Scalar conservation laws with fractional
stochastic forcing: existence, uniqueness
and invariant measure

Bruno Saussereau

Laboratoire de mathématiques de Besangon,
UMR CNRS 6623,
16 route de Gray,
25030 Besangon, France.

e-mail: bruno.saussereau@univ-fcomte.fr

Ton Lucretiu Stoica

Institute of Mathematics "Simion Stoilow" of the Romanian Academy and
Faculty of Mathematics University of Bucharest
Str. Academiei 14
Bucharest RO -70109, Romania.

e-mail: 1stoica@fmi.unibuc.ro

*

Abstract: We study a fractional stochastic perturbation of a first order
hyperbolic equation of nonlinear type. Existence and uniqueness of the
solution is investigated via a Lax-Oleinik formula. The generalized char-
acteristic associated to the variational principle permit us to construct an
invariant measure.

Keywords and phrases: Scalar conservation laws, random perturbations,
variational principle, deterministic control theory, Hamilton Jacobi Bell-
mann equation, fractional Brownian motion.

1. Introduction

In this paper we study the following scalar conservation law
du(t, z,w) + 9, ¥ (u(t, r,w)) = 0. F(t,z,w) . (1)

In the above equation, € R, ¢t > 0, u(t, z,-) is a random variable with values in
R and F is a random force. A deterministic initial data u(to, x) = ug(x) is given.
We will always assume that ug € L*°(R). As usual the random force will not be
differentiable in the time variable, hence F' denotes its formal time derivative.

*This work was partially support by the Laboratoire Européen Associé CNRS Franco-
Roumain, Math Mode.
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The sense given to the above equation will be stated below thanks to a weak
formulation.

When all the functions Fj are null, Equation (1) is a deterministic scalar
conservation law and there exists wide literature on this subject. Remind that
in this deterministic case, the weak solution to such a problem is not unique
in general. One needs to introduce the notion of entropy solution in order to
discriminate the physical solution. Furthermore the selected solution has a nice
qualitative behavior: discontinuities that are related with the creation of shocks,
description of the behavior in terms of characteristic (see [1]). One can cite in a
non exhaustive way [2, 4, 9, 15] for didactic introduction about this wide area.

Stochastic scalar conservation laws is a topic of growing interest in the few
years. Nevertheless, there is only a few number of works on this subject. In the
paper of [3] an operator splitting method is proposed to proved the existence of
a weak solution to the Cauchy problem in R du+ 0, f(u)dt = g(u)dW;. In [11] a
method of compensated-compactness is used to prove the existence of a stochas-
tic weak entropy solution to the problem du+ 9, f(u)dt = g(t,x)dWy, = € R. the
uniqueness s achieved thanks to a Kruzkhov-type method. A notion of strong en-
tropy solution is proposed by [5] in order to extend the above-mentioned result to
the problem du + divf(u)dt = o(t,u)dW;, * € R%. A stochastic scalar conserva-
tion law in a bounded domain of R? is investigated in [15] using measure-valued
solution and Kruzkhov’s entropy formulation.

Besides this work, let us mention more precisely the work of E, Khanin, Mazel
and Sinai [3] which was the starting point of our investigation. This article deals
with the Burger’s case (that is ¥(u) = u?/2):

Opu(t, x,w) + Oy (u(t,x,w))2 =0, F(t,z,w) ,

with a stochastic forcing given by F(t,z,w) = S re, Fx(2)By(t) where (Bg)p>1
are independent standard Wiener processes on the real line R (Bk is again desig-
nates the formal time derivative of this process). The existence and uniqueness is
proved together with the existence of an invariant measure. A parabolic pertur-
bation problem approach is considered, based on the Hopf-Cole transformation.

On the one hand, our work is a generalization of the existence and unique-
ness results contained in [3] because we work with a general conservation law
depending on the function ¥ and also because we can reach a large class of noise.
In one word since we work on each trajectory of the noise, we prove the exis-
tence and uniqueness of (1) for any noise having Holder continuous paths. We
will also prove a Lax-Oleinik formula using a direct approach via the Hamilton-
Jacobi equation that is naturally associated to our problem. The existence and
uniqueness result is presented in the next section in Theorem 1.

On the other hand, we generalize the existence of an invariant measure to the
case of a fractional noise that is when the sequence of independent Brownian
motion is replaced by fractional Brownian motions on the real line. There are
serious difficulties to work with fBm. First, unlike the classical Brownian motion,
the two-sided (this means defined on the all real line) fBm is not obtained by
gluing two independent copies of a one-sided (defined on R™) fBm together at
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time ¢ = 0. Moreover, when ¢t < 0, the two-sided fBm is no more a Volterra
type process (as it is the case for the classical {Bm). One refer to [10] for a more
detailed discussion on this fact. In [3], there is roughly speaking only one purely
probabilistic property of the noise that is employed. This property is the fact
that the Brownian noise is arbitrary small on an infinite number of arbitrary
long time intervals. In other words for all ¢ > 0, T' > 0, for almost-all w, there
exists a sequence of random time (¢, (w))n>1, such that ¢, (w) — —oo and

Vi, s S (1Bl Bels) - Blta)l} < e
tn—T<s<t,
This result relies on the independence of the increments of a Brownian motion
and on Borel-Cantelli lemma. In a fractional Brownian framework the incre-
ments are no more independent. So one have to adapt this argument thanks to
a conditional version Borel-Cantelli lemma to prove an analogous property for
the trajectories of a fBm when the time goes to —co.

In the following section, we will state our hypothesis and give the main re-
sults of our work. Section 3 is devoted to the variational principle which is used
to prove the existence and uniqueness. As regards the the calculus of variation
problem considered in Section 3, we study in Section 4 a particular class of
minimizers of the action appearing in the Lax-Oleinik formula. These one-sided
minimizers are used to construct a unique solution of (1) defined on the time
interval R. In other words the random attractor consists of a single trajectory
almost surely. Then we prove easily the existence os an invariant solution. Fi-
nally, the proof of the oscillation property (see Theorem 2) of the fractional
Noise is given in Section 5.

2. Notations and main results

We will use the following notations:

o CJ(R) is the space of r—times differentiable bounded functions with bounded
derivatives endowed with the norm given by [[¢flor@) = Yi—g 19 [l

efor 0 < A < 1land —00 < a < b < 400, C*(a,b) is the space of \-
Holder continuous functions f : [a,b] — R, equipped with the norm
11 = [[flla.p.00 + 1 fllap.x; where

[f(s) = F(r)l

)

| fllap,co = sup |f(r)] and |[fllapr= sup !
asrsh a<r<s<b |8 =7

o for two times t1,ty, H'(t,t2) is the Sobolev space of L?(t1,ts)—weakly
differentiable functions from [t1,t2] to R equipped of the scalar product

to to

(€1,62) = §1(8)62(s)ds + &1(s)6a(s)ds ;

tl tl

e for a function f from R — R, we denote f* its Legendre transform defined
as f*(q) = suppez (pg — f(p)) for ¢ € R.
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In the probabilistic framework of (2, F,P), we make the following assumption
on the stochastic forcing term F'.

Hypothesis I. For anyt,z, the stochastic term F can be decomposed as F(t,x) =
>oney Fi(z)By(t) where:

(a) the sequence (Fi)g>1 ts such that for any k, the function Fy, belongs to
. _24H
C3(R) satisfies ||Fk||cg(R) <Ck 77 .
(b) there exists X > 0 such that the sequence of processes ((By, (t))tE(—oo,oc))kx
satisfies By(-) € C*a,b) for any k > 1, —0o < a < b < +o0. Without
loss of generality we impose that ||Bg|x < C.

We remark that the processes Bj are not necessarily independent. It is quite
straightforward that the above noise term covers the one of [3] but it also covers
sequences of processes as fractional Brownian motion of any Hurst parameter.
One may assume that the Holder norm of By depends on k but in this case one
have to impose additionally that Y, <, || Bklx k= < o

The function ¥ will satisty the following assumption.

