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STOCHASTIC SHELL MODELS DRIVEN BY A MULTIPLICATIVE FRACTIONAL
BROWNIAN-MOTION

HAKIMA BESSAIH, MARIA J. GARRIDO-ATIENZA, AND BJORN SCHMALFUSS

ABSTRACT. We prove existence and uniqueness of the solution of a stochastic shell-model. The equation is
driven by an infinite dimensional fractional Brownian-motion with Hurst-parameter H € (1/2,1), and contains
a non—trivial coefficient in front of the noise which satisfies special regularity conditions. The appearing
stochastic integrals are defined in a fractional sense. First, we prove the existence and uniqueness of variational
solutions to approximating equations driven by piecewise linear continuous noise, for which we are able to
derive important uniform estimates in some functional spaces. Then, thanks to a compactness argument and
these estimates, we prove that these variational solutions converge to a limit solution, which turns out to be
the unique pathwise mild solution associated to the shell-model with fractional noise as driving process.
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1. INTRODUCTION

In this paper we consider some shell-models under the influence of a noise. Shell-models of turbulence describe
the evolution of complex Fourier-like components of a scalar velocity field u,(t) € C and the associated
wavenumbers k,,, where the discrete index n is referred as the shell-index. The evolution of the infinite
sequence (U )nen is given by

(1.1) U (8) 4+ VEZun (1) 4+ b (u(t), u(t)) = gn(t,u(t))w(t), neN

with the constraints u_1(¢) = uo(t) = 0 and u,(¢) € C for n € N. @& gives a noise path that will be described
below. Here v > 0 and, in analogy with Navier-Stokes—equations, v represents a kinematic viscosity; k, = kg\™
(ko > 0and A > 1) and g, is a forcing term. The exact form of b, (u,v) € C varies from one model to another.
However in all various models, it is assumed that b, (u, v) is chosen in such a way that
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(1.2) R by (u,0)0, = 0,
n=1

where $& denotes the real part and T the complex conjugate of x. Equation (L2 implies a formal law of
conservation of energy in the inviscid (v = 0) and unforced form of (II)). In particular, we define the bilinear
terms b,, as

arXiv

b (u,v) = i(aknt1Un+10n42 + bknln-10n41 — akp—1Up—10p—2 — bkp_1Up—205n—1)
in the GOY—-model (see [I8] 24]) and by
bn(ua 'U) = _i(akn+1@n+lvn+2 + bkf‘n@n—lvn-i-l + akn—lun—lvn—2 + bkn—lun—ZUn—l)

in the SABRA-model (see [20]). The two parameters a,b are real numbers. There are several shell-models
in literature, the GOY— and SABRA-models defined above have been introduced in [I8, 24} [20]. The viscous
version of the GOY— and SABRA-models, well posedness, global regularity of solutions and smooth dependence
on the initial data can be found in [7].

In recent years, shell-models of turbulence have attracted a lot of interest for their ability to capture some of
the statistical properties of the three-dimensional turbulence while presenting a structure much simpler than
the Navier—Stokes—equations. The stochastic version of the GOY—model under the influence of an additive
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white noise has been studied in [I] where some statistical properties in terms of the invariant measure have
been shown. For the same model in [2] B8] a Gaulian invariant measure is associated and a flow constructed.

In this article we consider a long term multiplicative noise allowing to model some memory effects. Such a noise
is given by a trace-class fractional Brownian—motion in our state space with Hurst—parameter H € (1/2,1),
see below. In contrast to white noise, a fractional-Brownian motion is not a martingale, and therefore the
multiplicative noise term cannot be presented by an Ito-integral. However, to deal with stochastic integration
where the integrator is only Holder—continuous with an exponent larger than 1/2; one can use the Young—
integration, see Young [31] or the adaptation to a stochastic set up by Zéhle [32]. Since the definition of these
integrals is based on fractional derivatives (see Samko et al. [26] for a general presentation), this theory is
often called fractional calculus. An advantage of this theory is that, in contrast to the Ito—integral which is
given in general by a limit in probability of Darboux—sums derived from an adapted integrand, we can define
our integral pathwise which means that for any sufficiently regular integrand and integrator the integral is well
defined. Or in other words, the exceptional sets of measure zero which appear in the classical Ito-integration
does not depends on the integrand. Moreover, integrals can be defined for non-adapted integrands.

The main issue of our work is to prove existence and uniqueness of a pathwise solution of the stochastic shell-
model driven by a fractional multiplicative noise. Applying an infinite dimensional version of the fractional
integration theory we are able to present (IT]) in a mild sense where the last term of this equation generates a
fractional integral. In particular, the properties of the nonlinear term B generated by the sequence (b;(u,v));en
allow to present such a solution in a mild form. Nevertheless, in a first step we replace the fractional noise
path by a piecewise linear continuous approximation. Considering (LLI]) with such a noise path, we are able
to construct global and unique mild solutions. It is important to emphasize that the classical contraction
method cannot be used alone since the bilinear term (b;(u, v));en causes to have estimates that do not close
with the right norms. This is why, we have, first to construct weak solutions and get some a priori estimates.
These weak solutions have to be constructed with a smoother path noise in order to define the corresponding
stochastic integral. The a priori estimates combined with the estimates obtained from the mild form are then
used to pass to the limit by means of a compactness argument, and the limit will turn out to be a mild
solution of the original problem. The uniqueness of solutions is proved by an argument that uses the balance
of suitable norms. As we mentioned before, just using the mild form in its usual norm does not allow to
close the estimates, reason for which we rather again combine the a priori estimates and the norms obtained
from the mild form to solve an algebraic system of two inequalities where the unknown is given in terms of
the difference of two mild solutions starting from the same initial condition but in two different norms. The
solution of this system is zero and this is what allows to conclude the uniqueness of solutions. We believe
that our result of existence of solutions can be generalized to the Navier-Stokes equations although careful
calculations have to be performed on the nonlinear term which is the main difference with the current result.
We might have to work in slightly different spaces, and this will be done in the forthcoming paper [4].

Articles dealing with pathwise solutions for quite general stochastic ordinary differential equations driven by
a multiplicative fractional-Brownian motion are, e.g., [22] and [I7]. In the infinite dimensional context, there
are also articles studying the existence of pathwise solutions, like [23] (dealing with variational solutions)
and [2I], [16], [I0] and [@], for the mild solution. In these papers the Hurst—parameter H € (1/2,1), the
diffusion and the drift are assumed to be Lipschitz—continuous and the existence of solutions is proved using
pathwise arguments through the fractional integrals. There is an extensive literature for fluid flows driven by a
Brownian-motion but only a few with a fractional Brownian-motion. In [5] another fluid model is considered
driven by a fractional Brownian-motion with Hurst—parameter bigger than 1/2. In particular the authors find
a local solution of the 3D Navier—Stokes—equation by using the Young—integral. In [12] the 2D Navier—Stokes—
equation is studied driven by a fractional Brownian—motion with more general Hurst—parameters. However,
the considered noise is additive.

An interesting advantage of considering the existence of pathwise solutions for the stochastic shell-model is that
they will generate a random dynamical system, which gives us the possibility to an intensive asymptotic analysis
of (LI). In particular, this is the foundation to show the existence of random attractors and the analysis of
their structure. In the forthcoming paper [4] the dynamics of the stochastic shell-model is investigated by
using the random dynamical system theory. We would like to point out that, despite the fact that there
are similarities between the 2D Navier—Stokes—equation and the shell-model, more effort and more involved
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techniques will be necessary to obtain similar results for the stochastic 2D Navier—Stokes—equation than the
ones considered in [4]. Let us also mention that the generation of a random dynamical system as well as
the study of the corresponding random attractor for another kind of stochastic evolution equations with
multiplicative fractional noise have been very recently investigated in the papers [6], [15], and [I7].

The paper is organized as follows: in Section 2 we introduce the functional analytical framework. In Section 3,
we define the fractional derivatives and the stochastic integral using some type of generalized Young-integrals.
In Section 4, we introduce the different assumptions on the diffusion and give the definitions of the different
solutions. In Section 5, we prove that the system driven by an smoother path has a unique weak solution,
that it is also a mild solution. Furthermore, we obtain some fundamental uniform estimates for the solution
of the system driven by such a kind of smooth path. In Section 6, thanks to these uniform estimates and a
compactness reasoning we construct a unique pathwise mild solution to the shell-model having a fractional
Brownian-motion as driving path. Section 7 is devoted to an example of a particular diffusion fitting the
assumptions required for developing the abstract framework. Finally, Section 8 contains the proofs of some
results that have been used in different sections of the paper.

