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In this work we construct a Markov family of martingale solutions for 3D stochastic Navier—Stokes equations
(SNSE) perturbed by Lévy noise with periodic boundary conditions. Using the Kolmogorov equations of in-
tegrodifferential type associated with the SNSE perturbed by Lévy noise, we construct a transition semigroup
and establish the existence of a unique invariant measure. We also show that it is ergodic and strongly mixing.

Copyright line will be provided by the publisher

1 Introduction

The ergodic properties of infinite dimensional systems have been intensively studied over the past three decades.
The ergodic principle lies at the basis of statistical approach to the theory fluid dynamics. It states that as the
averaging interval becomes infinitely large, the time average of an observable defined over a phase space con-
verge to the corresponding ensemble average. Ergodicity results for the two and three dimensional stochastic
Navier—Stokes equations (SNSE) on various domains have been established in the literature. The existence and
uniqueness of invariant measures for the 2D and 3D SNSE with degenerate and non-degenerate Gaussian noise
have been studied by using various methods in [22, 9, 23, 34, 8, 39, 27, 13, 40, 41, 14]. Ergodicity results for
the 2D SNSE driven by Lévy noise with non-degenerate Gaussian part is established in [16] and the 2D stochas-
tic magnetohydrodynamic(MHD) equations with Lévy noise is established in [32]. The paper [17] studies the
Markov selection of martingale solutions for the 3D SNSE with Lévy noise. The authors in [44, 36] proved the
existence of an ergodic control which is optimal in the class of all stationary measures for the SNSE with Gaus-
sian and Lévy noise respectively for a suitable class of cost functions. By deriving rigorous estimates for solutions
of the Kolmogorov equations associated with the 3D SNSE with additive and multiplicative Gaussian noise, the
ergodicity results of these models have been studied in [8] and [13] respectively.

The study of this model with general jump random noise is motivated by (1) the engineering scenario where
the flow field is often subjected to structural and environmental disturbances; and also (2) intermittency phenom-
ena observed in turbulence signifying space-time concentrated abrupt fluctuations in velocity and in particular
vorticity field can be studied by introducing jump noise forcing to the Navier—Stokes equations and understand-
ing its impact on the dynamics. A phenomenological study of fully developed turbulence and intermittency is
carried out in [3] where it is proposed that experimental observations of these physical characteristics could be
modeled by stochastic Navier—Stokes equations with Lévy noise, which is the sum of Gaussian and compensated
Poisson processes.

*Corresponding author: Email: sivaguru.sritharan @afit.edu?

Copyright line will be provided by the publisher

This is the author manuscript accepted for publication and has undergone full peer review but has not been through the copyediting,
typesetting, pagination and proofreading process, which may lead to differences between this version and the Version of Record. Please
cite this article as doi: 10.1002/mana.201700339

This article is protected by copyright. All rights reserved.


https://doi.org/10.1002/mana.201700339
https://doi.org/10.1002/mana.201700339
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmana.201700339&domain=pdf&date_stamp=2018-12-05

2 MOHAN ET AL.

Using the methodology developed in [8] and [13], we first construct a Markov family of martingale solutions
for the 3D SNSE subject to Lévy noise. It is then used to obtain the existence of a unique invariant measure,
which is ergodic and strongly mixing. These results are established by proving suitable estimates for the Kol-
mogorov equations of integrodifferential type associated to the SNSE with Lévy noise. The mild form of the
Galerkin approximated Kolmogorov equations are obtained from the Feynman—Kac formula. Rigorous estimates
for this semigroup are established by obtaining the differentiability of the Feynman—Kac semigroup and Bismut—
Elworthy—Li type formula derived for the SNSE with Lévy noise. Several crucial higher order weighted estimates
used in this context have been proved for the SNSE as well as the associated Kolmogorov equations using stochas-
tic convolution estimates derived for compensated Poisson integral (see Lemma 11). This extends these kinds of
estimates derived for the SNSE with Gaussian noise in [8] and [13]. The limiting solutions of the approximated
Kolmogorov equation and that of the SNSE are combined to arrive at the required result. Moreover, in this work
we only consider the SNSE in periodic domains. This restriction arises due to the bilinear estimates of Lemma 3
which hold true for periodic boundary conditions (see, Remark 4).

