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Abstract: We study Burgers Equation perturbed by a white noise in space and time.
We prove the existence of solutions by showing that the Cole-Hopf transformation is
meaningful also in the stochastic case. The problem is thus reduced to the anaylsis
of a linear equation with multiplicative half white noise. An explicit solution of the
latter is constructed through a generalized Feynman-Kac formula. Typical properties
of the trajectories are then discussed. A technical result, concerning the regularizing
effect of the convolution with the heat kernel, is proved for stochastic integrals.

1. Introduction

One of the first attempts to arrive at the statistical theory of turbulent fluid motion
was the proposal by Burgers of his celebrated equation

O,u(x) = u@iut(x) — u ()0, u,(T), (1.1

where u,(z) is the velocity field and v is the viscosity. As Burgers emphasized in the
introduction of his book [3] this equation represents an extremely simplified model
describing the interaction of dissipative and non-linear inertial terms in the motion
of the fluid. A clear discussion on the physical problems connected with Burgers
equation can be found in [10]. As shown by Cole and Hopf [5,7], Eq. (1.1) can be
explicitly solved and, in the limit of vanishing viscosity, the solution develops shock
waves.

Rigorous results have been recently established in the study of some statistical
properties: random initial data are considered in [1, 14, 16], while in [15] a forcing
term, which is a stationary stochastic process in time and a periodic function in space,
is added.

The study of Burgers equation with a forcing term is interesting in view of the
phenomenological character of (1.1). Since it represents an incomplete description
of a system, a forcing term can provide a good model of the neglected effects; in
particular a random perturbation may help to select interesting invariant measures.
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Translational invariance is preserved when (1.1) is perturbed by additive stochastic
processes stationary in space and time.

In principle one can think of a wide variety of stationary random forcing terms.
White noise in time and space is very often a candidate and the main motivations
behind this choice are a central limit type argument and the insufficient knowledge
of the neglected effects or external disturbances. A basic feature of white noise is its
singularity at small scales. This may be unphysical in certain cases, but, as stressed in
[2], it seems reasonable to expect that when a white noise of small amplitude is added
to a deterministic equation the effects of small scales should not be overwhelming
in determining the macroscopic behaviour of the system. In other words, using a
terminology from quantum field theory, the equation should exhibit some ultraviolet
stability. We also note that with this choice, due to the absence of time correlations,
the full Galilean invariance of (1.1) is preserved.

In this paper we establish an existence theorem for the Cauchy problem for Burgers
equation perturbed by an additive white noise in space and time. Furthermore the
theorem gives an explicit expression for the solution. In order to illustrate our result
let us write the equation and fix the notations

O,u,(x) = vO2u,(z) — u ()0, u,(x) + en,(x), (1.2)

where t € R*, z € R, ¢ is the noise intensity and 7,(z) is white noise in space and
time, i.e.
E(n,(@)n,(z") = 6t — t')6(z — z'). (1.3)

We realize the white noise 7,(z) as the generalized derivative of the brownian
sheet, i.e. n,(x) = 0,0, W,(x). The gaussian process W, (z) has correlation function

EYW, ()W (x) =t At'C(x,2’), Clz,z')=0(xz)|z|A]|2'|, (1.4)

where a A b = min{a, b} and € is the indicator function of the set [0, co). We remark
that C'(z, ) is a Lipschitz function.
We write (1.2) as an integral equation using the Green’s function of its linear part

t t
uy(z) = G, * ug(z) — % /dsG;_s *ul(z) + e/G;_s * dW (2), (1.5)
0 0
where * is the convolution with the heat kernel
.I‘2
G,(x) = (4vmt)~1/? exp{ - th}’ (1.6)
ie.
G+ f@) = [ dyGta ~ i) )
and
G+ f@) = [ dy2, 6.~ W) 1.8)

finally in (1.5) dW () is the stochastic integral with respect to the brownian sheet
and wuy(z) is the initial condition. Equation (1.5) is meaningful for a wider class of
functions than (1.2), i.e. for functions which do not possess two derivatives.
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We shall construct a solution of Eq. (1.5) by using the Cole-Hopf [5, 7] transforma-
tion u,(z) = —2v0, log,(x). Proceeding formally it reduces (1.2) to the following
linear equation with multiplicative half white noise

0,1,(x) = V21, (x) — — 1,(x)0, W, (). (1.9)
2v

In [12] analogous equations, but with white noise, have been studied. Their discrete
version have also been considered, e.g. [11].