Hypothesis II. The flux ¥ satisfies

(a) ¥ is uniformly convex: there exists 6§ > 0 such that V" (v) > 0 for all

v EeR,
(b) super-linear growth condition: there exists ko > k1 > 0 and two constants
I1,ly such that Iy|v|F+ < ¥(v) < lylv|2,

|v]
(c) there exists L such that |V’ (v) — ¥'(v")| < Ljv — '],
(d) there exists a positive function R — C(R) such that |¥*(v) — ¥*(v')| <
C(R)|v — v'| whenever max(|v|,|v’]) < R.

We stress the fact that our assumptions ¥ are clearly true if the flux is the
square function as in the Burger’s case.
Now we give the precise meaning of (1).

Definition 1. A random field u defined on [tg,+00) x R x Q with real values
is a weak solution of (1) with initial condition u(ty,-) = uo(-) € L=°(R) if:

(i) For allt > tg and x € R, u(t,z,-) is measurable with respect to Fi,, =
o{Bg(s),to < s <t k>1}.
(ii) Almost surely, u(-,-,w) € L ([to,0) x R) and u(t,-,w) € L>(R) for any
t>to
(iii) For all test function p € C?(RxR) (the set of twice differentiable functions
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with compact support) the following equality holds almost-surely

//3‘9“7 dxdt+/ /a‘p“C (u(t, @) dzdt =

/Uo(a:)go(to,a:)dx
/RZ{Fk /: a?at(a 2 (B - Bk(to))dt}dx. (2)

k=1

It is well known that this notion of weak solution is not sufficient to have
uniqueness for the solution of (1) in the deterministic case. One have to introduce
the notion of admissible solution (or weak-entropy solution).

Definition 2. We say that a random field w which is a already a weak solution
of Equation (1) is an entropy-weak solution if there exists C' > 0 such that for
almost-all w € €,

(tx+zw)fu(txw)<0(l+tt0)z (3)
for all (t,x) € (tg,00) x R and z > 0.

The above entropy condition is the historical "condition E" as so called in
[14]. This condition will ensure us the uniqueness of bounded weak solution. It
follows from (3) that for ¢ > ¢ the function x — (¢, 2) — Cz is nonincreasing,
and consequently has left and right hand limits at each point. Thus also z —
u(t, x) has left and right hand limits at each point, with u(t,z—) > u(t,z+).
In particular, this classical form of the entropy condition holds at any point of
discontinuity.

First of all, in this paper we are interested in the existence and uniqueness of
the entropy-weak solution of (1). In [3], this property is proved for the particular
case of the Burger’s equation. The authors use the standard mollification of the
Brownian noise and then obtain a variational formula as the deteministic Lax-
Oleinik formula. Our method is slightly different because we do not use any
regularization of the noise (see Section 3).

We generalize this result for a general flux and a wide class of noise in the
following theorem.

Theorem 1. We assume Hypotheses I and II. Let ug € L>®(R). There exists
a unique entropy-weak solution to the stochastic scalar conservation law (1)
such that u(ty,x) = ug(x). For t > to, this solution is given by the following
Laz-Oleinik type formula :

o &(to)
u(t,z,w) = — inf Aio ¢ —|—/ uo(z)dz , (4)
Op \ €€ H(to,1) 0

@) ==
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with

Ay &) = [ {7 (€05D) = S (Bls) = Bulto) ul€(s)(s) s

to

+ 2 ks1 (Br(t) — Bi(to)) Fr(£(2)) - (5)

The second (and certainly the most important) contribution of our work is
the study of the invariant measure for the stochastic conservation law (1) for
the particular case of a fractional noise. There is only the work of E, Khanin,
Mazel and Sinai that deals with invariant measure for such equation and this is
in the particular case of the Burger’s equation with a Brownian noise. In order
to state the results concerning the invariant measure, we work with the following
particular noise term F'.

Hypothesis III. The stochastic term F has again the decomposition F(t,x) =
> ey Fu(x)By(t) with the property stated in Hypothesis I(a). Moreover the
sequence of processes ((Bk(t))tGR)k>1 is a sequence of independent fractional
Brownian motions (fBm in short) with Hurst parameter H € (0,1). This means
that for each k, (Bg(t))icr is a Gaussian process satisfying Bi(0) = 0 and
E(|Bi(t) — Bi(s)[?) = [t — s[*".

The probabilistic property of the noise that is employed to construct the
invariant measure is the fact that it has periods of arbitrary length and arbitrary
small amplitude oscillation as time goes to —oo. The result, which is interesting
in itself and new to our knowledge, is the following.

Theorem 2. For alle > 0, T > 0, for almost-all w, there exists a sequence of
random time (t,(w))n>1, such that t,(w) — —oco and

Vo, Zkzl{”Fkncg(R) sup | B.(r) — Bk(5)|} <e. (6)

tn—T<s<r<ty

In the Brownian case, this property is easy to prove thanks to the indepen-
dence of the increments and the classical Borel-Cantelli lemma. In the framework
of the fBm, the increments are no more independent and we naturally employ a
conditional version of Borel-Cantelli lemma to prove this path-property of the
fBm. We will additionally make use of the Garsia-Rodemich-Rumsey inequality
and Talagrand’s small ball estimate (see the proof given in Section 5).

Despite these difficulties, one can state the following results concerning the
invariant measure for the stochastic scalar conservation law with fractional forc-
ing. Let us introduce what is the precise formulation of the result.

We denote D the Skorohod space consisting of functions from R to R having
discontinuities of the first kind. It is endowed with the metric

d(f,9) = 27"(1Vda(f,9)

n>1

where d,, is the usual distance of Skorohod on [—n,n]. Hence (D,D) is a mea-
surable space with D the sigma-algebra of Borel sets on .
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In order to construct an invariant measure, we will construct an invariant
solution. To this aim we show that for almost-all w, there exists a solution
(t,z) > uf(t, z,w) starting from ug = 0 at tg = —oo. This solution will be build
via minimizers of the action A, o when g — —oo (see Section 4).

More precisely we will prove that there exists u® from R x R x € to R such
that:

(i) almost-surely, uf(t,-,w) € L>(R) for any t;

i) almost-surely, u*(t,-,w) € D for any t;

iii) given ¢, the mapping w +— u*(t,-,w) is measurable from (€2, F) to (D, D);
) on any finite time interval [t1,t5], for almost-all w, (¢, ) — u?(t,z,w) is a

weak solution of (1) with initial data ug(z) = uf(t, z,w).

On the canonical space = Cy(R,R) the space of continuous functions vanishing
at 0, we denote 07 the shift operator on  with increment 7 defined by 7 (w) =
w(-+ 7) for any w € Q. The solution operator S7, is defined for v € L>*(R) by
ST (v) as the solution of (1) at time 7, with initial condition v at time to = 0
when the realization of the noise is w.

Now we can state the most important result of this work.

Theorem 3. On (2 x D ; F ® D), the measure u defined by
pdw,dv) = dyz (0, ) (dv) P(dw) (7)
is the unique measure that leaves invariant the (skew-product) transformation

OxD — OQxD
(w,v) — (0'w, S, (v))
with given projection P on (Q,F).
The proof of this result is given at the end of Section 4.

3. Variational principle

First we give a detail discussion to introduce the variational principle.

3.1. The Burger’s case

We begin with the particular case of Burgers equation when the flux is ¥(u) =
u? /2. We recall that if we consider the one dimensional (inviscid) Burgers equa-
tion

2

u 0

then for an initial condition wuy having discontinuities of the first kind (i.e. ug
belongs to the Skorohod space D) there unique entropy-weak solution w is given
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by
) £(0)
u(t,x) = — inf Ao+ +/ uo(z)dz ,
Or | eeclo,) 0
Et) ==z
where

Aod®) = [ (5667 + Gttt ) ds. ®

For two times t1, t2, we have denoted C*(#1,t2) the space of continuously differ-
entiable functions from [t1,t2] to R.