The construction of the paper is as follows. In section 2, we give a mathematical formulation of the problem,
define the necessary functional spaces for this paper and state the main theorems. In section 3, we derive a-priori
estimates needed to establish the main results. A Markov family of martingale solutions is constructed in section
4. The existence and uniqueness of invariant measures and hence the ergodicity of the 3D SNSE perturbed by
Lévy noise is established in section 5. Comparison lemma, Bismut—Elworthy—Li formula and the differentiability
of the Feynman—Kac semigroup for such systems are given in Appendices A, B and C.

2 Mathematical formulation

Let O = [0,L] x [0,L] x [0, L], and we define the spaces
H= {X € L*(O;R?), divX =0, / X(&)d¢é = 0,X -nis periodic},
o
V= {X c H'(O;R?), divX = O,/ X(€)d¢ =0,X-nis periodic}7
o

where n is the unit outward normal, and for an integer k£ > 1, H* (O RB) is the space of R3-valued functions X
that are in Hf (R?;R?) and such that X(¢ + Le;) = X (&) for every ¢ € R? and i = 1,2, 3. Here {e, ey, e3}
is the canonical basis of R®. We denote by (-,-) and || - ||, the usual L?-inner product and norm in H with
[X[[* := [,|X(£)[*dE. Due to the zero mean condition, we also have the Poincaré inequality, ||X|| < 1| VX]|,
where \ is defined to be the smallest constant for which this inequality holds (see [25]). From the Poincaré
inequality, we may endow V with the norm || X[}, := [, |VX(&)[*d¢.

Let X(¢,€) = (X1 (t,£),Xo(¢,€), X3(t,&)) denotes the velocity field and the scalar valued function p = p(t, £)
denotes the pressure field. Let T be an arbitrary but fixed positive number. For ¢t € [0, 7, let us consider the

stochastic Navier—Stokes equation perturbed by Lévy noise as follows:
dX(t,8) = [PAX(t, ) — (X(£,€) - V)X(¢,€) — Vp(t, §)]dt

- V/QAW(t ) + / (£, 2)(dL dz), (t.€) € (0,T) x O,
divX(t, &) =0, (t,£) € (0,T) x ZO,
X(0,§) = =(¢), £€ 0.
Here v > 0 is the coefficient of kinematic viscosity and is scaled to unity in the rest of the paper. The characteri-
zation of noise coefficients are given in the next subsection.

Let Py be the orthogonal projection of LL? (O; R?) onto H. Let us define the Stokes operator A : D(A) € H —
H by

2.1)

AX = —PgAX with D(A) = H?*(O;R*) N'V.

The operator A is a selfadjoint, positive (unbounded) operator in H with a compact resolvent. There is a complete
orthonormal system {¢; };cy C H made of eigenfunctions of A, with eigenvalues 0 < A\ < Ay < --- such
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that Ae; = \;e;. We may take the Poincaré constant A in the Poincaré inequality equal to A;. We also have
(AX,X) = ||X||3 forevery X € D(A), and in particular (AX, X) > \; || X]|?. The spaces V and D(A) are densely

and compactly embedded in H. The fractional powers A® of A, v > 0, are defined by A*X = > A7 (X, ¢;)e;
=1

with domain D(A®) = {X €H : |X|Ip(ae) < —1—00}7 where X[ ., = > A2(X,¢;)* = [|A°X]P”. The
=1

space D(A®) is a Hilbert space with the inner product (X, Y)p 4., = (A*X,A?Y), forall X, Y € D(A®). It
is well known that V coincides with D(A!/?) and we endow V with the norm ||X||y = [|A'/2X]. The space
D(A®) is a closed subspace of the Sobolev space H2*(O; R*) and || - [|p(a«) = [|A® - || is equivalent to the usual
H2(O;R?) norm (see [45]). For a; < ay, the embedding of H*2 C H! is compact.