Burgers equation (1.2) is invariant under translation of the space variable x. Due
to the presence of the half white noise 0,W,(z) this property, as can be seen from
(1.4), does not hold for (1.9). We show in Sect. 4 how the translation invariance is
recovered through the Cole-Hopf transformation.

In order to study rigorously (1.9), one has to interpret it as a Stochastic PDE.
Since it contains a non-trivial diffusion the stochastic differential presents the well
known ambiguities. In order to obtain, via the Cole-Hopf transformation, the solution
of Burgers equation (1.5), the stochastic differential in (1.9) has to be interpreted in
the Stratonovich sense {8] as we show in Sect. 4. In the following we thus consider

€
dip,(x) = v, (x)dt — 7 @) 0 dW,(@) (1.10)
which can be written in terms of the Ito differential as

A (x) = (u@iwt(x) + 55; V(x)'t,l)t(x)> dt — % P, (x)dW, () ; (1.11)

the extra term V(x) = %C(x,x) = % || arises from the formal expression of the
Stratonovich differential, see (1.4) above. In this paper we first construct, via a
generalized Feynman-Kac formula, a process which solves the mild form of (1.11),

t
$,(2) = Gy % () + 267 / G, (Vipods — 9 dW,)(x),  (1.12)
0
where %,(x) is the initial condition, it is related to uy(x) by uy(x) = —2v0, log ¥y ().

We then prove that the Cole-Hopf transformation can be applied to 1), (x) and it defines
a solution of (1.5).

In order to give a precise formulation of our results we have to specify in greater
detail the mathematical objects appearing in the previous equations.

2. Preliminaries and Results

Brownian Sheet. We denote by ({2,.%,P") the probability space of the brow-
nian sheet W,(x); for its properties see [17]. We introduce the filtration .7 =
a{W(x):(s,z) € [0,t] x R}, the minimal o-algebra such that W,(z) is measur-
able for all s <t, z € R.

For Eq. (1.12) we need an integral with respect to the brownian sheet which is an
Ito integral in the time variable ¢ and a Bochner integral in the space variable . We
thus define, according to Walsh’s terminology, the following martingale measure

W, (A) = /Wt(x)dzz:, te Rt Aec AR), 2.0
A
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where .Z(R) is the Borel o-algebra of R. As W, (a:) is dP"-a.s. continuous the above
integral is well defined. For every A, W, (A) is a.% martingale; the cross variation of
the martingales W,(A4), W,(B) is

(WA, WB)), =t / drdx' C(z,z"). 2.2
AxB

According to Walsh ([17], Chap. IT) we can thus define the Ito-Bochner integral
with respect to the brownian sheet for .% progressively measurable functions f =
f({t,z,w) such that

¢ t
Ew/ds(f,Cf):Ew/ds/dxd:c’C(:c,x’)f(s,:v,w)f(s,m’,w) <oo. (2.3)
0 0

This integral will be denoted by
t
L(f) = //dmf(s,x,w)dWs(a:); 2.4
0

it is a.%, martingale with quadratic variation

t
Umeh=/®&Cﬁ. 2.5)
0

In the next sections we use the Burkholder-Davis-Gundy inequality (see e.g. [13],
IV 4.2) for the stochastic integral (2.4): for all p > 2 exists ¢, > 0 such that

t

/ﬁaﬂCﬁ

0

1/2
, (2.6)
p/2 »

IOl < ¢

where here and throughout the paper || - ||, is the norm in LP(dP"). The inequality
(2.6) follows from the martingale property and (2.5).