This relation between the Burgers’s equation and the minimization problem
is known as Lax-Oleinik formula (see [12, 14]) (and Hopf-Lax formula in its
original context of Hamilton-Jacobi equations). It will be fully exploited in the
study of scalar conservation law with stochastic forcing as we will see it right
now.

In the above equation we have intuitively assumed that G is a deterministic
regular force. Now the source term in the action A, ; is f: Y w1 Fr(&(s))dBy(s)
where the above integral is not a stochastic integral but a path-wise integral.
Indeed, since the trajectories w — By (t)(w) are e—Holder continuous and ¢ is
differentiable, f: Fi(&(s))dBy(s) exists as a Riemann-Stieltjes integral thanks
to a result of Young [19]. Nevertheless, to avoid the use of such integrals we use
integration by parts formula : one have with g(-) := F(&(+))

[ s(s)dBits hng (tis1) - Bult))

where the convergence holds uniformly in all finite partitions Pa = {7 =ty <
t1 < ..tps1 = t} with max; [t;41 — ;| < A. With B(s) := Bg(s) — B(7) one

writes

Zg (tiv1) ZQ (tiv1) — B(t:))

B(tit1)(g(tiv1) — g(t:))

n

{B(t:)(g(tit1) = g(t)) + (B(tis1) — B(t:)) g(tis1) }

=0

'M:

S
Il
=]

B(tiy1)(g9(tiv1) — g(t:)) + B(t)g(t) — B(r)g(r) .

H

S
Il
o

Consequently

[ 9B == [ (Bl = Bu)lo)ds + (Bule) = Bulr)att)
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and we rewrite the stochastic term of the action as

/ 5ot F(€(5))dBi(s / 5o (Bi(s) — Bil(r) ful€(s))é(s)ds
Y e (Bk< ) - Bk(ﬂ)Fk(fs(t)) (9)

where fj, = F}. If {(t) is fixed to be z, then the second term in the above equality
is independent on &, hence as in [3] the action is redefined as for £ € C!(7,t) as

Actl®) = [ (56092 = Sioa(B09) = B ) (Do) ) s
+ ko1 (Br(t) — Bi(1)) Fr(£(2)) -

Remark. Since the action is defined path-wisely it depends on w hence should
be denoted A5 . We will not do for brevity of notations.

Remark. We strength the fact that (9) is a true integration by parts that allows
us to rewrite the stochastic term and not a formal one as it was mentioned in

[7]-

The Burgers case is particular because the Legendre transform of the flux
W(p) = p?/2 that appears in (8) with the term 1£? is again the half of the func-
tion square. This is no more the case when the flux is another convex function.
This term still be the Legendre transform of ¥ and these remarks motivate the
Lax-Oleinik formula (4) with the action defined in (5).

There is another way of thinking in order to introduce the optimization prob-
lem: one can make a kind of change of variable in the variational formulation (2)
and introduce an Hamilton-Jacobi-Bellman equation (HJB equation in short).
Thus it is well known that these partial differential equation is related to a
variational principle. This is briefly discussed in the following subsection.

3.2. Redefining the action via HJB equation

Let us develop the following non rigorous arguments. Let ¢ a test function in
C?(R x R), thanks to an integration by parts one rewrites (2) as

/t:o/R(‘)tsO(t,x)u(t,x)dxdt—i—/t:oA@ww(t,x)w(u(t7x))dxdt:

—/uo( )o(to, )d;v+/ Ooatw(t,gc)v(tw)dtdx (10)
R

R Jto

with F} = fj and

ka — By(to)) - (11)
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Consequently
/to /Ratgo(t,x) [u(t,x)—v(t,x)]dxdt—i—/to /Razgp(t,a:)\l'(u(t,x))dmdt
— - [ wle)elto,a)do
R

and if W is such that 9, W = w with w = u + v we obtain
/ /8tg0(t,x)w(t,ac)dxdt+/ /azga(t,m)\ll(w(t,x) + v(t, z))dzdt
to R to R
= —/uo(m)go(to,x)dx .
R

Hence w is a solution of the stochastic scalar conservation law
Ow + div, ¥ (w +v) =0

and if we integrate with respect to the space variable x this equation, we derive
the HJB equation
W + U (0, W +v)=0.

This HJB is related to an optimization problem with an action involving the
Legendre transform of p — ¥(p + v). Thanks to the behavior under translation
of the Legendre transformation, one have (¥(- + v))*(q) = U*(q) — vq and we
obtain the same king of action that in (5).

The above remarks are now made rigorous in the following subsection.

3.3. Dynamic programming equation

First we express the action Ay, ; as

Ay (€)= / L(s,£(s),£())ds +V (L, £(t))  with

to

At (€)
L(s,2,p) = (¥(- + v(s,2))) " (p)
= U*(p) = Xp>1(Br(s) — Bi(to)) fr(x) x p and
V(t,x) = 351 (Bi(t) — Bi(to)) Fi(2) -

With Uy such that 0,Uy = ug, we define

W)=t { A+ Uo(Eo)} (12)
0 =a



B. Saussereau and L. Stoica/SCL with fractional stochastic forcing 11

We remark that Uy (&(tg)) = (f(t‘)) uo(2)dz and

Wite)= it {au©}-vie) .
¢ € H'(to, 1)
) ==
The function W will be the unique solution of an Hamilton-Jacobi-Bellman
equation. In classical calculus of variations, the left end point is fixed. This
minor modification is not difficult and do not imply any changes except in the
expression of the Hamiltonian that becomes in our case the Legendre transform
of p — L(t,x,p). Since we do not know any precise reference where these changes

are discussed, we shortly prove that there exists a minimizer of the action Ay, ;.
We recall the definition:

Definition 3. On the interval [ty,ts2], we say that & € H'(t1,t2) is a minimizer
of the action Ay, 1, if for any v € H(t1,ta) with y(t1) = £(t1) and y(t2) = £(t2)
we have Atlﬂfz (5) < Atl,tQ (7)

We prove in the following proposition that the function W solves an Hamilton-
Jacobi-Bellman equation.

Proposition 4. The function (t,x) — W(t,x) is Lipschitz continuous and
satisfies for almost-all t, x the Hamilton-Jacobi-Bellman equation

QW () + W (00 (1,2) + Lot e(@)(Brlt) = Bulto))) =0 (13)
Proof. We denote
Ba(ty,t2) = {€ € H'(t1,12) 5 [6(00)| + [[7 |E(s) Pds < R}

which is clearly a closed and bounded subset of H'(t1,t5), hence weakly compact.
Now we prove that there exists on Bpg(tp,t) one minimizer of £ — F(§) :=
Ay, 1(€) + Uo(£(to)). By the weak compactness of Bg(to, ) it is sufficient that
& — F(&) is lower semi-continuous. Following [6], Theorem 1.9.1 we just have to
check the lower semi-continuity of the stochastic part

t

S5(8) = _ZkZI/ (Bi(s) = Bi(to)) fr(€(s))é(s)ds -

to

Let (£,)n>1 & sequence of Br(to,t) converging to { weakly. The weak conver-
gence on Bgr(to,t) implies the uniform convergence on [to,t]. Writing S(§) —
S(&,) = S) + 52 with

t

Sy = Zkzl/ (Bi(s) = Bie(to) [f1(6n(s)) — fr(&(s))]&n(s)ds

to

82 = Yo [ (Belo) = Bulto) ful€(s) [€0(5) — é(5)] s

to
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and by uniform convergence, lim,, S! = 0. The weak convergence and the fact
that s +— >, <, (Bk(s) — Bi(to)) fx(£(s)) belongs to L2(to,t) yield lim,, S2 = 0.