Let V' be the dual of V. By the proper identifications, we also have V. C H = H’' C V' with continuous, dense
injections and the scalar product (-, -) extends to the duality pairing (-, ), ., between V and V’. We denote by

D(A~?), the dual space of D(A®) and we perform identifications as above to get the dense continuous inclusions,
fora > 1/2,

DA)CVCH=H cV cD(A™®).

For negative powers, we have (X, Y)p (4 ) = (A7*X, A7°Y).
Letus define B: D(B) C VxV — V by B(X,Y) = Pg(X - V)Y, with B(X) = B(X, X). Moreover, for
any X, Y,Z € V and integration by parts yields

(B(X,Y), )y oy = Z/ JZ 148 = —(B(X, Z), Y)y v

i,j=1

and (B(X,Y),Y)y .y = 0. By applying the projection operator P on (2.1), we get

dX(t,z) = —[AX(t, ) + B(X(t, z))]dt + /QAW (¢) + / U(t—, z)m(dt, dz),
z
X(0,2) =z € H.

(22)

2.1 Lévy noise and assumptions

Let (,.%#,P) be a given complete probability space equipped with an increasing family of sub-sigma fields
{Z: Yo<i<r of F satisfying usual conditions.

Let L(H) be the space of all bounded linear operators on H. Let Q € L(H) be a positive, symmetric and
trace class operator on H with Ker Q = {0}. Thus there exists an orthonormal basis {f; }72, of H such that
Qfr = ok fr, k € N. Here gy, is the eigenvalue corresponding to { f } which is real and positive satisfying

= ng < +00 and Ql/QUZZ\/@(%ﬁc)ﬁw v e H.
k=1

The stochastic process {W(t) : 0 < ¢ < T'} is an H-valued cylindrical Wlener process on (Q, F,{.F# }i1>0,P)
if and only if for arbitrary ¢, the process W(¢) can be expressed as W(t) = Z B (t) fi., where B (t), k € N are

independent, one dimensional Brownian motions on the space (2, % {Jt},>0 ,P).

Let (Z,] - |) be a separable Banach space and (L;);>o be an Z-valued Lévy process. For every w € Q,
L, (w) has at most countable number of jumps in an interval and the jump AL, (w) : [0,7] — Z is defined by
AL;(w) := Li(w) — Ly (w) at t > 0. For Z := Z\{0}, we define

([0, T),T) = #{t € [0,T] : AL;(w) € T'}, where I" € B(Z), w € Q.

The measure 7t(-, ) is the Poisson random measure(or jump measure) with respect to (2, %, {% to<i<r,P)
associated with the Lévy process (L;);>¢. Here %(Z) is the Borel o-field, 7t([0,T],T') is the Poisson random
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4 MOHAN ET AL.

measure defined on (([0,7] x Z),%(]0,T] x Z)), and A\(-) = E(mn(1,-)) is the o-finite measure defined on
(Z,9(Z)). The intensity measure A(-) on Z satisfies the conditions A\({0}) = 0 and

/(1 A L2PINAz) < 400, p > 2. 2.3)
Z

The compensated Poisson random measure is defined by 7t(d¢,I') = 7t(d¢,I') — deA(T'), where d¢A(T) is the

compensator of the Lévy process (L;);>o and dt is the Lebesgue measure. We assume that the processes W and

7t are mutually independent, which is crucial in obtaining the Bismut-Elworthy—Li formula (see Appendix B).
The co-variance operator Q) is sufficiently smooth and nondegenerate with

Tr[A'9Q] < +o0, for some g > 0, 2.4)

and
Q2| < C,||A"z|, forall z € D(A"), for some 7 € (1,3/2) and C, > 0. (2.5)
Remark 1. The operator Q = A% with suitable « > 0 satisfy the conditions (2.4) and (2.5). Indeed, since

the asymptotic behavior of the eigenvalues in periodic domain is given by A, ~ A1 k2/3 (Theorem 4.11, [5], page
54, [25)),