Stochastic Curvilinear Integral. We shall construct a solution of (1.12) via a Feyn-
man-Kac formula. In this formula a Stochastic Curvilinear Integral that we now define
will appear. Let s — ¢  be a Holder continuous function from [0,t] to R and
s, =27"kt, k=0,...,2" be a partition of [0, ¢], introduce

M%—Z(mm%tmmm; 2.7

using (1.4) we have

t

Jim BYOLOR = lim 3 Oy, 00— 50 = [dslell @9
k 0
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which has the geometrical interpretation of the area under the curve s — |p,|. It is
not difficult to verify that M »(t) is a Cauchy sequence in L*(dPY); its limit defines

t
M, (t) = / AW, (p,), tel0,T). 2.9)
0

M,@) is a dP™-a.s. continuous gaussian process and a .% martingale. If s — 7, is
another curve the cross variation of M (0 and M L) is

t

(MW,MAY)LL = /dsC’(cps,’ys). (2.10)
0

We note that a weaker form of the integral (2.9) was introduced, in a different
context, in [4]. A general theory of stochastic curvilinear integrals is developed in
[6]; there the Lipschitz property of the process in the x variable is assumed, therefore
our case is not included in that theory.

Results. On the initial condition uy(z) we assume the following. It is a continuous
function we write in the form wuy(z) = —0,Uy(x); there exist a,c > 0 such that
for all z€R |Uy(z)| < a(l + |z|) and |Uj(x)| < cexp(a|z|). These conditions are
satisfied when v, is uniformly bounded. They include also some initial data with wild
oscillations at infinity, e.g. uy(x) = e” sine” is allowed.

We first state the results concerning the linear equation (1.12). We note that the
stochastic integral in that equation, according to (2.5), is well defined, in L*(dP"), if

2
t—s * (d)des) (x)
2

t

w/ds/dy dy G,_,(x — pG,_(x —y)
0
x C(y, Y,y < oo. (2.11)

We now introduce an auxiliary brownian motion which will permit to write a

solution of (1.12) as a generalized Feynman-Kac formula. Let dP., = +=dy dPy Ot

where dPyom is the measure of a backward brownian motion with diffusion
coefficient 2v starting at time t in z and arriving at time O in y We will denote

by Em,t the expectation with respect to the probability measure dPx’t. We stress that
the brownian motion [ is independent from the brownian sheet W.

1
Proposition 2.1. Let 1), = exp { % UO(;U)}, the assumptions on U, imply that 1, €
C'(R) and 3c,, ¢, a > 0: v

Ve e R ce”® <o) < e @) < el (2.12)
Set

Vf dWs(Bs)
@) = EZ (o(Be ), (2.13)

then V(t,z) € [0,T] x R,
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(i) Yp > 19y (x) € LP(dP™) and it satisfies condition (2.11).

(if) dPY-as. ¢, () is a solution of (1.12); t — ,(x) is dP"-as. locally Holder
continuous with exponent o < 1/2.
(iii) x — Y, () is dP™-a.s. differentiable; its derivative is

¢
A, (1) = G} = Py(z) + 26—1/ /G;_s * (Vipyds — 1, dW) (z) (2.14)
0

Vp > 1 0,9,(x) € LP(dP"Y). Furthermore the application (t,x) — 0,¢,(x) is dP™-
a.s. locally Holder continuous with exponent oo < 1/2 in space and o < 1/4 in time.
(iv) dP¥ —as. ¥, (z) > 0.

The properties (i)—(ii) are statements about the existence of the solution of (1.12),
(iii)—(iv) are required to perform the Cole-Hopf transformation.

From Proposition 2.1 we have the following theorem which states the existence
result for the stochastic Burgers equation (1.5).

