﬁv" as a
space distribution and to obtain its distributional convergence (for example for each
of its Fourier components) to fot e—A% _S)dAiv". At this point Eq. (28) is a simple
consequence. The backward processes ﬁfv" = ul}’[ , and Afv” = —A]TV’L , converge to

Gy =ur_sand A, = —Ar_, respectively and moreover note that A4 as a distributional
process has trajectories which are Holder continuous for any exponent smaller than
20/(1 +260) > 1/2 as a consequence of the estimate (19) and this directly implies
that A has zero quadratic variation. So u is a controlled process in the sense of our
definition. O

5 Uniqueness for 0 > 5/4

In this section we prove a simple pathwise uniqueness result for controlled solutions
which is valid when 8 > 5/4. Note that to each controlled solution u is naturally
associated a cylindrical Brownian motion W on H given by the martingale part of the
controlled decomposition (7). Pathwise uniqueness is then understood in the following
sense.

Definition 3 SBE, has pathwise uniqueness if given two controlled processes u, i €
Re on the same probability space which generate the same Brownian motion W and
such that itp = u amost surely then there exists a negligible set A/ such that for all
peSandt = 0{u(p) # i (p)} S N.

Theorem 2 The generalized SBE has pathwise uniqueness when 6 > 5/4.
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Proof Let u be a controlled solution to the equation and let #” be the Galerkin approx-
imations defined above with respect to the cylindrical Brownian motion W obtained
from the martingale part of the decomposition of u as a controlled process. We will
prove that V' — u almost surely in C (R, ; FL*~3/2726:%) for any small & > 0.
Since Galerkin approximations have unique strong solutions we have 1"V = u"V almost
surely and in the limit & = u in C (R, ; FL*0~3/2728:%) almost surely. This will imply
the claim by taking as negligible set in the definition of pathwise uniqueness the set
N = {sup,~q llus — i, || F120-32-2000 > O}. Let us proceed to prove that u¥ — u. By
bilinearity, -

Fx ) = Fy (u") = Fy(Tyug + ', AY)

and the difference AN = Iy (u — u™) satisfies the equation

t
4
AN = I'IN/e_A =) Fy (us +ul, ANYds + oY
0

where
t
o) = / e A" (F (u) — Fy (u)) ds.
0

Note that

I sup [0 illlLe,) <p max((k]' "2 NV270 (k32720
t€l0,T]

which by interpolation gives

I sup 1@ lllLo,) Sp kPPN
t€l0,7T]

for any small ¢ > 0. Now let

Oy = sup sup [k|*TEE (N )l
keZyt€[0,T]

then

EZNCDZ < ZN Z sup [k|PGOT32720E (N )|

N>1 N>1  keZy tel0.7]
<p Z Nl-ep z lk|7P¢ < +o00
N>1 keZy
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for p large enough, which implies that almost surely &y <, N ~1/P_ For the other
term we have

t

sup / NI Ey (Myu+u™, An)ds | | S w222 0,
tel0,7T]
k

where Ay = sup, (o 7 Supx |k|20—3/2—2¢ |(A;V)k| and
t

—1/2— k120 (s B
Qr = sup [k*71? 2S/e W=D (Mg + ul)g |1k — g P27+ ds

te[0,T] 0 q€Zo

This gives
N < OrAN + Q.

Since 3/2 — 20 < —1 (thatis 8 > 5/4), we have the estimate:

1/p

; 1/p

12— _ _ |(Myus +ul)gl?

< sup (k[20-1/2-2¢ /e PP (1=5) g / 1@ yus +us )gl” |

QTNte[OpT]l | Z Ik — g|—3/2+20-2
’ 0 q€lo

valid for some p > 1 (with 1/p’ 4+ 1/p = 1). Then

1/p

Or < [k[20-1/2-26-20/0 /z |(HN”s+“§V)q|pds

= |k — q|—3/2+29—2£

and taking p large enough such that 20 — 1/2 — 2e — 20/ p’ < 0 we obtain

1/p

[((Myug + uﬁv)q|p
Or Sp / > [k — q|-3/2+20-2¢ ds

g€y

By the stationarity of the processes u and u"V and the fact that their marginal laws are
the white noise we have

El(Myus + ul)gl? 1

P s )q _

E[Q7] Np/ Z [k — q|3/2+26-2¢ ds =T Z [k — q|-3/2+26-2¢ Sp T
q€Zo q€Zo

Then by a simple Borel-Cantelli argument, almost surely Q1/, Sp,w 7 ~1+1/P Putting
together the estimates for @y and that for Q1,, we see that there exists a (random) T
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such that C Q7 < 1/2 almost surely and that for this 7: Ay < 2®y, which given the
estimate on @y implies that Ay — 0 as N — oo almost surely and that the solution
of the equation is unique and is the (almost-sure) limit of the Galerkin approximations.