Hence we have the lower semi-continuity and then there exists a minimizer
Emin € Brg(to,t) of & — Ay (&) + Up(&(to)). So for every ¢,x, there exists a
minimizer &y € H(to,t) with nin(t) = x such that

W)= it { L€ + DolE(to)}
fesgl(tﬂ’t)
t)=a

- / L5, €umin(5), Emin(5))d5 + U (min(f0)) (14)

Working with the right end-point condition £(¢) = z in the calculus of variations
will not affect theorems 1.9.2, 1.9.3 and 1.9.4 of [6]. Then there exists M such
that for any (¢,z) and (¢,2’) in R x R,

W(t,z) - W, 2" <Mt —t']|+|z—2]) . (15)

The equation satisfied by W will be obtained thanks to the following version
of the dynamic programming principle. Indeed we can observe that for any
to S r S t,

t
wWio = __int ([ e s+ winew) )
£ € H'(to, t) r
) ==
Now let 0 < h < t — ty and take r = ¢t — h in the above identity. We substract
W (¢, x) from both sides and we get

. 1 /[t : 1 _
inf <h / Ll 8(). 8(s)ds + 5 (Wt = b £t —h)) - W@vl‘))) =

&€ H'(to, 1)

) =2
When h | 0, we obtain

15174 . ow .

-t inf Lt,z,£(t)) — =—(t ) =
s it (L éo) - Gl x é0) =0

€)==

oW . ow

+ 5 (6 7) = ;gﬂg (—q x - (ta)+ L(t7x7q)> =0

ow ow
+ W(t,x) + ?elg <+q X %(t,x) — L(t,x7q)> =0

ow ow

where p — H(t,z,p) is the Legendre transform of ¢ — L(t,z,q). Using the
behavior under translation of the Legendre transform, we have H(t,z,p) =
U(p + v(t,z)) where v is defined in (11). In other words, for al ¢,z W satis-
fies Hamilton-Jacobi-Bellman equation (13) (also refer in the literature as the
dynamic programming equation). O
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We will also need the following property.

Proposition 5. For any t, the function x — W(t,x) is semi concave. More
precisely there exists a constant K such that x — W(t,z) — K(1 — ﬁ)zz is

concave.

Proof. The concavity of = — W (t,x) — Kx? is concave is equivalent to

W(t,x) >

> %(W(Lx—kh)—i—W(t,x—h)) —K(l—kﬁ) x h? Y x,h. (16)

Let &min be the minimizer of the action such that W satisfies (14) (we recall
that &min(t) = z). We introduce v,4p, and v,_p, in H!(tg,t) defined by

— 1
S Oh,
t—to

'szl:h('s) = fmin(s) +

then satisfying ;45 (t) = z & h and v,+5(to) = Emin(to). We calculate

AL =W(t,x+h)+W(t,x—h)
< / (L5 7e41(5), F4n(5)) + L(5, V0 (5): Fa—n(5)))ds

to

+ Uo(Ya+n(t0)) + Uo(Ya—n(to))

< / (L5, Emin(5): 441(5)) + L(5: Emin(5), Fo—n(5))) ds

to

+/ (L(s’7m+h(5)v;ym+h(s)) - L(sagmin(s)v;)/erh(S)))ds

to

t

+ /t (L0, Yo (8): Aot ()) — L5, Emin(s), Fa—n(s)))ds
+ 2U0(§min(t0))

< 6Ly 402, + 03, + 2U0 (Emin(t))

with obvious notations. First we evaluate the term 6;7,1 we recall that since
¥ is uniformly convex, for any real ¢ we have " (¢) > 6. Then the Legendre

transform L(s,z,p) = \II(-,*yx+h(s))*(p) satisfies (see [1, page 131])
1 1 1 )
§L(5750ap1) + §L(57$7P2) < L(Saxa (p1 +p2)/2)) + @|p1 —pa2|” .

Using the identities Jpipn + Yoen = 26 min and Yath — Yor = 20/ (t — to), We
deduce that

Gop <2 tt {L (s, &min(s), (Gz+n(5) + Fo-n(5))/2) + Cliwrn(s) = Ja-n(s)|*} ds

t
S 2/ L(Sagmin<s)7§.min(5))d8+C h t .

to t—1o
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We finally obtain that

h2

03+ 2U0(émin(to)) < 2W (t,2) + Co— .
— Lo

Now we write

2= Yrs1(Br(s) = Br(to)) [fr(atn(5)) = fr(€min(s))]Yarn(s)ds

= /tt {Zk21(3k(5) — By (t0))Ya+n(s)
( / 1 O fre (1 = v)Ya1n(8) = Vemin(s)) (Vosn(s) — fmin(s))dy) }ds
0
= /t {Zk21(3k(8) — By(to)) (fol Ox fx (ﬁmin(S) + (1 - I/)%h) du)

CHOR ¢ —ht0> = :2 hjds

and analogously it holds that
52,h — /tt {Zk21(3k(8) — By (to)) (fol Ox fr ({min(s) —(1- I/)%h) du)
(Goin() = ) 200 oy s

t—to/ t—tg

We compute the sum
Gzn + 03
= / (S (Bils) = Bulto)) l5te)
(4o (00 i (nin(s) + (1= )52 + 00 fi (Gmin(s) = (1 =)
+ /t: {2@1(3/@(5) — By(to)) ME=t0) i (s)
(Jo |02 (Gmin(s) + (1 = v)5=2R ) = Oufic (Smin(s) = (1 =)

s=ton) | dv) fas

s=ton) | dv) fas

and using hypothesis I and the identity

/0 1 {amfk (anm(s) -0 h) Oy (smin<s> e h)] i

0
hd
—to H

:/Ol/olaifk (§min(3)+(1—2u)(1—u)i §°h> du 2(1—u)j

—to



B. Saussereau and L. Stoica/SCL with fractional stochastic forcing 15

we deduce that

07 n+ 085 <20t — 00 Y 10ufullocl Belleg,en x B

k>1
+ (= 10)* D102 filloo | Brllto.e.x X B2 X [[€minll 11 (10,0
k>1
<Cxh?.
As a conclusion we obtain (16). O

Remark. By Alexandrov’s theorem (see Appendiz E in [0]), © — W (t,x) is
almost everywhere twice differentiable.

3.4. Proof of Theorem 1
Now the proof of existence and uniqueness of the solution of (1).

Existence: Our candidate is u = 9,W + v with W defined in (12) and v
defined by (11). It is clearly adapted. Hypothesis T implies that v(t,-) € L*°(R)
and the Lipschitz property (15) for W imply that (é¢) in definition 1 holds true.

We prove the variational formulation. Let ¢ be a test function in C%(R x R).
We integrate the HJB equation (13) against d,¢ and we integrate by parts in
order to obtain :

_/t:o/R\I/(amW(t,:c)—i—v(t,x))(‘?ch(t,x)dxdt—AOWAGSW(t,x)ax@(t,x)dxdt
_ /R Wo(2)0so(to, 2)dz + /: /R D, W (1, ) Do (t, o) dadt

We have 0, Wy(z) = 0. W (to, z) = u(to,x) + v(to, z) = uo(x). By another inte-
gration by parts one obtains (10) that is an equivalent form of (2).

The entropy condition (3) is a consequence of the semi concavity of W (see
proposition 5). Indeed, the concavity of z — W (t,z) — Kz? implies that its
derivative is is a decreasing function. Then for any z > 0,

O W(t,x+2) —2K(x+2) <0, W(t,x) — 2Kz .

Moreover it holds that ||9,v(t,.)||lee < (t — o) > ko1 10z frlloo | Billt,to,n := C

and consequently x — v(t,z) — 2C z is a decreasing function and for any z > 0,
v(t,z+2) —2C(x + 2) <v(t,z) —2Cx .

The two above inequalities imply that v = 0, W + v satisfies Oleinik’s entropy
condition (3).