Theorem 2.2. Set u,(x) = —2v0, log ¥, (x), with ¢, (x) given by (2.13).

Then u, = u,(x) is a CO%R)-valued, F-adapted process, such that for all (t,x) €
[0,T1 X R,
i) Yp > 1 u,(x) € LP(dP™); (t,x) — u,(x) is dP"-a.s. locally Holder continuous
with exponent o < 1/2 in space and o < 1/4 in time.
(it) u,(x) solves (1.5) dP"-as.

The paper is structured as follows. In the next section we prove a regularizing
property for the stochastic convolution with the heat kernel; this is the main technical
result in the paper. In Sect.4 we prove, assuming Proposition 2.1, Theorem 2.2.
Proposition 2.1 is then proved in Sect. 5. Moment estimates for 1),(x) and log,(x)
are obtained in Sect. 6; they give some insight on the behaviour of u,(z) at large x.
Finally in Sect. 7 some open problems are discussed.

To simplify the notations we assume € = 1, v = 1/2.

3. Stochastic Convolution with the Heat Kernel

We here extend to the stochastic case the regularization property of the heat kernel.
In particular we show that the brownian sheet integral of the convolution of the
heat kernel with a locally Holder continuous process is dP"-a.s. differentiable. The
derivative is dP"-a.s. locally Holder continuous. This is the result that permits us
to prove the differentiability of x — 1),(x) in Proposition 2.1, hence the Cole-Hopf
transformation is meaningful also for the stochastic Burgers equation. This result,
however, has an independent interest.

Theorem 3.1. Let &, = &,(x) a continuous %;-adapted process, assume the following
propetrties hold for some p > 2.
(@ dc,,a, > 0 such that Vz € R sup |l£t(a:)||p < cle‘”m.

te[0,T]

(b) ey, ay, @ > 0 such that

Vr,y € RVt € [0,T] [|§y) — & @), < cye@zH bz e 3.1
Define

t
F(zx)= /Gt_s * (£, dW ) (x) . 3.2)
0
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Then
(i) z — Fy(x) is LP(dP") differentiable; its derivative is

t
0, F,(x) = /G;_8 * (E,dW,) () 3.3)
0

and 3¢}, a} > 0 such that Vo € R sup |0, Fy(z)||, < c’le“'nlﬂ.

te[0,T)
(i) x — 0, F,(x) is LP(dP") locally Holder continuous with exponent less than o,
ie. forany e > 0,

Va,y € RVEE[0,T] |0, F,(y) — 0, F,(@)||, < che2el+WD|z —yla=e - (3.4)

(iii) If the conditions (a)—(b) are satisfied for all p < oo, in general with c and a
p-dependent constants, then x — F(x) is also dP"-a.s. differentiable; x — 0, F,(x)
is dP"-a.s. Holder continuous with exponent smaller than «.

Proof. (i) We first discuss in detail the case p = 2. Let us introduce the notations
A, f(@) = h~1(f(x + h) — f(x)) and R(z,h) = Ay, f(z) - 0, f(x); we will show
that

2

t
/ R, (W) x (§,dW,) (x)
0

2
t

:E“’/ds/dydy' Rg, (x—y,h)

0
X Rg, (-9, MC(y,y)EWEWY) (3.5)

converges to 0 when h — 0. This requires an exchange of the limit h — 0 with the
integrals; due the specificity of this problem we cannot appeal to general theorems
but we will estimate explicitly the integral.

Trying to bound directly the integrand in (3.5) a non-integrable singularity (t—s)~!
appears. We thus need to exhibit a cancellation.