O

6 Alternative equations

The technique of the present paper extends straighforwardly to some other modifica-
tions of the SBE.

6.1 Regularization of the convective term
Consider for example the equation
du; = —Au,dt + AT F(A™u,)dr + BAW, (30)

which is the equation considered by Da Prato, Debbussche and Tubaro in [9]. Letting
Fys(x) = A~ F(A™%x), denoting by H, the corresponding solution of the Poisson
equation and following the same strategy as above we obtain the same bounds

E(Ho DM S D ol ki k)lx,

ki,ko:k1+ky=k
|kl k1],lk2|<N

where ¢, (k, k1, ka) = |k|>=* /[|k1|* |k |** (|k1]* + |k2|?)]. This quantity can then
be bounded in terms of the sum

Lnky= > colk ki ko) S k'

ki,ky:k1+ko=k
[kl lk1], k2| <N

From which we can reobtain similar bounds to those exploited above. For example

t
[ wonds) 5 T
0 LP(Py)
And in particular we have existence of weak controlled solutions when 8¢ +2 > 1,

thatis 0 > —1/8 and pathwise uniqueness when —1/2 — 60 < —1 thatiso > 1/12.
Which is an improvement over the result in [9] which has uniqueness for o > 1/8.

6.2 The Sasamoto—Spohn discrete model

Another application of the above techniques is to the analysis of the discrete approx-
imation to the SBE proposed by Spohn and Sasamoto in [25]. Their model is the
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following:

duj = @N + D5 +ujujyy —ujyuj —u5_)de (31)
+ N + D*(ujs1 — 2uj +uj—1)dr + 2N + 1)¥*(dB; — dB;j_1)

for j =1,...,2N + 1 with periodic boundary conditions uo = usy+1 and where the
processes (B;)j=1,...2n+1 are a family of independents standard Brownian motions
with Bp = Bay+1. This model has to be tought as the discretization of the dynamic
of the periodic velocity field u(x) with x € (—m, ] sampled on a grid of mesh size
1/2N + 1), thatis u; = u(éjl.v) with EJN = —m +27(j/(2N + 1)). This fixes also
the scaling factors for the different contributions to the dynamics if we want that, at

least formally, this equation goes to a limit described by a SBE. Passing to Fourier
=N

variables (k) = 2N + 1)~ X351 & u; for k € ZV with ZN = Z N [N, N]

and imposing that #(0) = 0, that is, considering the evolution only with zero mean

velocity we get the system of ODEs:
dii (k) = Fy,(i)edt — |gn (k)i (k)dt + 2N + 1) gy (k)d B, (k)

fork € ZY = Zo N [—N, N1, where gy (k) = 2N + 1)(1 — £/*/CN+D),

Fy ()i = Z iy (k)i (k) [gn (k) — gn (k)™ + gn (k1) — gn (k2)”]
k],szZ{)V

and (IAE. (k) ez is a family of centred complex Brownian motions such that é(k)*
= l§(—k) and with cova}riance Eé,(k)ét(—l) = Li;t(2N + 1)~L. If we then let
Bk) = (N + 1)!/2B(k) we obtain a family of complex BM of covariance
EB; (k)B: (—1) = tlx—;. The generator L?V of this stochastic dynamics is given by

s b ,0U
L) = D Fy(rDip(x) + L5

keZl

@(x)

with

LiYo(x) = D 1gn k) [*(xk Dk + D_x D) (x)
keZl

the generator of the OU process corresponding to the linear part associated with the
multiplier gy . It is easy to check that the complete dynamics preserves the (discrete)
white noise measure, indeed

D xaFyi= D xxgxelen () — gy (k) + gn (ki) — gn (k)1 =0

keZl) k.ky ko eZ
k+k1+ky=0
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since the symmetrization of the r.h.s. with respect to the permutations of the variables
k, k1, ky yields zero. Then defining suitable controlled process with respect to the
linear part of this equation we can prove our apriori estimates on additive functionals
which are now controlled by the quantity

EN(Hoy WD S D oyl ki ko),

ki,ko:k1+ko=k
[kl lk1], k2| <N

with cgy (k. k1, k2) = |gn (0)1*/[(1gn (k) I* + |gn (k2)[*)]. Moreover noting that
lgn (K)]* = 22N + 1)*(1 — cosmk/@2N + 1)) ~ |k|?