Uniqueness: Since the random force in Equation (1) does not depend on w,
the uniqueness is given by classical arguments as in Theorem 3 in [4].
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4. Action minimizers and generalized characteristics

In order to construct an invariant measure for the stochastic scalar conservation
law (1), we will construct an invariant solution. To do this we will use minimizers
of the action A, ; defined for a piecewise regular curve ¢ with {(¢) = z as:

A; 1 (6) :/ TU*(£(5)) = o1 (Br(s) — Br(1)) fu(&(5))8(s)ds
+ D 1 (Br(t) — Bi(7)) Fr(§(2))

with tg — —o0. Using (9), of any path n € C*(s,t) can be expressed as

Aca(n) = / T ((r))dr + / 5ot F(n(r))dBi (1),

Hence the action is additive with respect to C! curves.
Asin [3], the fundamental object is the one-sided minimizer defined as follows.

Definition 4. Lett € R. A piecewise C! curve £: ] — oo,t] — R is a one-sided
minimizer if
(i) for any € € H'(—oo,t) such that £(t) =
some T < t, it holds that As 1 (&) < A
(ii) for any s < t, [¢(s) — &(¢)] < 1.

Most of the properties of these one-sided minimizers are quite basic facts
proves in [3]. Nevertheless we will give precisions as regard to the fact that
we work with a general convex flux instead of the square function used in the
Burger’s case. We strength the fact that we choose a slightly different definition
of one sided-minimizer (we impose the boundedness when the value £(¢) is fixed)
because we do not work on the torus as in [3] but on R.

f()andé—gon]—oo,r]for

for any s < T;

4.1. FEuler-Lagrange equations and properties of the action
minimizers

We begin our study on a finite time interval [t1,t3]. We prove that

e a minimizer of the action satisfies an Euler-Lagrange equation and is a
regular curve (Lemma 6),

e there exists effectively a unique solution to such an equation (Lemma 7),

e we give estimation on the velocities of such a minimizer (Lemma 8).

All these facts are true for all w € € or in other words, we still work on each
trajectories of the noise term. For any times ¢1, t3 and any x1, z2 € R, we denote

Mtz ={Ee H(tto) 5 £(t) = a1, &(f2) = a2} .

We have the following lemma in which we give the Euler-Lagrange equations
satisfied by the minimizers.
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Lemma 6. If v is a minimizer of A on [t1,ts], that is

A in(7) = int { / U E(S)) — Xt (Br(s) — Bilta) fe(€(s))E(s)ds

EEMLLE
+ 2 k1 (Br(t2) — Bk(tl))Fk(§(t2))}
then & € Ct(t1,ty) satisfies fort; <r < s <to

(Y6 = (VG0 = [ SiafiadBur) . (D

. . . . . t t
Proof. Since v minimizes the functional Ay, ,, we have for any £ € Hi1"2),

e d%Atl,tQ (v + €£) equals 0 in € = 0. This yields

0= /t 2 [(W*)/(W)(s)é(s) — ko1 (Br(s) = Bilt) (Fh ()7 + fk(v)é)(s)} ds
+ 2 1 (Br(ta) — Bi(t1)) fe(v(t2))é(t2) -

For t1 < 71 < 79 < tg, we write this identity with &, defined as
€n(8) = 0% Ty, 7,10 2] (8) +12(s = (71 = 1/1)) Uz, 1/, (5)
+]l[‘rl,'rz](s) + n( — s+ (12 + 1/n)>]l['rz,7'2+1/n](8)-
We obtain
T24+1/n 2!
[y Gends [ nyGs)ds -
T2 T

1—1/n
T2

= | 2kzs1(Br(s) = Bi(t1)) fi(v(s))¥(s)ds

T1

[ S (Bl - Bl ()i )

1—1/n

-/ S (Bu(s) — Bilt) felr(s))ds

171/1’7,

To+1/n
[ S B - Bl )i (s

To+1/n
+ / 0o (Bi(s) — Bi(t) fu(r(s))ds

We remark that sup,, ||€,]|cc < ¢ and easy arguments allow us to let n goes to
infinity. Hence

(U Gm) - () ) = - [ S i (Bels) — But) i (1(5)) (s)ds
+ 2 k1 (Br(72) = Bi(t1)) fu(v(72)) — 2451 (Br(m1) — Bi(t1)) fr(v(11))



B. Saussereau and L. Stoica/SCL with fractional stochastic forcing 18

that implies that 7 ~— (U*)’(¥(7)) is continuous and since (¥*) = (¥/)~1
T +— 4(7) is also continuous. Consequently, and with g(s) = >, -,(Bx(s) —
By(t1)) f1.(7(s))¥(s) and the integration by parts formula 9 one may write

() (3m)) — () (3(m))
=~ [ gts)ds + glra) — glt1) - (— / lg<s>ds+g<n>—g<t1>>

t1 t1

= [ S0 - [ ()

t1

= [ S fanans) .

By continuity of 7 — ftTl > k1 k(7(8))dBy(s) (see Prop. 4.4.1in [20]), the above
formula is also true for 71 = ¢; and 7o = to. Then the formula (17) is true and
S Cl(tl,tg). O

Remark. Any action minimizer v satisfies the following Euler-Lagrange equa-
tion:

(s) =T (u(s))
{ dv(s) =31 fr(v(7))dBy(7) (18)

This Euler-Lagrange equation can be formally deduced from the following com-
putation. If we want to find two curves v and v such that v(t) = u(t,v(t)),
then

dv(t) = deu(t, (1)) + Ozult, 7(8))3(1).
With 4(t) = W' (u(t,v(t))) (or equivalently v(t) = (V)~1(5(t))), together with
(1) one writes

dv(t) = dyu(t, (1)) + 8z W (u(t,¥(1))),
and we obtain (18). The curve 7y is a generalized characteristic in the sense of

Dafermos (see [1]).

Remark. The equation (18) is a generalization of the Euler-Lagrange equation
(2.3) in [3] obtained for W(z) = 2%/2:

{10 =
do(s) = o fe(1(7)dBi (7).

For sake of completeness we state in the following Lemma that there exists
a unique solution to the Euler-Lagrange system of equations.

Lemma 7. Let two times T < 1y be fired and & and vy are two given real
numbers. There erists a unique solution ¢ € CY(T,ry) to the Euler-Lagrange
equation (18)

£(s) = V' (u(s))
o(s) = v(m) + / S fiE€NdBr)  T<s<m  (19)
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such that £(19) = & and £(19) = W' (vo) with the initial condition (&(70),¢(10)) =
(€0, %' (o))

Proof. Let T <t < 19. We denote

KEE =Y Iles{_swp (B0 - Buten) |

E>1 T<t1<t2<7o
The operator L : C*(t,79) — C(t,79) is defined by

L{e) =¥ ,
o(s) = v(r0) = 7 Syor (Bi(r) — Bu(s)) L€ (r)E(r)dr
3 o1 (Bi(ro) = Buls)) fil€(r0)

with L(€)(r0) = &(70) and L(€)(10) = ¥ (vo) = £(7p). We have

I1L(€)

lt.r0,00 < [0/ (0(70))] + |2/ (v) — ¥’ (v(m0))
< |€(r0)| + Lo = v(70)llt, 0,00
< |&(m0)| + L(ro — T) Km (70 = T)|éllt.70.00 + 1)

t,70,00

and since L(§)(s) = &(r0) + [° L(¢)(r)dr we may write

L) le,r0,00 < 1E(T0)] + Cryy (70 = ) (14 [€]l,70,00) -

Consequently [|L(€) e tr) < 60|+ %/ (00)| + €70~ ) (14 [ 1)) and the
operator L satisfies L(By) C By with

By ={¢€C(t,m0) : [|€llersm) < 21+ (&l + [V (vo)])}

provided that ¢ is small enough to ensure that C(t — 7o) < 1/2. Let &1,&2 € By
and v; = (U/)71(&) for i = 1,2. Thanks to the following identity

vi(s) —va(s) = — /TO > o1 (Bu(r) = Bu(s)) fi(a(r) [a(r) — &a(r)] dr
- /TO S o1 (Bi(r) = Bu(s)) [fi(&1(r) = fil&a(r))] Ea(r)

We can easily prove that

1L(&1) — L&)l et (t,m0) < Cl70 = DII§1 — E2ller(tm) -

Hence L is a contraction on By (with ¢ eventually smaller) and there exists
¢ € By such that L(¢) = £ and then there exists a unique solution in C (¢, 7p) to
the euler-Lagrange equations (19) for short time. By a concatenation argument,
the existence and uniqueness is extended to C*(T, 1) for any T' < 7. O
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The following lemma gives a key estimation on the velocities of the charac-
teristics. This will play a central role in our further investigations.