As usual we denote by ¢ a positive constant that can change their value from line to line.

2. PRELIMINAIRES

2.1. Spaces and operators. For any o € R, let us introduce the following spaces, see Constantin et al. [7]
for the details,

oo

Vo ={u = (u1,uz,...) € C=: Z kA, |2 < ool
n=1
This is a separable Hilbert-space with scalar product (u,v)v, = > oo, kt®u,v,. Denote by | - |y, its norm.
We have the compact embedding
Val C Va2 if a1 > (9.

Let us denote by V := V} and its norm simply by | - | and its scalar product by (-, -)v.
Let A: D(A) = Vi — V be the linear unbounded operator defined as

A (ur,ug,...) = (—vkiuy, —vk3us, .. .).
For simplicity let us set v = 1. It is known that A generates an analytic semigroup S(-) which follows from
the Lax-Milgram lemma, see Sell and You [27] Theorem 36.6, and this semigroup is exponentially stable.
Furthermore, Vo, = D(A%) and (u,v)yv, = (A%, A*0)y, u,v € V.
Let L(Vs, V,) denote the space of linear continuous operators from Vj into V. As usual, L(V') denotes L(V, V).
The following properties are well known for analytic semigroups and their generators: for ( > « there exists
a constant ¢ > 0 such that

Cc _
(21) |S(t)|L(Va.,V<) = |A<S(t)|L(Va,V) S tC—ae Ata t> 07

(22) |S(t) - id|L(V(r+u)V9+V) S Ctgiea for o € [97 1 + 9]7 Ve Rv

where X in (21 is a positive constant, see for instance Pazy [25] Theorem 2.6.13. From these inequalities, for
v, n €[0,1], £, 0 € R such that 6 < ( + v, there exists a ¢ > 0 such that for 0 < ¢ <r < s <t

(2:3) 1S(t = 1) = S(t = @)|ivsve) < elr =) (t —r) 7" 7F,
| S(t = 1) = (s =) = S(t = q) + 55— )lav) < elt = )" (r = )" (s = )",

Define the bilinear operator B : C* x C>* — C™ as

B(u,v) = _(bl(ua 1)), bQ(ua 1)), . )

where the components b; satisfy (L2]).

Here there is an important difference w.r.t. the notation of spaces in [7] and [g].
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B is well defined when its domain is Vy,5 x V or V' x Vj 5 (see []), that is, B : V)5 x V — V and B :
V' x Vi/o = V are bounded operators. The operator B enjoys the following properties
(B(u,v),w)
(B(u,v),w)

(B(u,w),v)y, u€ Vi, v,welV,

w)y = —
w)y = —(B(u,w),v)v, ueV, v,weVy,.
As a consequence, we also have that

(2.4) (B(u,v),v)y =0, uweV, veVy,.
Moreover, we extend the result of Constantin et al. [7] to more general spaces:
Lemma 2.1. For any a1, a9, a3 € R

1
B:Vy x Vo, = Voo, withay +az+as > —

()

and there exists a constant ¢ depending on the aj’s such that
B, v)llv_., <cllullva, Ivllva,, we€Vay, v€EVa,.

The proof of this result follows by Proposition 1 of Constantin et al. [§], and Bessaih et al. [2] and hence we
omit it here.

Let C([s, t]; V,.) be the space of continuous functions on [s, t] with values in V,, and with the usual norm ||-||¢c,,.
(or || - llo,s,t,p when we want to stress the interval). In the particular case that g = 0, we simply write || - ||
(or || - [|c,s,¢ espectively). For B € (0,1] we denote by C?([s,t];V,,) the space of Hlder—continuous functions
on [s,t] and with values in V,,, equipped with the norm

[u(g) — u(@)]lv,

lullg,w = llulleuw + ulllgus  [lulllgp == sup
B.p M B.p B s<pa<t (q—p)B

In particular, for the case 8 = 1 this is the space of Lipschitz—continuous functions.

The spaces LP(s,t;V),), p € [1, 00| have the standard meaning with the usual norms.

As we have mentioned above, sometimes it is important to consider the above norms on different time intervals
[s,t], thus in those cases the time interval will be indicated in the index of the norm.

For the previous spaces the following compactness theorem holds true:
Theorem 2.2. (i) Fora,§ > 0, L?(s,t; Vo )NCP([s, t]; V_5) is compactly embedded into L?(s, t; V)NC([s,t]; V_5).
(ii) For0 < 61 < &2 and 0 < 1 < B2 < 1 the space C2([s,t]; V_s,) is compactly embedded into C?([s,t]; V_s,).

For the first part see Vishik and Fursikov [30] Chapter IV Theorem 4.1. For the second part we refer to
Maslowski and Nualart [2I] Lemma 4.5. Indeed, we have the compact embedding V_5, C V_s,.

We now rewrite the equation (II]) in an abstract form
(2.5) du(t) = (Au(t) + B(u(t), u(t))) dt + G(u(t))dw(t).

where G is a nontrivial diffusion term representing the external force, and which assumptions will be describe
in Section H below. Here w represents a path in C# ([0, T]; V), with 8 > 1/2, or in particular, a fractional
Brownian—-motion with Hurst—parameter H € (1/2,1), see the definition in SectionBl This stochastic evolution
equation has therefore a multiplicative noise. In what follows we will describe the type of stochastic integral
we are going to consider, which will allow us to give an appropriate meaning to (Z.3]).

3. INTEGRALS IN HILBERT SPACES FOR HOLDER-CONTINUOUS INTEGRATORS WITH HOLDER EXPONENTS
GREATER THAN 1/2

In this section we are concerned with the definition of the following infinite dimensional integral

T
/ Zdw,
T
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where w is a Holder-continuous function with Holder exponent 3/ > 1/2 and Z is an appropriate integrand.
We follow the recent definition given by Chen et al. [6], and for the sake of completeness, next we shall borrow
the main steps of their construction.

We start by considering an abstract separable Hilbert-space V, then for 0 < o < 1 and general measurable
functions Z : [T1,T5] — V and w : [T}, T5] — V, we define the following fractional derivatives

Do Z(r) Y0 - Z@)
D2l = 7y ((r ~Tya b a/ﬂ S dq) <V

(-1 (wfr) ~ w(T3-) ™ () - w(g)
Diztn = S (S 1o [ ) e

where wr, (1) = w(r) — w(Te—), being w(T>—) the left side limit of w at T». Here I'(:) denotes the Gamma
function.

Let us start with the case when the integrand z and the integrator ( are one-dimensional. Suppose that
z(T1+), ¢(T1+), ((To—) exist, being respectively the right side limit of z at T} and the right and left side
limits of ¢ at Ty, Tb, and that z € I$, , (LP(Ty, To; R)), Cr,— € I8, (LY (T3, To; R)) with 1/p+1/p' < 1 and
ap < 1 (the definition of these spaces can be found, for instance, in Samko et al. [26]). Then following Z&hle
[32] we define

Ts T
(3.1) / zd¢ = (—1)* D%1+Z[T]D%F;f‘CT2,[T]dT

Tl Tl

Suppose now that ( is Lipschitz—continuous. Then ¢ generates a signed measure d¢ and ¢ € I, (Lp/ (Ty, T2; R)).
Therefore, in this situation the integral
Ts
/ zd(¢
T

Let V be a separable Hilbert-space endowed with the norm || - |l and consider the separable Hilbert-space

can be expressed by BI)).

Lo(V, V) of Hilbert-Schmidt-operators from V into V with the norm || - 1., (v, vy and inner product (-, )y v)-
Let (e;)ien and (f;)ien be a complete orthonormal basis of V and V, resp. A base in Ly(V, V) is given by

0 : j#k
Eijek:{fi : ;ik

Let us consider now mappings Z : [T1, To] — Lo(V, V) and w : [T}, To] — V. Suppose that z;; = (Z, Eii)r,vin €
I3, (LP(T1, T»; R)) and z;;(T1+) exists and ap < 1. Moreover, let us also assume that (7, — = (wr,—(t),€i)v €
Iilr;_o‘(Lp, (Ty,T2;R)) such that 1/p+ 1/p’ <1, and the mapping

[11,T2] 5 7 = | D7, Zl| o v,0) | D1 Swr - [r]]| € LY (T1, T2 R).