uniformly N, it is possible to estimate this energy in the same way we did before in
the case & = 1 and obtain that the family of stationary solutions of Eq. (31) is tight
in C([0, T], FL°7¢) for all ¢ > 0. Moreover using the fact that gy (k) — ik as
N — oo uniformly for bounded k and that

oM FY () = D Tk kol <mXiy Xk Lg () — gy (R)* + gy (k1) — gy (k2)*]
kl,kzeZ{)\’

= 3ik D Tk ko <M ¥k Xk = 3Fu (X)k
ki,ko€Z

it is easy to check that any accumulation point is a controlled solution of the
SBEs (4).

7 2D stochastic Navier—Stokes equation

We consider the problem of stationary solutions to the 2d stochastic Navier—Stokes
equation considered in [1] (see also [2]). We would like to deal with invariant mea-
sures obtained by formally taking the kinetic energy of the fluid and considering the

associated Gibbs measure. However this measure is quite singular and we need a bit
of hyperviscosity in the equation to make our estimates work.

7.1 The setting

Fix o > 0 and consider the following stochastic differential equation
dCun)k = =k (up)idt + Bic(up)dr + k|7 dBf (32)

where (,Bk)kezz\{o} is a family of complex BMs for which (B5* = B and
E[g*B1] = I44+x=0, u is a stochastic process with continuous trajectories in the space
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of distributions on the two dimensional torus T2,

Bi(x) = D bk, ki, ka)xr, xi,
k1+ky=k

where x : Z?\{0} — C is such that x_; = x} and

1
b oy = A0
with (£, n)* = (7, —&) € R?. Apart from the two-dimensional setting and the dif-
ference covariance structure of the linear part this problem has the same structure as
the one dimensional SBE we considered before. Note that to make sense of it (and in
order to construct controlled solutions) we can consider the Galerkin approximations
constructed as follows. Fix N and solve the problem finite dimensional problem

d@™y = — 1k @M)dt + BY @N)yde + k|77 d Bk (33)

fork € Z3, = {k € Z* : |k| < N}, where

BY(x) =Ty D blk ki kp)xixi, (34)

ki+ka=k
[k1|<N, k2| <N

The generator of the process u is given by LN(p(x) = Lop(x) + ZkeZZ\{O} B,iv
(x) Dr(x) where

1
L) =5 > kP (D Dig(x) — k2 Dk (x))
keZ2\{0}

is the generator of a suitable OU flow. Note moreover that the kinetic energy of u
givenby E(x) = >, |k|?|xx|? is invariant under the flow generated by B . Moreover
Dy, B,fv (x) = 0 since x; does not enter in the expression of B,ﬂv (x), so the vectorfields
BY leave also the measure erz%] \(0} dxy invariant. Then the (complex) Gaussian
measures

y(dx) = H Zke_lklz‘x"lzdxk
keZ2\(0)

is invariant under the flow generated by BY. (This measure should be understood
restricted to the set {x € (CZZ\{O} : X_r = Xr}). The measure y is also invariant for
the "V diffusion since it is invariant for BY and for the OU process generated by L°.
Intoduce standard Sobolev norms ||x||(2, = ZkeZZ\{O} k|27 |x¢|? and denote with H
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the space of elements x with ||x|, < oo. The measure y is the Gaussian measure
associated to H'! and is supported on any H° with o < 0

/nxniy(dx): > kP <00

keZ2\{0}

so (y, H 1 N.—oH?®) is an abstract Wiener space in the sense of Gross. Note that
the vectorfield By (x) in not defined on the support of y. To give sense of controlled
solutions to this equation we need to control

EMHND® S D enslh, ki, ko),

k1.ko:k1+ko=k
[k],|k1],[k2| =N

with cns(k, k1, k) = |k |> k112 |k2|?/ (1k1 |27 + |k2)?>T27)2 and note that the sta-
tionary expectation of this term can be estimated by

2420
_ -2 < |k1| <
b= >, emkkiklkl?S > e s
ky ko ky +ho =k k1 ok +ho=Fk
[k, 1k1l, k2| <N k], k1l k2| <N
1
5 Z |k |2+2a + |k |2+20 5 |k|_20
K katky o=k L 2
[kl k1], k2| <N

for any 0 > 0. This estimate allows to apply our machinery and obtain stationary
controlled solutions to this equation.
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