We recall that ¥’ is Lipschitz (Hypothesis II(a)) and the Legendre transform
of U satisfies also the linear growth condition c;|v[**® < |U*(v)| < eofv|HP
with @ = 1/ks, 8 = 1/k; and and two positive constants ¢z and ¢4 different
from those in Hypothsesis I1(b)).

Lemma 8. If v is a minimizer of the action A on the time interval [t1,t2] with
v(t1) = x1, Y(t2) = x2 and to — t1 > 1, then there exists a constant ¢ such that

ny”tthyoc <c Otl,tz
1+

1 o
+ ((t2 —t1)TFe + Cpy g, (t2 — tl)m) (X — 1) TFe

1

+ ((tz - tl)l%” + Chy 1, (t2 — 751)“%“) (Otl:t(; + Ot1 1, (t2 — tl)“*)
(20)

with Cthtz Zk>1 ||Fk||02 {Supt1<7<7’<t2 |Bk |}

Proof. Let t1 < t < t3 and s be such that |%( )| = 1nfre[t1,t2 |9(r)|. Writing
Y(t) = (20 (¥)7H)(9(1) — (¥ o (¥')71)(§(5)) +4(s), we have

(0] < L)) G0) = ()7 ()| + 1))

‘|’7||L1(t1,t2)

<LxA
= s,t+ t27t1

with
Ava = ()7 3(0) = ()7 (5(s))|
[ D1 (Br(r) = Bi(s)) fr.(v(r))3(r)dr
S + 2 ks1 (Br(t) — Bi(s)) fr(v(1))
< Chity + Cry o llVllLr 1,12) -
Consequently,
(O] < Cry o L+ (Coy i, L+ 1/ (b2 = 11)) Il 1 (t12) - (21)

Now we estimate the L' norm of 4. We recall that c;|v|'T® < |¥*(v)|. By
Young’s inequality ab < (¢1/2) a't® + ¢ b+*)/* and Jensen’s inequality we
obtain

12}

Yks1 (Br(r) = Bi(s)) fr(v(r)y(r)dr

ty

to
o)/ & .
<c(ta—t)CH "+ 51/ (s)|Heds .
t1
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Since v is a minimizer,

Ay a(7) = / U (4(5)) — Saon (Be(s) — Bult) fi(1())3()ds
+ 2 k1 (Bi(tz) — Bi(t1)) Fi(y(t2))

and

ta

C . o a)/a

3 ) BT < A () +e (te =) GV 4 Crn . (22)
1

By the minimization property of v, A, 1, () < Ay, 4, (&) with the curve £ defined

by £(s) = 1 + (s — t1)/(ta — t1) X (z2 — 21). Using |¥*(v)| < ca|v[* TP we may

write

(xg _m1)1+ﬁ
(to —t1)P

where we used the fact that to — t; > 1. We report the above inequality in (22)
and we get that

At17t2(’y) <c Ct17t2 +c <c ((xQ - xl)lJrﬁ + Ctl,t2)

to
/ [(s)"eds < e (w2 = 20)*7 + Cop o + CLLEY (2 = 1))

ty

Since |9l 21 (t1,00) < (t2 — t1)/ A5 L1sa(sy 1), With (21) we obtain

0 <€ Cna e (Canat g ) (12 = )05

to —t

o) /a 1/(14«)
X <($2 —x)"P 4+ Chy oy + Ct(ll,Jtrz %ty — tl))

and using the inequality (1 + z)* < 1+ 2% when a < 1 and x > 0 we obtain
(20). O

4.2. Ezxistence and uniqueness of one-sided minimizers

The following proposition establishes the existence of a one-sided minimizer. It
is a short rewriting of the one contained in [3] that takes care of the fact that
we do not work on the torus.

Proposition 9. For every x € R andt € R, there exists a one-sided minimizer
v such that y(t) = x.

Proof. Let n be an integer such that —n < ¢ and +,, a minimizer of A_,, ; satis-
fying v, (t) = x, yn(—n) = z+1 and sup_, < <; | ¥ (s) —z| < 1. As regards to the
proof of Proposition 4 such a =, exists. For —n < s < t we have 1Fnllst,00 < K
by Lemma 8, where K depends on s and ¢ but do not depend on z. Hence, up
to a subsequence, there exists v € H'(s,t) such that lim, . v, = v in C(s,t)
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and lim,, o ¥, = ¥ weakly in L?(s,t). From the Euler-Lagrange equation (19)
it follows that lim, o, v, = 7 in Cl(s,t) (after a new extraction of a subse-
quence). A diagonal process implies that there exists v € C'(—o0,t) such that
lim,, 00 Yn = 7 for the C'! convergence on any compact of | — 0o,t].

It remains to prove that «y is a one-sided minimizer. By construction, (i¢) in
Definition 4 is satisfied. Let a curve £ € H(—o0o,t) with £(t) = z and € = v
on | — 0o,7| for some 7. Without loss of generality we can take & € C!(—o0, )
because the action can be strictly decreased by smoothing a curve containing
corners (see Fact 2 page 885 in [3]). Fix s < 7 and let (&,),>1 a sequence in
Cl(s,t) such that &,(s) = vn(s), & (t) = z and lim,, . &, = & in C1(s,t). We
have limy, 00 &n(S) = limy,— 0o Y0 ($) = Y(s) = &(s). Using Hypothesis I(d) we
obtain

[Auol®) = Asel&)] < [ 19 €)= 0 Ealr)ldr
<[
4 [ S (Blr) = Beo)(f6r)) ~ ul€an(m))ér) | ar

| Zes i (Brlt) = Bu(9) (Ful&n(t) — Fule(0)|
< (C(R) + Can) 1€ = Enllr sy + Cot 1€llL2(sty 1€ = Enll L2ty

ot (Br(r) = Bi(9) fe(a(r)) (€r) = €n(r))] dr

with Cs ¢ =375 [[Fillcz {sup;, <,<pr<s, | Br(r) — Bi(r")|} is defined as in Lemma

8 and R is such that [|€]/s.s.0 V (sup,> ||£n||stoo) < R. The above estimation
implies lim,, o0 As ¢(&n) = As,1(§). Moreover

)

[As,t(7) = Ast ()] < C Iy = vallorny ——= 0
with C' depending on |7]|¢1(s¢) and for —n < s, A (vn) < Asi(€n) because
Vr, is a minimizer of A_,, ;. Therefore

Asi(v) = nlggo Ast(n) < nlLH;o As 1(€n) = As1(€) -

We conclude that « is a one-sided minimizer. O

4.3. Intersection of one-sided minimizers

It is a classical fact that two different one-sided minimizers y; € C'!(—o0, 1) and
v2 € C1(—o00,ty) with the same end 71 (1) = v2(t2) cannot intersect each other
more than once (see [3, Lemma 3.2]). So if two one-sided minimizers intersect
more than once, they coincide on their common interval of definition.

Now we will use for the first time the randomness of the force. More precisely
since our force is random, it can be proved that two minimizers have an effective
intersection at —oo. We will use Theorem 2 stating that the fractional Brownian
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noise is arbitrary small on an infinite number of arbitrary long time intervals.
In other words for all ¢ > 0, T' > 0, for almost-all w, there exists a sequence of
random time (¢, (w)),>1, such that ¢, (w) — —oco and

Vi, s S {IBllcae | Bels) - Belta)l} <e .
tn—T<s<tn

We can state the following proposition which is contained in [3].