We introduce

T2 T2
/ Zdw = (—1)* Dg.  Z[r]Dy, “wr,_[r]dr
T1 Tl

T
(Z/ D, zjilr] TZ_CzTQ—[ ]dr> fi-

This last equality is well defined due to the fact that Pettis’ theorem and the separability of V' ensure that the
integrand is weakly measurable and hence measurable. Moreover, the norm of the above integral is given by

(3.2)

00 | 00 Ty 2\ %
H Zd —(Z S [ D sl G, )
j=11i=1"T

T>
< /T 1%, + 2111l 3.0 | D2 2o, - 1]
1
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The next result, which proof can be found in [6], considers the definition of the above integral when having
suitable Holder continuous integrator and integrand functions:

Lemma 3.1. Suppose that Z € CP([Ty, To); Lo(V, V) and w € CP ([T1, To); V) with 1 — ' < o < 8. Then

T> R
/ Zdw eV
T

is well-defined in the sense of [3.3). Also, there exists a constant ¢ depending only on Ty, 8, B’ such that

T2 ,
| [ 2as| < lZllonn miaminllWllma( - 70
1 1%

Moreover, the above integral with driving path w is well-defined even though the integrand is locally Holder-
continuous, which will be the case in the next sections when the semigroup S is part of the integrand, see [G]
for the proof of this assertion.

In the following we would like to consider the above integrals when the integrator is a noise given by a fractional
Brownian—motion (fBm). An one-dimensional fBm is a centered Gaufi—process given by the auto-covariance

1
R(s,t) = 5(zt” + 2 — |t — s]2H)

where H € (0,1) is the so-called Hurst—parameter. The value H = 1/2 determines a Brownian-motion, which
is a martingale and a Markov—process with independent increments. When H # 1/2 these properties do not
hold.

An fBm can be also defined in a separable Hilbert—space. By the following construction we obtain such
an infinite-dimensional noise with values in V: let ((;);en be a iid-sequence of fBm in R having the same
Hurst-parameter H. Then

oo
1
t— w(t):= g g7 Gies,
i=1

where (¢;)ien € l2, defines an fBm with values in V' and with auto-covariance

1
SQUAT 2 — |1 — 52,

where the operator @ of diagonal form is defined by

(ei, Qej)v = 0ijgi-
One very important property that will be crucial in this paper is that, thanks to Kolmogorov’s theorem, the
stochastic process w has a y—Holder—continuous version for any v < H, see Theorem 1.4.1 in Kunita [19]. For
simplicity we restrict ourself to a real fBm. However, taking two one—-dimensional independent real fBm ¢!, ¢2

then we could construct a one—dimensional complex fBm: ¢ := 1/ \/5(@ L' 4+i¢?). Then by the above formula
we could construct a complex fBm w in V.

Remark 3.2. For our further purposes we need the fBm w to be piecewise linear approximated. As one can
check later, we will use the property that given w we can find a sequence of piecewise linear continuous functions
wy, converging to w in a Holder—continuous space. However, the space of Hélder—continuous functions is not
separable, but we can modify it in such a way that the modified space is: for ' <~y < H

o8 ([0,T); V) := {w e 7 ([0,T); V) : lim sup M = 0},
520 |g)— 55| <8,[0,T] 351455 (51— 52)P
is a separable space since V is itself separable (see [13], [I4] and [I1]). It is easy to see that C7([0,T]; V) C
Cco8’ ([0,T); V), and therefore this latter space is the one that we should take when considering the fBm. Hence,
in what follows we shall assume that the path w in C’B/([O,T];V) can be piecewise linear approximated by a
sequence (wy)nen converging in CP ([0, T]; V), because we assume that w € C7([0,T); V) with v < H, but this
statement must be understood according to the sense given above.
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4. DEFINITION OF A SOLUTION OF THE STOCHASTIC SHELL-MODEL

In this section we would like to formulate conditions ensuring that (2.) has a global unique solution.

We emphasize that we have to formulate a definition of solution which is appropriate in our context: on the
one hand, the driving function belongs to C?'([0,T]; V) for a 8’ € (1/2,1), which means that we cannot define
integrals by using the standard integration theory of bounded-variation integrators. In particular our situation
here covers the case when the driving function is given by an fBm in V' with Hurst—parameter H > 1/2. On the
other hand, the bilinear operator B will be the responsible of having to deal with non-Lipschitz—coefficients
in this model.

We now formulate the assumptions for the diffusion operator G of ([2H). In what follows, we choose a constant
0 > 0 which will be determined later.

Assumption (G) Assume that the mapping G : V_5 — Lo(V') is bounded and twice continuously Fréchet—
differentiable with bounded first and second derivatives DG (u) and D?*G(u), for u € V_s. Let us denote,
respectively, by cq, cpg and cpz¢ the bounds for G, DG and D?G. Then, for u € V_;

1GW)llz,0v) < ca-
Furthermore, for uy,us € V_s,
[G(u1) — G(u2)||L,(vy < epcllur —uzllv_,,
and for uy,us, vy, v € V_g,

[G(u1) — G(v1) = (G(u2) — G(v2))|lLy(v)

4.1
D) <epllur — v — (uz — vy, + cprallus — uallvey (s — vnllvey + uz — vallv,).

Notice that DG : V5 +— La(V x V_5,V) is a bilinear mapping whereas D?G a trilinear mapping.

In this paper we shall look at the existence and uniqueness of a solution of (2.5]) according to the next definition:

Definition 4.1. Let 1/2 < < ' <1 and let w € CP'([0,T), V), uo € V and § € (8,1). A function u is said
to be a mild solution to ([ZA)) over the interval [0,T] associated to the initial condition ug if

we C([0,T],V) N L*(0,T, Vi 9) N CP([0,T], Vos)
and such that

(4.2) u(t) = S(t)ug + /0 S(t —r)B(u(r),u(r))dr + /0 St —r)G(u(r))dw(r)
for every t € [0,T].

Remark 4.2. Note that the first integral in [@2)) is well defined in' V' because of the fact that u € C([0,T], V)N
L*(0,T,V12) and Lemma 21l The stochastic integral in [@2) must be understood in V according to the
definition given in Section[3

We stress that we are interested in finding a mild solution for ([2.3]). Following [23] we could also consider weak
solutions for our problem. Nevertheless for u € L>(0,T,V)NL*(0,T, V; /2) we have that B(u,u) is sufficiently
regular so that we can work with mild solutions.

When w is regular, we can also interpret the solution in the following weak sense:

Definition 4.3. Assume that w is piecewise linear continuous in [0,T] with values in V and ug € V.. We say
that w is a weak solution to [Z3) over the interval [0, T| associated to the initial condition ug if

u € C([Oa T]v V) N L2(07 Ta Vl/?)
and such that

(43) (u(t), )y + / (AY2u(s), AV2)y ds — / (Blu(s), u(s)), @)vds = (w0, @)y + / (G(u())w'(5), )v ds

holds for every ¢ € V; 5 and t € [0,77].
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5. SOLUTIONS OF THE STOCHASTIC SHELL—MODEL FOR PIECEWISE LINEAR CONTINUOUS PATH NOISE

In this section we assume that w is a piecewise linear continuous function. This case is the foundation for
studying the more general case which will be treated in the next section. Indeed, in further sections given
w € C'B/([O, T],V) we shall consider a sequence (wy,)nen of piecewise linear continuous paths converging to
w e CF'([0,T],V), see Remark As we cannot assume that the sequence (w),)nen in uniformly bounded
in L*°([0,T7],V), we will have to construct uniform a priori estimates for the solutions to equations driven by
Wy, which will be based on uniform estimates of (w;,)nen With respect to the C# -norm.