Tr(AM9—) Z AT ATy 800 me) < oo, provided g < o — 5/2.

k=1 k=1
For any o < 2r and = € D(A"), one can obtain
oo
A/ 22| = Z)\§€‘|(x,ek)|2 < sup A2 Z)\Z’ (z,ep) > < AFT2 AT 2|,
k=1 k=1

For any g > 0 and r € (1,3/2), we see that « € (5/2, 3) satisfies the requirements.

Now we state the main assumptions of the jump noise coefficient and other assumptions are stated in the
relevant sections. The jump noise coefficient ¥ : [0, 7] x O x Z — D(A%/?), where § € (1/2, 1 + g], satisfies

T
(@) /O /Z 1AW (s, 2)|P A(dz)ds < C(T) < +o0, 2.6)
T p/2
(u’)/o (/Z |A\I!(s,z)||2)\(dz)) ds < O(T) < +o0, 2.7
T
(i) /0 /Z IAS/2 (s, 2)|2A(d2)ds < C(T) < +o0, 2.8)

for p > 2. Also we fix measurable subsets Z,,, of Z such that A\(Z,,) < 400 and Z,,, T Z as m — cc.

Remark 2. It is worth noting that from the conditions of the Lévy measure A(-) (see (2.3)), the boundedness
assumptions of the integrals given in (2.6)-(2.8) can be validated under reasonable growth condition of ¥ with
respect to z. Moreover, we are forced to assume that the jump noise coefficient to be in the domain of the Stokes
operator rather than square integrable coefficients in H which is usually assumed to prove the solvability of SNSE
with Lévy noise.

t
For the right continuous martingale, M; := [ [ U(s—, z)7(ds, dz), the Meyer process and quadratic variation

07
process are given by (see [35, 42])

t t
<My = [ || ¥(s,2)|[*A(dz)ds and [M]; :/ (s, 2)||*r(dz, ds), (2.9)
0 0
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so that [M], — <Mp,; is a martingale and E(<M>;) = E([M],).
The It6 stochastic integral M, has a cadlag modification and satisfies the following It6 isometry (Remark 3.5.3,

[31]):
¢
‘/ /\I/(s—,z)ﬁ(ds,dz)
0 Jz

2.2 Estimates on the nonlinear term

E

2 t
] :/ /H\I/(S,z)||2)\(dz)ds, forall t € (0,7). (2.10)
0 7

For any real & < 8 < ~, we have the following interpolation inequality and Agmon estimate [8]:
A% z|| < C”Aax”(w—ﬁ)/(w—a’)||wa||(ﬂ—a)/(“/—a), x e D(A"), @2.11)
|zl < CIIAY22]|'?|A|'/?, & € D(A). (2.12)

Now, we have the following estimates on the bilinear operator B(z, y):
Lemma 3 (Lemma 2.1, [8], Lemma 2.3, [24]). Whenever the right hand side makes sense, we have

(i) |(Blz, ), AY/22) | < €Az Agl]1=],
(ii) | (B(z), A°z) | < C|| A 2|V 2H AT 25270 for § > 1/2.

Remark 4. Note that the estimates in Lemma 3 can be obtained when the domain is periodic (see [24]). In
the case of bounded domains O with zero Dirichlet boundary conditions, when we apply the Helmholtz-Hodge
projection Py, the range of the nonlinear operator B(z, y) := Py(z - V)y belongs to

H:= {u cL?(Q):divu = 0,u~n|aﬂ :0}.
In the estimation of (¢), we need to use
(B(x7y),A1/2z) = (AI/QB(x,y),z), (2.13)

and it demands that the operator B € D(Al/ 2). In the case of bounded domains, we have (see page 163, [20])

HNH*, for0<a<1/4
QN o ) 9
DA )N{HO]H[%“, forl/4<a<1.