Proposition 10. For almost-all w, for any distinct one-sided minimizers 1
and y2 on ] —o00,t1] and | — o0, ta] respectively the following result holds. Assume
that v1 and 7o intersect at time t in a point x, then t1 = to =t and 11 (t1) =
Y2 (tg) =2x.

The proof of this result is exactly the same that the proof of Theorem 3.2
in [3] so we do not repeat it. Nevertheless, it is based on [3, Lemma 3.3] that
we recall and briefly prove because there are minor modification due to our
fractional noise.

Lemma 11. Almost-surely, for any € > 0 and any two one-sided minimizers
y1 € CH(—00,t1) and 2 € C1(—o00,t3), there exists T = T(g) and a sequence of
random times t, = t,(w,e) — —oc0 such that

|t 11, (7i) = At~ (Ol <&, fori=1,2 and ¢ € {172,271}
where Y172 and 27y, are reconnecting curves defined by
T72(s) = B2y (s) — =22 (s)
() = Bra(s) = =2 ()

Proof. For T sufficiently large, we use (6) (which is recalled above) in order to

find a sequence of random time (¢, ),>1 such that lim,,_, ¢, = —occ and
1
Vn, Cy -7y, = sup Ek>1{||Fk||c2(R>|Bk(8) —Bk(tn)|} <=, (23)
t—T<s<t, = b T

where the notation Cy, _74, comes from (20) of Lemma 8.

Now we make the following remark. If a curve v minimizes the action on the
interval [s,t] in the sense of Lemma 6, then for any s < r < t, its restriction
on [s,r] will minimize the action with respect to curves in H'(s,r) having the
same ends as v at s and r. Indeed suppose that there a minimizer £ # v on
[s,7] that such that A, .(§) = As,(7) — €. Using (9), the action can be written
using a true pathwise integral with respect to the noise, so the action of any
path i € C'(s,t) is expressed as

As,t(ﬁ)=/ ‘P*(ﬁ(S))d8+/ 2 k1 F(n(s))dBy(s)

so the action is additive with respect to C! curves. Considering the curve ffyr\ ¢
obtained by gluing the path £ to the restriction of v on [r,t], we observe that

.As’t(f;:t) = As,r(’y) —&+ A’r,t('y) = As,t(’y) —e< AS,t(P)/)
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that contradicts the fact that « is a minimizer on [s,t].

Therefore, the one-sided minimizers «; are minimizers on each time interval
[tn, — T,t,] and we may apply Lemma 8 in order to obtain thanks to (23) that
for any n

. c 1 L, o,
sup |71(3)|§*+26(T T+a + T T#+a + T a)
tn—T<s<tn T

c

= T1/(1+a) °

Consequently, for ¢ € {y172,9271} we have [|C[|s, 7.4, .00 < iy Using
|U*(v)| < ez|v]**P and (23) we then compute

A1, () = Avy 7,0, (€))
< [ Gute - G|
+/t iT ‘ZkZI(Bk(S) — Bi(tn, = 7)) fx(Q) (’%’(s) — ((3)) ‘ ds

ds

+/t iT ’Zkzl(Bk(S) — Bty — 1)) (fr(vi(s)) — fu(¢(5)))7i(s)
| Szt (Be(tn) = Brlta = 1) (FrlC(tn) = Filri(tn))|

2T 40, _
§C< T “R“+2me0

ez T1/(1+a)
2 4 2
=¢ <T‘f;:: e T T> ' )

where C'is a numerical constant. The result follows by choosing T such that the
right hand side of (24) is less than e. O

4.4. Invariant measure: existence and uniqueness (proof of
Theorem 3)

In this subsection, we prove Theorem 3. First we construct the invariant solution
u¥. We denote M, , the family of all one-sided minimizers with end x at time
t. We define

# . .

ut(t, x,w) = velfr\lfft,z A(t) . (25)
Proposition 10 implies an important property of one-sided minimizers. To any
z € R such that the cardinal of M, , is at least 2 (this means that more than
one one-sided minimizer comes to x at time t), there corresponds a non-trivial
segment I(x) = [y1(t — T),y2(t — T)], where 71 < 72 on | — 00,t] because two
different one-sided minimizers can not intersect each other more than once. Then
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the segments I(x) are mutually disjoint. Consequently, for almost-all w, the set
of x € R with more than one one-sided minimizer is coming to x at time ¢ is
at most countable. This is the key point to prove that u®(t,-,w) € D (see [3,
Lemma 3.8]).

The fact that u* € L>°(R) is a trivial consequence of Lemma 8. The measur-
ability issues can be treated as in [3, Lemma 3.9].

The fact that on any finite time interval [tq,t2], for almost-all w, (t,z) —
uf(t,z,w) is a weak solution of (1) with initial data ug(z) = u(t,z,w) is
obtained by construction of u*. Hence Sfu%ﬁ(o,-,w) = 0ut(0,,0tw) = Out(t,w)- Lhus
the measure p defined in Theorem 3 is invariant.

It only remains to prove the uniqueness. This is also done in the proof of the
Theorem 4.2 in [3]. Let us give few details. for A another invariant measure, we
denote A, its projection on €2 in such a way that we may write that A(dw, dv) =
Jo Aw(dv)P(dw). The invariance of A implies that there exists a subset D of
D such that A(D¢) = 0 and with the property that for any v € D and any
n € N, there exists v, such that H_,,(v,) = v where the operator H; maps the
solution of (1) at a negative time ¢ to this solution at time 0. By repeating the
end of the proof of Proposition 9, one can prove that if a solution of (1) can
be extended to arbitrary negative times, this solution coincides with u! at time
t = 0 for almost-all x (because the set of x € R with more than one one-sided
minimizer is coming to x at time 0 is at most countable). Hence v(x) = u*(0, x)
almost-everywhere and A, (dv) = 0,z (o,. ) (dv) so we have uniqueness.

5. An asymptotic property of fBm: proof of Theorem 2

The paper [3] essentially uses the fact that the Brownian motion has periods of
arbitrary length and arbitrary small amplitude oscillation as time goes to —oo.
In this section, we will prove that a similar property holds for the fBm defined
on the all real line (—oo, 4+ 00). The result stated in Theorem 2 is recalled below.

Theorem 2: For all € > 0, T > 0, for almost-all w, there exists a sequence of
random time (¢, (w))n>1, such that ¢, (w) — —oo and

Vn, Yo {IFllczmy s By - Bi(s)l} <<

tn—T<s<r<t,

Before proving this theorem, we will recall and prove some basic facts about
the fBm defined on the real line R. We first give the moving average represen-
tation of the fBm (B(t)):cr. For s,t € R, we define

fuls) =en (1= )27 = (=) %)

with

9
T
|
N
S—
8
/N
Y
=
+
V2l
S—
i
-
|
V2l
[N
N—
N
ISH
V2l
+
Sl
N———
|
Wl
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Notice that fR f2(s)ds < oo and more precisely, if H # 1/2, s +— f;(s) behaves
like (—s)H—3/2 When s — —oo which is square integrable at —oco. With these
notations, the fBm can be written as

Bt):/th(s)dW

where the process (W;):cr is a two sided classical Brownian motion which is ob-
tained by gluing two independent copies of one sided Brownian motions together
at time ¢ = 0.

Since we are interested in the oscillations of the fBm, we express its increments
fort <t <0 as

B(t) - B(t) = /RCH {e-n{™F @ —ni ) aw,

t t’
z/ cH{(t—r)Hfé — (' =) *%}dW —|—/ cH(t’—r)HfédWr
t

= / grp (r)dW,
R

where
1

gm/(r):cH{(tfr)H*?f(t' }]]1 oo, (1) + e (t' =) 2]]{”/

Let Fs the sigma-algebra generated by the family of random variables {B(r); —
oo < 1 < s}. We remark that for s <0, s C o {W,; —o0 <r < s} :=FW_ .
Then we deduce the following expression: for any —co < s <t <t <0

|

(26)

E(B(t) - B(t)|Fs) =E [/S CH {(t—r)H‘% - —r)H——}dW

— 00

The proof of Theorem 2 is based on the following reversed conditional Borel-
Cantelli’s lemma.