We start by studying the existence of solutions for the stochastic Shell-model having this kind of regular
driving function:

Proposition 5.1. Assume that B € (1/2,1), 6 € (B, 1), up € V, w is a piecewise linear continuous function
and G and satisfies the assumption (G). Then, there is a global unique weak solution u for equation ([2H) in
the sense of Definition [{.3

Proof. The proof is very classical but, for the the sake of completeness, we will sketch it here. Let us denote by
P, the projection operator in V onto the space spanned by e, es,...,e,. Then, the Galerkin—approximations
(un)nen to problem (X)) are solutions of the finite-dimensional systems

(5.1) dun(t) = (At (t) + PoB(un (), un (t)))dt + PG (un(t))w' (t)dt.

On the other hand, if G* denotes the adjoint operator of G, taking the scalar product of (51 by u,, using
the property (2.4]) and assumption (G), we get that

| =

lun @1 + lun I, , < [(PaG(un()w’ (£), un()v] < |(w'(), G* (un(t))un(t)v|
W' (ONG™ (un () )un ()] < callew’ (E)Hun ()]l

o ()2 + S un(t) 2
2 P ’

N | =
QL

t

IN

IN

Hence, using the Gronwall lemma yields that

sup_[un(8)]* < e(llun ()|, [l F o0 (0, 7,v): T)
t€[0,T]

for an appropriate positive constant ¢, and consequently we also have

T
| ol e < .

uniformly in n. )
Also, by classical arguments, we get that (u,,)nen is bounded in C?([0, T}, V_s). In fact, since u,, € L>(0,T,V)
and, in particular, § > 1/2, it follows by Lemma 2]

wp Je AT Bln) un(r)ldr S IA=3 B (). wn (r)||d
0<s<t<T (t —s)P 0<s<t<T (t — s)P

. P
< TP funl| o 0,y < 00,

and by (G) we arrived at

S IAT? G lun(r)w (r)[dr JoIG @n(r) a1 (r) | dr
sup - <c sup -
0<s<t<T (t—s)P 0<s<t<T (t—s)P

< ccGTl_ﬂleHLw(O,T,V) < 0.

Moreover, applying the interpolation inequality (see [27], Theorem 37.6), we know that there exists a constant
¢ = ¢(d) > 1 such that

| AL 00| < ¢f| A% 2071 AY 20|22 forallw eV
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and therefore

t _ t _ _
sup fs A 5Aun(7")||d7" <¢ swp fs ||un(r)|\25 1||A1/2un(7")||2 26 gy
0<s<t<T (t —s)P T 0<s<t<T (t — s)P
t 5t 41/2 2 7,.\1-6
_ (J, dr)°(J 1A 2y (r)][*dr) _4 _ _
<cljun |22} sup J; J; - < TP |y || 2221 ||un||§2f§T7V1/2) < 0.

L=(0T.V)

s<t<T (t—s)8 L>(0,T,V)

Hence, by the compactness Theorem (i) we get a subsequence, still denoted by (u,)nen, that converges
strongly in L?(0,T,V)NC([0,T], V_s) to some limit u. Since (un)nen is bounded in L>*(0,T,V)NL*(0, T, V; o)
this sequence is relatively weak-star compact in L (0,7, V) and relatively weak compact in L?(0,T,V; /2)-
As a consequence, the limit v € L°(0,7,V) N L*(0,T, Vi/2). Now, it remains to prove that the limit u is a
solution to the system (23] according to the Definition Indeed, assuming that wu,, is solution in the sense
of Definition 3] we can pass to the limit on each term. Furthermore, the regularity of w implies that the
right hand side of ([@3]) as well as the last two terms of the left hand side of [@3]) are in C([0,T],V), hence
u € C([0,T],V). For similar limit considerations we refer to Constantin et al. [7]. O

Moreover, we have the following result about mild solutions:

Proposition 5.2. Under the same hypotheses than in Proposition [51], every weak solution u to ([Z3) is a
mild solution, that is, u € C([0,T],V) N L*(0,T,Vi,2) N CP([0,T],V_s) and satisfies for everyt € [0,T] the
following integral formulation in V :

(5.2) u(t) = S(t)up + /Ot St —r)B(u(r),u(r))dr + /Ot St — )G (u(r))w' (r)dr.
Proof. Suppose that u fulfills (Z3]). Then
t = B(u(t),u(t)) + G(u(t))w'(t) € L*(0,T,V)
such that , .
t— / St —7r)B(u(r),u(r))dr + / St —r)G(u(r))w'(r)dr € C([0,T],V),
see Pazy [25], proof of 0Theorem 4.3.1. In addition, e(i/ery Galerkin—approximation solution of (E.I]) satisfies

(un(t), )v = (S(t) Prun(0), 0)v +/ (S(t = r)PnB(un(r), un(r)), p)vdr
(5.3) 0

+ / (S(t = 1) P Gun () (), )y dr
0

for every ¢ € V and every t € [0,T]. From the convergence of (uy)nen in L?(0,7,V) and the boundedness in
L*(0,T, Vi) it follows that the left hand side of (B3) converges to

(S(t)uo, p)v + /O (S(t =7)B(u(r), u(r)), p)vdr + /0 (S(t = r)G(u(r))w'(r), p)vdr

for every ¢ € [0,T]. On the other hand, from the proof of Proposition 5]l we know that (u,)nen converges to
uw in C([0,T],V_s) and hence u,(t) converges to u(t) in V_s for every t € [0,T]. Since the right hand side is
in V for every t € [0,T], u(t) too. Also, following the same reasoning than in Proposition [5.1] one can prove
that (un)nen is bounded in C7([0,T],V ;) for v = B+¢eand § = § — e for small enough & > 0 such that § > .
Then it suffices to apply Theorem 2.2 (ii) to conclude the proof. O

From now on, we often use the following property, which is a consequence of the definition of Beta function:
forevery 0 <s<t<T,a,b>—1,

(5.4) /t(T —8)%(t —r)Pdr = ¢(t — s)* !

where ¢ only depends on a and b.
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Next we develop a priori estimates that later we need to derive the existence of a solution for a general
w e CP([0,T],V). We cannot use the estimate from Proposition [E1] because we do not have that the
sequence (wy,)pen approximating w in 05/([0, T1,V) is in general uniformly bounded in L*°(0,7, V). That is
why in the following estimates |||w]|||s: appears.

Lemma 5.3. Assume that 1/2 <3<, 1-8 <a<p,0¢c (B,1), up €V, w is a piecewise linear continuous
function and G satisfies (G). Then, if u is a weak solution to (Z1) in the sense of Definition[].3 there is a
constant ¢ > 0 such that for t € [0, T

t a ’
(5:5) I\U(t)|\2+2/0 ()3, dr < uoll® + ellwl[[[pt” l[ullco.e + elllwllls 7 (1 + Jlullco.0llulllz, 50,

Proof. Applying the formula of the square norm, see Teman [29] Lemma I11.1.2 , using the skew-symmetric
property (24]), and finally integrating over (0, t), this gives us for every ¢ € [0, T] the following energy inequality

/0 (G*(u(r))u(r), o’ (r)ydr| .

The integral on the right hand side of the previous expression can be interpreted in the sense of Section [Blusing
fractional derivatives. Since for any r we have || D§, G*(u(r))u(r)|| < oo the expression Dg, G*(u(r))u(r) can
be interpreted as an element in the space of Hilbert—Schmidt—operators Lo(V,R) ~ V. Moreover, from the
definition of the fractional derivative it is easy to derive that

(5.6) 1D = we—[r]]] < elllwlllgr (¢ = )+,

t
lu(t)]* + 2/ lu()I%,,,dr < lluoll* + 2
0

and therefore we get

t
| @ wyut). o o)
0
[ IC ) =Gl ),
0 (r—q)tt
Trivially the boundedness of G implies that ||G*(u)u|| < cgllu|| for v € V and therefore
(G (u(r))u()] _ callullco

TO( - /rOt

TOL

< el [ 6=y (L0

, rel0,t.