The key point is that [ dy Rg, (x—y,h) =0, so we can replace the right-hand
side of (3.5) by

t

/dS/dy dy' Rg, (@ —y,MRg, (@—y WE"T(2,y,y), (3.6
0

where
I'(z,y,y") = Cy, e, WEW) — CW/, )€, (y)E () . (3.7)

We can now use the Holder continuity assumption. In fact from the hypothesis (a),
(b) and the global Lipschitz property for C(y, "), we get the bound

sup E¥|T,(z,y,y)| < cetll+lvIHabyy _ pjo (3.8)
s€[0,77]



218 L. Bertini, N. Cancrini, G. Jona-Lasinio

Let us first consider in (3.6) the integral in dy’, we show it can be bounded by
(t — s)~ /2. We have

1
dy' RGt_s("I; —y, h)ealy’l < ce®@lhl+z) f ; (3.9)

V)

ly' —z|<2|h|

on the other hand, using the Lagrange theorem we get

dy' A,G,_ (x —y)e]

|y —z|>2|h|
<e dzme 2(t s)ea(IZlel)
. 9
=152/
+ |h 1
< celal / o LI~ atst gl 310
= t — 5y Vi @9
|132/h]

where |¢] < |h| and thus |z + (| > 5 [z] for |z| > 2|h|.

We can proceed analogously for the term with 0,G,_(z — ).

Using the previous bound and the Holder property, we now prove that (3.6)
vanishes when h — 0. Due to (3.9) and (3.10) it is enough to show that

t
3 1 a [e7
0

We consider first the region |x — y| < 2|h|. To prove (3.11) in this region we show
that the integrals arising from each of the three terms in R converge to zero. We
have

(t —s)"1/? / dy |8,G,_ (x — ye* M|y — z|*

ly—z|<2|h|
[ ]l+0¢

|z Iad BRN
< cet® dz YL

|z|<2|h|

G,_(2) < cel®Ipa/2(t — s)71+e/t (312)

which is integrable in ds. Analogously

(t—s)~2 / dy |h7'Gy_ (@ — )l M|y — z|*

ly—z|<2]h|
2| —1+a/2 I+a/2 2> -
a — — t—s
< ce®™h| t—s) dz ey )
[2|<2|R|
< cel®l|p|/ 2t — g)TIHe/4, (3.13)

For the last term we use the following estimate on the heat kernel:

C
L 3.14
Gt(z) — \/Z-}— [ZI ) ( )
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and integrate explicitly on ds. We have

t
/ds t—s)~12 / dy |h|7'G,_ (x + h — y)e ¥y — x|
0

ly—z|<2|h|
¢
< cel®l / dz/ds (t — s)"V2h| 72| S —
- Vit—s+|z+h
lzl<2|n| 0O | |
t
= ce®l*! / dz |h| 72| log (1+ |z‘+[hl) < ce®le) |h|o? (3.15)

|21<2|h|

for any b > 0O since the logarithm is bounded by any power. Then it is enough to take
b<a.

We now consider the case |z — y| > 2|h|; we show that the integrand is uniformly
bounded; we are then allowed to take the limit A — O inside the integrals and (3.11)
follows. We have

(t—s)~1/2 / dyl0,G,_(x — ey — x|
ly—=|>2|h|
< ce®l@l /dzM G, (2)e < cel®lt — gy~ 1+2/2 (3.16)
- (t—s)3/2 s - ’
and, proceeding as in (3.10),

dy' A,G,_(x — y’)e“lyl|

ly’ —z|>2[h|

alz| lziHﬂ . alz|
<ce / dz m e 8t—9¢ (317)
|2]>2|h]
(3.16) and (3.17) are integrable in ds.
This concludes the proof of the L?>(dP") differentiability of x +— Fi(z).
The case p > 2 can be treated essentially in the same way. In fact from the B.D.G.
inequality (2.6) we get

t
i / Re, (W) + (€,dW,) (@)
0

< c(p)
p

t
/ds/dydy' Rg, (@—y,h)
0

1/2
X Rg, (=o', mCHY, Y )EWE W)

p/2

< c(p)

t
/ ds ] dydy|Rg, (&~ y,h)|
0

1/2
X |Rg, (x =y h) IIFs(w,y,y’)llp/z] . (3.18)