Lemma 12. Let (F,)n>1 be a decreasing sequence of o—fields and (A, )n>10
sequence of events such that A, € F,. Then the events

Z]lAk < 00 and ZE(]‘Ak|fk+1) < 00
E>1 E>1

are almost-surely equal.

Proof. Let M,, = 14, —E(1l4, |Fr+1). We have E(M,,|F,4+1) = 0so (M,),>1isa
reversed martingale difference sequence. Thus >, o E(M?|Fj41) < oo implies
that Y, <, M}, is convergent almost-surely (see Stout [16, Theorem 2.8.7]). We
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have
B(MZ| Frg1) = B(1, | Frr1) — (E(La, | Frsr))”
= E(ﬂAk|fk+1) 1- E(]]'Ak|-7:k+1)
< E(Lay|[Fr1) -

Hence ), -, M}, is almost surely convergent and since ) , o, My =, -, la, —
> k>1 E(La, | Friy1), we deduce that

Z]]‘Ak <00y D ZE(lAkaH) <00

k>1 k>1

It is clear that if >, 14, < oo then ),  E(14,|Fk41) is integrable and
consequently almost-surely finite. So we have the equality of the two events. [

Now we prove Theorem 2.

Proof. Let ¢ > 0 and T > 0 be fixed. Let (¢,)n,>1 be a decreasing sequence of
negative real numbers such that

lim,, o t, = —00 5
tp+1 < t, — 7T and
ons1(tn — tny1)T 71 < o0

Step 1:
First we prove the result for a single fBm (B(t)):cr. Our goal is to show that

lim inf sup |B; — Bs| <¢.
n—o ¢, —T<t,s<t,

We denote F;, = o{B(r); — oo < r < t,}. For t > t,11 we set
BT (t) = E(B(t)| 5

En—&-l (t)

n+1)

B(t) — B""Y(t) .

By the gaussian properties of the fBm it follows that Enﬂ(t) is independent of
Fitopr- We set

a@={ s B0~ B <<,

tn—T<t,5<tn
A (e) = { sup ’B"H(t) - B"+1(s)| < 5} ,
tp—T<t,s<t,
—n+1

An(s):{ sup ‘F"H(t)—B (s)(<s}.

tn—T<t,s<tn
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Then obviously one has 4, (¢/2) C Ay () U (A, (/2))¢. This implies

L) 7, (cjonye 2 Baey2) -

We take the conditional expectation with respect to 73, ., and we deduce that

E (]lAn(E) ‘ftn+l) >P (Zn(5/2)) - ﬂ(ZTL(E/Q))C

because A,,(¢/2) is independent of F; while A, (¢/2) belongs to F; Ar-

guing as above we also obtain
P(An(2/2)) + P((An(e/4)%) = P(An(e/4)) -
We add these inequalities and we get
E (L, Frurs) 2 B(An(e/4) ~ B(Ae/D)) ~ 13 Ly (20)
We will show hereafter that one has

> P((An(e)) <o, (28)

n>1

nt1) n41°

while

P(4() = exp (57 ). (29)

Assume for a moment that these inequalities hold true. Then from (27) we
deduce that ) - E(l4,()|Ft,,,) = oo as. and by Lemma 12 we obtain
> ons1 4, (e) = 00 as., which implies

lim inf sup  |By— Bs| <e.
n—oo ty—T<t,s<tp

Proof of (28)

Let t, — T < s <t<t, By (26) we have

B"l(t) - Bt (s) =R U

tn41

Nl

CH {(S*T’)H7 - (t—r)Hﬁ%}dWT

‘Ftw,+1:|

5 p
dr) .

In the above integral we make successively the changes of variables v = r — s
and u = v/(t — s). This yield

— 00

and for p > 1 we obtain

E (|B"1(t) — B (s)|?) < ¢ (/

— 00

tnt1 1 1
(s—rmf=2 —(t—r)f—2

(E (|B™(t) — B (s)|?)) 7 < c(t — 5)27
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where we have used the fact that for —u sufficiently big (and positive), |(—u)H 2 —
(1—u)#=2| < ¢(—u)¥ 3. The above inequality is then true for sufficiently large
n. Finally we obtain that

E (B (t) = B (5)[) < c((t=s)(tn — tay)™ )T . (30)
Now we use the Garsia-Rodemich-Rumsey inequality (see [7]): let f be a con-

tinuous function, p and g two continuous stricly increasing functions on [0,00)
with p(0) = ¢g(0) = 0 and lim,_,~ p(x) = co. Then it holds

- ol <s [ T (40) dg(u)

U
: L () = FEON
with Cs7t—/s /S p< PT) )ds dt’ .

We apply the above inequality with p(u) = u* and g(u) = u. Thus there exists
a constant ¢ and a random variable §,, such that

|B"*Y(t) — B"*Y(s)| < 8, x |t —s[Y?  with

1/4
tn tn Brtl(4) _ gntl(gl 4
e[ [ (R m ) )
tn—T Jtn—T it — |

By (30) and the Jensen inequality, it is clear that

E(|5n|2p) < IP(t, — tn+1)2p(H_1) )
and we obtain

sup |B**H(t) — B"Tl(s)| < ¢ /25, . (31)
tn—T<t,5<tn

Now we write that

PN < PB( s (50— 7))

€ tn—T<t,s<tp

T1/2 T1/2
<e¢—— E(b,) < ¢ — (E(62))"?
€
<t (tn — tny1)" !
€

and since Y-, - (tn — tn1)” ' < 0o, we obtain (28).

Proof of (29)

This inequality is a consequence of Talagrand’s small ball estimate (see [17] or
[13, Theorem 3.8]). Indeed, one needs al least Te~# balls of radius & under
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the Dudley metric d(s,t) = (E|B(t) — B(s)|?) 2 o cover the time interval
[t, — T,t,]. It follows that that there exists a constant ¢ such that

T
logP< sup |B(t) — B(s)| < 5) > —c i

bn—T<t,5<tn

and we deduce (29). This achieves our first step.

Step 2:

We prove Theorem 2 for the noise F(t,z) = >, Fi(2)By(t). We denote
B(t) = Zk21 CkBk(t) with Cp = ”Fk”Cg(R)v ftn = O’{Bk(T‘); —oco<r< tn;k >
1} and for t > t,41 we set
Bt (t) = E(B(t)| %
§n+1(t)

Replacing B by B in the events A, (), A,(e) and A, (), we define the events
A, (¢), A, (e) and A, (g) by

n+1>

B(t) - B""(t) .

A, (e)= ch sup |B(t) — Br(s)| <ep,

tn—T<t,s<tp

Ane)=S> e sup |Bpti(t)- Bt (s)| <eyp,

k>1 tn—T<t,s<t,
A, (e) = ch sup ‘FZ“(t) - EZ—H(S)‘ <e
k>1 tn—=T<t,s<t,

Clearly (6) will be proved as soon as the inequalities (28) and (29) will be
replaced by

> P((An(e))) <oo  and (32)
n>1
P(An(<)) > exp (;,T) . (33)

The inequality (31) is valid for any of the fractional Brownian motion Bj we
may write that for any k& > 1

sup ’B"'H(t) - B”'H(s)’ <cTY?§6,
b —T<t,5<t,



B. Saussereau and L. Stoica/SCL with fractional stochastic forcing 31

and we deduce that

P((An(e))) <

M | =

E (Z,Ql CL sup |B£+1(t) — BZ+1(5)|)

t,—T<t,s<ty,
< e T2 (Snrcn) E(6a)

S cT (tn - t’rL+1)H71 (ZkZl Ck) .

Using Hypothesis I, >~ o, ¢ < C Ek>1k_# < oo and consequently (32)
holds true. a B

Now we prove (3