The boundedness and the Lipschitz—continuity of G imply

/’" 16" (u(r))ulr) = G (u(@)u(@] ;.
0

(=g
" ) — u(@lvs
)

(r—q)t+e

<c

dq + [Jul

TG (u(r) = G u@)Laves,
c,o,t/ (r—q)lfﬂ L V)dq

T ~
< (ca + eoallulleolulll; 500 / (r — g) o+

= c(ea + epcllullcod)llulllz 50,

Hence, for an appropriate ¢ > 0

< lllwlllst” Nullc,o. + clllwlllot” 7 (1 + llull o0 lulll5 s,

/0 (G*(u(r))u(r),w (r))vdr

O

Lemma 5.4. Under the same conditions of LemmalZ3, if u is a solution to (27) there exist constants ¢, ¢ > 0
such that for t € [0,T)

Y _B '_3 3
(5.7) ulllg,—50, < €t Plluoll + et PllullZ g, + clllwlllot” (1 + 2 llulllz _s0.,)-
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Proof. Consider (5.2) written as

u(t) = S(t)ug + A2 /0 St —r)ATY2B(u(r), u(r))dr + /O S(t — )G (u(r))w’ (r)dr.

Then the following splitting is considered:

AZPu(q) = u(p) = A~(8(0) = S@uo + A7 [ (=) A2 Bu(r) u(r))dr

(5.8) + AT /0 (S(a— 1) = S(p— A 2B(u(r), u(r)dr

470 [0 NG (e -+ 470 [ (8= 1) = S = D)) (ar
p 0
= 11+IQ+13+I4+I5.

For the term related to the initial condition, due to the fact that § € (5,1) and @), (Z2) we have

A~? —p)—1d
el o o 147G =) - SEwl _ o @) ol sy
o<p<ast (¢—p)’ T~ = e (¢ —p)? o<p<g<t (q—p)P
Moreover, due to Lemma 2.1l and taking into account that V' C V_s1 19,
|12 (p, Q)” sup / A~ 6+1/2S( )A_l/zB(u(T),u(T))HdT
0<p<q<t (g —p)’ 0<P<q<t (¢ —p)?
(5.9) < s 7/ IA=Y2 B (u(r), u(r))| dr
0<p<a<t (¢ —p)* Jp
c p
< sup ———(q—p)|ullzo, <t Pllullz

o<p<q<t (¢ = p)’
For I5, thanks to Lemma 2.1 and 23),

150l - 7/ |4~ 128 (g - p) = 1)S(p — 1) A2 B(u(r), u(r) dr

o<p<q<t (q— p)5 0<p<q<t (q
P
5.10 —1/2—
(5.10) < clullo, swp [0
0<p<tJo
< A ullZ g, < Pl g
Similar estimates to those of I, I5 can be found in [6]. However, and for the completeness of the presentation,

we also show these technical estimates in this paper, but we have shifted these calculations into the Appendix
Section, see Lemma [BI] above. In particular, in Lemma [B1] we get

[ La(p, @)l + [ 15 (p, 9l - 3
(5.11) sup 2P < ot Bl (1+ P Null3 s 0,) -
0<p<q<t (q—p)°
Hence, collecting all the estimates for the expressions I; the inequality (G.7) is obtained. 0

Lemma 5.5. Under the assumptions of Lemmali3, if u, is a solution of [A3) on [0, T] with initial condition
ug € V' and driven by a piecewise linear continuous path w, where (wn)nen is bounded in CP([0,T),V), then
(tn)nen is uniformly bounded in CP([0,T),V_s) N C([0,T],V).

The proof of the previous result rests upon the technical Lemmas [R.2H8.4l whose proofs are presented into the
Appendix section.

Remark 5.6. We emphasize that we consider Holder—continuity with respect to the space V_s in the definition
of a mild solution and in the results of this section, as well. The estimates in these results also make sense for
smaller 6. However, the initial condition wug is the responsible of having to consider § € (B, 1), since in [57)
the exponent in the term t9=5 multiplying ||uo|| must be positive.
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6. CONSTRUCTION OF SOLUTIONS

We are now able to construct solutions for the stochastic equation (ZI]) and give the main result of this
paper. We consider a sequence of solutions (u,)nen to (Z3]) driven by (wy,)nen, a sequence of piecewise linear
continuous approximations of w converging to w where w satisfies Remark

First we formulate a general uniqueness theorem.

Theorem 6.1. Suppose that there are two mild solutions uy, us of [@2) with ui(0) = uz(0) = ug € V
and driven by the same path w. Then, under the before mentioned assumptions on A, B and G we have
up(t) = ua(t) for t € [0,T].

Proof. Assume that there exists a maximal interval [0, ty] contained in [0, 7] such that Awu := u; — usy is zero
on this interval being to < T. Then there exists a 0 < p < 1 such that Au # 0 on (tg, to + pl-

We divide the proof in several steps:

(i) First we want to estimate

AUllls —sarrn = sup 24D = Aule)lv,
,—6,t0,to+p to<s<t<to+p (t — s)P

Regarding the non-stochastic integral, we have to estimate

’ / S(t— r)A_‘S(B(ul (r),u1(r)) — Bluz(r),uz(r)))dr

1
(t—s)?
+ ﬁ H / (S(t =) = S(s — 1) A (Blur (), us(r) — Blua(r), us(r)))dr
= Jl + J2-

Since V_; /o C V_;, from Lemma [ZT] we obtain
A= (B(ua (r), ur (r)) = Bluz(r), uz(r))[| < el B(Au(r),ur(m)lv., , + e Buz(r), Au(r)llv_,
< cf[Aulr)[|(lur (r)[] + llua(r)])-

Therefore

hs ﬁ/ &) [[(lur () + luz(r)IDdr < et~ Aulle.to,torn (] ,to b0+ + 2]t tor)-
Notice also that using the properties of the semigroup S
1(S(t =) = S(s = ) A (B(ur(r), ur(r)) — Blua(r), ua(r)))]|
=[[(S(t =) =id)S(s = r)(B(ua(r), ur(r)) — Bluz(r), uz(r)))llv_,
<e(t = )’ [[(B(ur(r), ur (r)) = Blua(r), ua(r)))]|
<c(t = )’ | Au()|[(lur () [lv, 5 + lluz(r)llva ),
and thus

Jo <

ﬁ /f(t — ) Au()]|(lur(r) v + 2 v, )

<p2 0P| Al

Crtortotu(|[Urll20.1,v1 ) + Ju2llL20.7,v1 2))-

To analyze the terms corresponding to the stochastic integral, that is,

sup
to<s<t<to+n (t—s)8

/ S(t = r)(Glui(r)) = Gluz(r)))dw — /S(S(t — 1) = S(s =) (G(ur(r)) — G(ua(r)))dw

to

V_s

we can consider the estimates of I, I5 given in the Appendix, replacing |A=°(G(u(r))|| 1, v by

(6.1) IA™° (G (ua(r)) = Glua(m))llzavy < epclldu(r)v_,
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and [|A™(G(u(r)) — G(w(@)))lLo(v) by

A% (G(ua(r)) = G(ua(r)) — (G ( 1(9)) = G(u2(9)l L, (v)
(6.2) < epallAu(r) — Au(q)|lv_s + cpra (| Aur)|lv_,; ([lui(r) — ui(g)llv_,
+ lluz(r) —u2(g)llv_s),

where these two above estimates follow by (G). Then following the steps of Lemma[Tland taking into account

1Au(r) vy = 1Au(r) — Aulto)llv_s < [[|Aullls,~s.t0.to+u(r = t0)”,

which is true due to the fact that Au(tp) = 0, we obtain the following term as an upper bound of the stochastic
part:

6’+6(||

’
clllwlllgrn® 1Awlllg,—5,t0.t0+4 + clllwll e luilllg, 5.0 + [lluzllls,~s.07) | Aulle,to,t0+-

Collecting everything we get
(6.3) AU, ~5.t0,t0+4 < AU, ~5.t0,t0 1+ + ol Attl| €10t
with

= e[|l

1
Cu
15— /
64) & = (P (llullL2.va ) + u2llz20.1v4 0) + 17 P wllla (|, —s0,0 + lllualllg,~5.0,7)

+ 1 P (Julesto ot + 2]l totn)-

(ii) In this second step we are interested in estimating ||Aul|¢ ¢, 0+,. The non-stochastic part gives us

LS | S =) (Bl (r),un(r) = Blus(r), ua(r)dr
<c  sup 1A (Jus (M)l + [luz(r)l]v, 5 )dr

to<t<to+p Jto

1
<cp? ([luallr2(0,1,v4 o) + U2l L2077 ) 1 AUl 6, =6 t0,t0 +10-

To study the norm of the stochastic integral, for ¢ € [to, to + u] we split it as follows

lwll| g / <t_r)a+ﬂ'—1(||5<t—r>< (w1 (( 1)) — Gluz () L. v)

’I”—to)

+/’” IS — ) = St — M) (G(ur(r) — Glua())llLav) 4o

(r =)+

dr

TSt — ) ((G(uq — G(us(r))) — (G(ur (7)) — G(ua(r ) .
+/t0 |5t = #)((G(ui(r)) — G( ((T)_))f)m(rl( (7)) — G(uz(7))))llr (V)dr)

== Jg(f) + J4(t) + J5(t).
Following the steps of Lemma [B1], thanks to (G) we obtain

sup  Ja(t) < cllwll[p 1 |Aull e 0,0+ 105
to<t<to+p

sup  Ju(t) < ell|wllp i | Aulle oot
to<t<to+p
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Finally, using again (G), since [[Au(r)||v_, < c||Au(r)|],

t
sup Ja(0) < clallr [ (¢t
to

to<t<to+p
" Au(r) — Au(? V_s T Au(r ur(r) —wi(7)||v_; + Jua(r) — w2 (?)||v_y) .

< clllwllls (1Aulllg,~s,t0,to+n + 1 AUl 0,t0,to+n [ lllp, ~5,00,004+1 + [[u2lllp,~s.60,t0-+1)

t r
X sup / (t— 7“)0""6 -1 (/ (r— f)ﬂ_a_ldf> dr
to<t<to+u Jtg to

< elllwllls 1”7 (11 Aulll5,~5.t0.t0+n + 1AUl et o+ (Il llg.~5.0. + [[u2lll5,~5,0,7))-

0

Hence,
(6.5) AUl i, t0+0 < EpllAU o101 + Cplll AUl 8~ 510,104 115
with

¢ = C(M%(||U1||L2(0,T,vl/2) + |[uzl|z2(0,7,v1,0)) + 15wl
(6.6) + 1P B wll g (e 115, -s.07 + ualllg.~s.0.7)),

¢ = c” 0[]l -

Therefore, solving the system given by (6.3) and (63) means that we have to solve a system of inequalities,
namely

1 2 3 4
X < CHX + CHY, Y < CMY + CHX

with ¢/, given by [@4) and (B8). It is now straightforward to check that for a small enough p € (0,1) we
obtain that ||Au||c ty,t0+x = 0, which contradicts the fact that the maximal interval of uniqueness is [0, £o].

Hence the solution of (2.3]) is unique.
]

Finally, we can prove the main theorem of the paper:

Theorem 6.2. Under the assumptions of LemmalZ3 there exists a mild solution to the stochastic shell-model
@) with driving function w € CP ([0, T]; V).

Proof. We divide the proof in several steps:

(i) Let (wn)nen be a sequence of piecewise linear continuous functions converging to w in Cﬂ/([O, T, V), see
Remark B:2] and let (uy,)nen be the sequence of unique solutions driven by (wp)nen with initial condition
ugp € V. From Lemma we know that (u,)nen is uniformly bounded in C4([0,T],V_s) N C([0,T],V).
Then (B.3) implies that (||unz2(0,7,v;,5))nen is also bounded and hence (un)nen is relatively weak compact
in L*(0,T,Vy/2). Furthermore, this sequence is relatively compact in L*(0,7,V) N C([0,T], V_5) by Theorem
(i). Moreover, from Lemma [5.4] and Lemma ] we obtain that

lnlllg,—5.0.0 < et P llun(O) + ct'FllunlZ o ¢ + clllwnlllat” =721+ [ [[unlll5 _50,,);

which, together with the fact that (w,)nen converges to w, imply that (u,)nen is uniformly bounded in
CP([0,T],V_;) with 6 = 6 — & being € > 0 arbitrarily small such that &, § satisfies still the conditions of
Lemma [53] Hence, by Theorem 22 (ii), this sequence in relatively compact in C*([0, 7], V_s).

(ii) Let (wn)nren be a subsequence converging to some limit point u € L2(0, T,V 2) N CP([0,T], V_s). Let us
denote this subsequence simply by (un)nen. Then, since B : V% xV_s — V_sand also B : V_s5 x V% — Vs
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and u,(0) — u(0) = 0, applying Lemma 2] we have

H/ S(t = r)(B(un(r), un(r)) — B(u(r), u(r)))dr

Vs

< / (1B (un(r), un(r)) = B(u(r), un(r)llv_s + [|Bu(r), un(r)) — Blu(r), u(r))llv._,)dr

0

< 0/ (lun(r)lIvin + llu(r)llva ) l[ulr) = wn(r)llv_sdr
0

t
< ¢fffu— unlllﬂ,—a,o,T/O 7 (lun () lva 2 + () lva ) dr

1
< Tt [ — Un|||/3,—6,0,T(||Un||L2(0,T,V1/2) + ||u||L2(O,T,V1/2))

which shows the convergence in V_s of the left hand side to zero.
For the stochastic integral we consider the splitting

| [ st ”“)”M*)—/mﬂt—ﬂG((»mx)

< H / S(t = 1)Gun (1)) d(wn (1) — w(r)

. #| / (t = 7)(Gun(r)) = Glu(r))den ()

V_s

Similar to (5IT]), an upper bound for the first integral on the right hand side is given by

CT? |||wn — wlllg (1 + T7unllls,~s.0,7)

and since the set {|||un||3,—5,0,7 }nen is bounded, we obtain the convergence in V_s of the first integral on the
right hand side. Now using (G.1))-([62), setting u; = uy, uz = u we arrive at
t
| [ 5= (G0 00) = Gt

’
< elllwnlllg T |[Jun = ulllg,-s0,7
Vs

X (14 TP (1 + [[[unlll5,-s.0.7 + llulllg,~5.07))
which shows the convergence in V_s of the second integral.
Also, since (un)nen converges to u in C([0,T], V_s), for every ¢ € [0,T] we have that u,(t) = u(t) in V_s.
(iii) Since u € L*(0,T,Vy/2) N L>(0,T,V) we have that ¢ — B(u(t),u(t)) € L*(0,7,V) and hence the

continuity in V of the first integral of (@2 with respect to t follows. Moreover, since u € C?([0,T],V_s) by
(G) we obtain that

t'—>/5’t—r ()dw € C((0,T], V).

(iv) Collecting the above properties, on the one hand (i)-(ii) mean that u € C?([0,], V_5) N L?(0, T, Vi 5) and
u satisfies ([d.2]) in V_s. On the other hand, (iii) means that the right hand side of ([£2]) belongs to C([0,T],V),
and hence also the left hand side. In conclusion, we have proven the existence of a mild solution u to the
stochastic shell-model in the sense of Definition LT} O

7. AN EXAMPLE OF DIFFUSION TERM

We define the operator G' by a sequence of functions g7, (u) € C with u € V_g, such that for v € V:
o0

(7.1) (G(u)v), = Z g (W)U, € V.

n.m=1

We now define properties for this sequence such that G satisfies the hypotheses (G). For every n,m =1,...,
assume that

(7.2) sup Z lg7 (u)]? =: ¢& < oo.

ueV_ Snm 1
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In addition, let us assume that the operators g;}, are twice differentiable having the following properties: For
u,h € V_s and (fx)ren an orthonormal base in V_s we have that

- n n n - 7,1 2

> (gp(u+h) = gi(u) — Dgpwh)* = > (o™ (Ihllv_,))” = ou(lhllv_,)?,
(73) n.m=1 N n,m=1

sup Y [Dgp(u)fil” = ¢hg < o0

uev*sn,m,k:l

The 0}™, o, have the usual properties: limp_,q [0l™ (||h]|v_;)|/||Pllv_, = 0 and similar for o,. In addition we
assume that for u, hi,he € V_5

(7.4)
- n n n 2 G 7,m 2 2
> (Dgp(u+ho)s = Dgp(whi = D2gh(hihz)” = 3 (oni (Ihallv-,)) = (0w (h2llv-,)*
n,m=1 n,m=1
sup > D2 () (fi fIP = Cag < o0
ueV*‘sn,m,k,l:l

where the little 0’s have the same property as above.

Now we can verify the properties of the operator G formulated in hypothesis (G). It follows from (Z2)) that

sup [|G(u)|Z,0) = sup Yo lGWen|* = sup > [(G(wem)nl®
USV=s m=1 s

S
ueV_gs — ueV_ nom—=1
o0
= sup Y on () =cZ
ueVos n,m=1

Simple calculations show that (Z3)), (Z4) imply that the operator DG and D?G exist and are bounded. In
fact, if u, h € V_s, then we have that

IG(u+ h) = G(u) = DG(u)h|2, ) = (ollbllv-,))*

and
o0 [e ]
sup | DGW)l[7,vuv 0y = sup > [IDG(u)(em, fi)l|> = sup > |Dgp(u)fl®> = cha-
ueV_gs ueV_s m k=1 ueV_s n,m,k=1

Now, using the boundedness of DG we can prove the Lipschitz condition. Similarly, (Z4) implies that the
operator D2G exists and is bounded. Using the boundedness of the second derivative of G standard calculations

give [I).
8. APPENDIX

We start this section by completing the proof of Lemma 54l although in the next result (item (i)) we prove a
bit more.

Lemma 8.1. (i) Let Iy, I5 be defined in (5.8). Then for any sufficient small ¢ > 0 such that 8’ — > & we

have
1A La(p, @) || + 1415 (p, 9) |
0<p<qs<t (¢ —p)°
(i1) Let I, I3 be defined in (B8) and let 0 <e < —1/2. Then
g g
sup  ATL@ DI+ A (.9l
0<p<q<t (¢ —p)°
Note that (BI1)) follows then by (i) simply taking ¢ = 0.

< et? =P |wl| s (1 + tﬂ|||“|||f3,75,0,t> :

< Ctkﬁ”U”Qc,o,t
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Proof. Throughout the proof we will use frequently the properties 21)), 22) and (54). We choose an « in
the same conditions than in Lemma[5.3] that is, 1 — 8/ < a < .
First, using the definition of the stochastic integral and the estimate (5.6]),

A Li(p.gq 1 o (18l = D ATAT G
sup LEBPD o gy Ll [ )
o<p<q<t (q—p)? O<p<q<t (q— ) » (r—p)

"[(S(g = 1) = S(g = ) ATAG(u(r)Lavy . (7 IS = P)ATAT(G(u(r) = G())lLav) .
+/p - )a+1 dr_g_/p dr) dr.

(r — 7)ot

The first term is estimated by

[S(q —r)AZAG(u(r))|| o vy - cG
(r—p) - (r—=p)(g—r1)*

and since o+ 3 —e > 0, we get

sup ¢

q . B A
=[|wll] 5 / (q— 7)ot == — p)=dr < c||w|||pt? P
0<p<gst (q— p)? P

Concerning the second term, taking an appropriate o’ > « such that o+ 8 > o’ + ¢, we have

/T 1(S(g —7) = 8(g = 7)A*A°G(u(r))l| L (v) g < __CCc /T (r =) g < e = )~
(

(r =7+ ST, e S T

and hence

sup

el [ U gyt < o7
0<p<q<t (q — p) p (g—m)e -

Finally, since B >«

dr

(r =7 =R 7

[/ 18- A G — Sl Naatr g o , [ U(C) — Gl
e[ 1

1 G r—p) e
< cepalllullls 5.0 (=1 / (r — 7)ot dr < CCDG|||U|||B776,O¢W
p

)

and since 3 + a — e > 0 we have

cepalllullls, 50, e -
sup ’B — |||w|||3,/ (q—T)aJrﬁ (’f‘— )ﬁ 0Cdr<C|||°‘)|||B'|||u|||ﬁ 60ttﬁ B
0<p<g<t (¢—p) P

Hence, we get that

|4 L@l _ s ;
sup 1D < o5 (14 67l ) -

0<p<e<t (¢ —p)P

Thanks to the definition of the stochastic integral and the estimate (5.6l for I5 we get

1A Le ol L it [Fip— mars—1 (18@—1) — Sk - ) ATAT G (u(r)) Lo vy
o 1ROl el [wne( )
" —7) — — PNAAI(G(u(r)) — G(u(F
+/0 (S(g—7)—S(p ))éfﬁ)gi (1)) — G(u( )))IILZ(V)d72
"I(S(g—=r)=S(g—7) = Sp—7r)+ Sp—7)ATAG(u(r) Ly vy .
+ /0 (r =)ot dr) dr

=: sup

p !’
Sllelllsr [0 =) s+ T + Fsa)dr
0<p<q<t (q — p)? 0
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We start with

1(5(a = p) = 10)S(p = ) A“ A G(u(r)lLav) _ _cala—p)’
— (p—r)Ptere

Is 1 =

TOL

and because o < 1/2 and a + ' — B —¢& > 0, the term involving I5; is estimated by

cc P T S ;A
sup 7lllwlllﬁ/(q p>ﬂ/ (p—r)* TP 1P dr < of||wl||pt? P
0<p<q<t (q p) 0

On the other hand,

Ly = /OT |(S(g —p) —1d)S(p — )(7« E_AT)Q(JFI(U(T)) - G(U(f)))HLz(V)d72
" =7 g = p)u(r) = u@llv, .
< CCDG/O (= 7yotd dr
€ " 1 N
< cepalllulll _50.(p—1)" =2~ )B/O mdr

< cepalllulllz _s0.(p =)= (q—p)?r°=°,
and thus

1 P ;o
sup — [l / (b — )™ L odr
0<p<q<t(q — p)? 0

P L.
< cepallllllollulll; 5o, sup / (p— r)ot# —1-Bep By,
0<p<q<tJo

/_
< cepalllwlllglllullls _s0,t” =

Finally, taking o close enough to o such that o/ > a and a+ ' > o’ + 3 +¢ (for a small enough ¢), applying
the second part of ([Z3))

La<ec / (g (r =) (p— 1) P AT ()| L)

o
(r — 7)ot "

<cealg—p)’(p—r) / (r— 7)o tdr
0

<cealqg—p)Pp—r) = Pepe'=e,
and hence

1 P .
sup_——lellly [ (p =) s adr
0<p<a<t(q —p) 0

P ’ ! ’
<cgllellly sup [ ()t i b gy
0<p<q<t JO
< cégl|lwllst* 7.
Taking into account the previous estimates we finally get

1A% L5 (p, q) | "—p— :
sup A=BPLL < Bl (1 P lfulll s) -
0<p<a<t (¢ —p)°
(ii) The proof of this part follows similarly to the estimates (59) and (EI0). In particular, for the estimate
of [|A*I5(p, q)|| we need to use the continuous embedding V' C V_s,.11/2, which holds true for small enough

£ > 0 since § € (3,1). O

The rest of the Appendix section is devoted to the proof of Lemma [55] which relies upon several results that
are proven below.
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Lemma 8.2. Let 1/2 < 3 < B < 6 and suppose that u € CB([O,T], V_s5). Then the mapping
[s,T] >t = (llulllz 5.
s continuous and
T [l g, =0.
Proof. We only consider here the case s = 0. Let us define the following transform of u given by
_ [ oulr) oo <A,
() _{ u(t) : r>t
Then for 0 <<t <T
elll5, 500 = Nellls 505 = Neullls 50, — Mgllls 500 < lullls s, < et =8 Pllullls 50
from which the desired continuity follows immediately. The convergence to 0 follows in the same way. O
Lemma 8.3. For positive continuous functions a(t), b(t) consider
=b(t) + a(t)Y?

< 1 for every t € [0,t1], where t; > 0 is some positive number. Then there exist two real
) € RT given by

and assume 4a(t)b(t)
solutions Y1 (t) < Ya(t

V) = s (1 = VI=4aDR0). a(t) = g1 +/T= dal0)b(0)

where Y1(t) < 2b(t). Suppose in addition that y(t) > 0 is continuous on [0,t1] such that
y(t) <b(t) +a(t)y()?,  lim y(t) =0,
t—0t
and that limy o+ a(t) = 0. Then we have y(t) < Yi(t) on [0,t1].

Proof. Tt follows by Sohr [28] Page 317 that under the conditions of the lemma there exist real solutions Y7,
Y5 satisfying the above conditions.

On the other hand, y satisfies the above inequality if and only if y(¢) < Y1(t) or y(t) > Ya(t). If y(t) > Ya(t)
for some ¢ € (0,¢1] then by the continuity of y, Y> and by the fact that Y(t) > Y1(¢) on (0,1], it follows
that y(t) > Ya(t) on [0,¢1]. However, under the assumptions we have lim; ,o+ Y2(t) = 400 and this is a
contradiction with respect to the behavior of y. g

To simplify the presentation of the following technical result we assume that 7' = 1. In the following, see
Lemma [R4] below, we shall consider inequalities of the type

(8.1) y(t) < d(t,2)y(t) + f(t,2) + h(t)y(t)?, ¢ € [0,t]
where the increasing functions d(-, z), f(-,z), h(-) are defined by
d(t,z) = ct? + 2328 22t
(8.2) Ft,x) = 2t5B 4 ca1P 4 2t HE =B | 31428 =B | 4B =B,
h(t) = AP H28+8,
2 .3

Note that d(t, z) and f(¢, ) depend on a positive parameter . Furthermore, the constants ¢, ¢*, ¢* are coming
from the estimates of Lemma [£.3] and Lemma [5.4] as we will show in Lemma B4 below. In particular, these
constants are constricted such that they are including the value |||w|||gr = ||lw]|||3’,0,1- In the following proof
we need these constants with norms only for subintervals of [0, 1]. However, using |||w|||s/,0,1 these constants
can be chosen independently of the subinterval. In that result, depending on the value of = we shall choose
t; > 0 such that d(¢1,2) < 1/2. Then, defining a(t) := 2h(t) and b(t,x) := 2f(t,x) we can rewrite (8] as

y(t) < b(t,x) +a(t)y(t)®, te 0]

which looks like the inequality of Lemma B3l Let us emphasize that with the above choice lim;_,o+ a(t) =
lim; o+ 2h(t) = 0. In the next result we will also choose suitable values of x such that the rest of assumptions
of Lemma [8.3 also hold.
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Lemma 8.4. Let u be a solution of 23 on [0,1] with initial condition ug € V' and driven by a piecewise
linear continuous path w. Then for any xo > max{1,¢|luo|| , ||uoll} (where & here denotes the constant of [5-7))
there exist constants K > K > 1 defining finitely many intervals (I;)i=1,... i by

1 SN . . 1 ..
L=1[0,=]=[ft1], L = [fo1 bion + —] = [, &
1 [aK] [t1,t1], ) [ti—1 1+Kz] [ ]

in such a way that on I; we have

allls, s, < (K7 lullly 55, < (Ki)°
B,=8, B,=s,

|| || < 3CKA 1-p8' ” “ - 3C(K i)lfﬁ’

U _ U ) —_—
cn S 1—3 oI S -7

fori=2,---,i*. This constant ¢ in particular depends on |||w|||3/70)1.

We point out that in the previous result i* is given by the condition #;+ < 1 =T < {;«, and in this case we set
fi* - 1

Proof. We abbreviate z1(t) := max{1, [lul[c,0.} and y1(t) := [|[ul||5 5, fort € I} = [0,#1], where #; will be
determined later. The inequality (0] together with the fact that zo > max{1, ||ug||} imply
I < llwoll? + e ullc.o. + et (1 + Jullcodlllullls s
< ag + ct” |lulloo,e + ct” (1 + lulloodllulllz s

and also

1< g+ ct” |ullooe+ ct® 7 (1 + [Jullcoolllulll5 s,
Then

o 1} < 73 + ¥ fullcos + et (1 + llullcodlullls 50

< @ + et max{1, [ullco.} + ' (1 + max{L, [ullcoDlllulll; o0
and therefore
(8.3) 22(t) < 22 + car ()P + 2ca1 (t) yo ()PP
Furthermore, (57) implies
(8.4) (1) < 2ot’ P + e F + et P 4 ey (D)7
Note that in (B3] we have used that x1(¢) > 1 and therefore the corresponding last term on the left hand side
of (B0) can be estimated as

P (1 + a1 () (t) < 2ca1 () yr (17

Now combining ([83]) with ([84) we get
(8.5) (1) < 2ot P + (22 + car ()P + 2ear (8) g (PN B 4 etP =B 4 ey (0)t7.
In addition, from (B3] the following estimate holds

(8.6) a1(t) < + 20y, ()PP 4 g

ct? + QCgl(t)tﬂ+'8 . \/(ctﬁ/ + 2cy1(titﬂ+ﬂ/)2 + 422 < ot

and plugging this into (B3] we finally arrive at

y1(t) < d(t,zo)yr(t) + f(t, o) + h(t)ya ()2, t €I = [0,41],

where the functions have been defined in [82]). Then, taking a(t) = 2h(t) and b(t,xo) = 2f(t, zo) there exists
a K7 > 1 such that for any K > K; and t;1 = K~ we have

(K—)B, da(K~Nb(K ™1, 20) < 1.

1 R
d(K™1, x0) < 3 b(K™' 20) <
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Hence, we have the conditions Lemma and as a consequence we claim that y; (f;) < (K )B = f;B . Let us
fix such a K such that in addition zy < ¢K*~#"/(1— ). Then, from (&), simply using the general notation
for constants ¢, we get
; -8/ 4cKF
B —. 4
Il(tl) S 3Ct1 +$0 S 1—76/ = T7.

Now we can repeat the same arguments than above in each interval I;, i = 2,3, - - - , by doing the corresponding
suitable changes. In order to do that we need to rewrite the estimates (B.5]) and (5.7) in those intervals. In
particular, in I; we have to take as initial condition u(fi,l) and ¢ can be estimated by the length of the interval I;
which is nothing but (Ki)~'. Taking x;(t) := max{1, |lul|o;, , ,} withz;({;_1) > Land y;(t) := Mulllg 56,00
for ¢t € I;. For induction we assume

i—1 ,

i1 (tiz1) < 3CZK;5 + 20 <

j=1
and choose K > K such that for i = 2,3,---

A((Ki)™ 2i21) = e(Ki) ™7 + 23 (Ki) 720 4 2¢24,; 1 (Ki) =71
8¢c3
1-p
FUED ™ d1) = &y (Ki)P 0 4 a2 ((Ki)P ™! 4 ay_y (Ki) P8 4 B(Ki) 288 4 o(Ki)=#'+8

< Co(K—*)(Ki)f < @

de(K (i — 1)
1-p B

<cK P 42K 4 KUK -1 <o(K°) <

N | =

for a constant C' and an sufficiently small ¢ > 0 independent of K and ¢. For example, for the critical term in
the expression of f given for the quadratic term, we have that
ci? (Ki)P~1 < 167 peomap-14pia-28-145 < chKHﬁ’(Ki)B < Co(K~¢)(Ki)?
i—1 = (1-p)2 —(1-p)2 -
where this last inequality is true since 5 € (1/2,1).
Again, for a(t) = 2h(t), b(t,Z;-1) = 2f (¢, &;—1), choosing K sufficiently large such that

A (Ki)B
dal(Ki) (D), din) < 1667 (1) ~-2 4 40 <1
we obtain by Lemma B2 and Lemma that y;(f;) < (Kz)'@ If we denote t; — f; =: At; = (Ki)~! the
previous inequality can be rewriten as y;(f;) < (At;)™”, and similar to (8.5)

€X; (fz) S CAtf} + 20y1(£1>At?+ﬁ + Iifl(fifl) S 3CAtzﬁ + Iifl(fifl)

v ! !’ /L ’ 3 K_ﬂ/ .1_ﬂ/ 4 K' 1_6/
<zo+3cY (Kj) ™% <ag+ 3K / r=Fdr <z + 25 1_;, < c(l _z)ﬁ, =&
j=1 0

and therefore we obtain that xz; (fi) < . O
Finally we present the proof of Lemma

Proof. Consider the sequence (u,)nen of weak solutions of (@3] driven by the sequence (wy,)nen of piecewise
linear continuous paths. Following the steps of Proposition [5.4] we could prove that each u,, € ch ([0,T]; V_s)
with 1/2 < 3 < B. Then we can apply Lemmas to (un)nen, obtaining that this sequence is uniformly
bounded in C?(]0,T],V_s) N C([0,T], V). O
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