For instance, in order to define (2.13) when o = 1/2, B(xz, y) has to vanish on the boundary, but we only have
B(z,y) - n = 0 on the boundary.

2.3 Main results

Our aim in this paper is to establish the theorems (Theorem 7 and Theorem 8) given below.

Definition 5. [13] Let (12, %, P, )JZGD<A) be a family of probability spaces and (X(-,z)),ep(a) be a family
of random processes on (€%, %, Py), cp(a)- We denote by (Z1);>0- the filtration generated by X(-, ) and by
P., the law of X(¢,x) under P,. The family (Q,,.%,,P,, X(-, z)) (A) is a Markov family if the following
conditions hold:

€D

(i) Forany z € D(A), t > 0, we have
}P’z{X(t,x) e D(A)} —1,

(ii) the map x — P, is measurable and for any = € D(A), to,...,t, > 0, Ay, ..., A,, the Borel subsets of
D(A), we have

P {X(t+5) € A[FL} = Pxiey(A),
for all s > 0, where A = {y e (MR ly(to) € Ao, ...,y(tn) € An}.
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6 MOHAN ET AL.

The Markov transition semigroup (P;);>¢ associated to the family is then defined by
P,¢(z) = E[¢(X(t,x))], = € D(A),t >0,

for ¢ € By(D(A); R), where B, (D(A); R) is the space of all Borel bounded mappings from D(A) into R.
Following theorem of existence of martingale solutions to (2.2) is proved in Theorem 2.1, [42].

Theorem 6. Foranyx € HandT > 0, there exists a martingale solution of the problem (2.2) with trajectories
in D([0, T); D(A~Y/2)) and 1L>°(0, T; H) N L2(0,T; D(A'Y?)), where D([0, T]; D(A~1/2)) is the space of all
Cadlag paths from [0, T] to D(A1/2).

Now we state the first main theorem concerning the Markov family of martingale solutions as in Definition 5
and it is proved in section 4.

Theorem 7. There exists a Markov family of martingale solutions (2, %, Py, X(+, ®)) ,cpy(a) 0f the stochas-

tic Navier—Stokes equations (2.2). Moreover, the transition semigroup (P;);> is Markovian and stochastically
continuous.

The second main result is the following theorem proved in section 5.

Theorem 8. There exists a Markov process X (-, ) on a probability space (2, , F#,,,P,,) which is a martingale
stationary solution of the stochastic Navier—Stokes equation (2.2). The law p of X(-, ) is the unique invariant
measure on D(A) of the transition semigroup (Pt),. Furthermore

(i) the transition semigroup (P;),~,, is strong Feller, irreducible, and the invariant measure yu is ergodic and
strongly mixing,

(ii) the law P, of X(-, 1) is given by
P = [ PuAu(d),
D(A)

for A = {y c (IHI)]R+ |y(t0) € Ay,...,ylty) € An} withty, ..., t, > 0 and Borel subsets A, ..., A, of
D(A).

2.4 Functional spaces
Let ¢ : D(A) — R. For any =, h € D(A), we set

(D2 (), h)p (g —1)xp () = lim ¢(x + sh) — (;S(m)’

s—0 S

provided the limit exists and is in R. We define the following function spaces:

o Cp(D(A);R) is the space of all continuous and bounded mappings from D(A) into R endowed with the
norm

[6llo :== sup |o(z)| < +o0, ¢ € Cy(D(A);R).

z€D(A)
o For any k € N, we define C,(D(A);R) as the space of all continuous mappings from D(A) into R such

that
[ —."

sy < 00,
zen(a) (1+ [[Az[?)+/?

o For any k£ € N, we define

&= {¢e C(D(A); )

[9(x2) — d(21)|
sup < +00 o,
arasen(a) [A(z2 —2)[|(1+ [|Azy |2 + [|Azs[?)

with the norm

6(22) — ()
= + su .
Ills =N2lo+  sup ATz —=)IQ + TAwi [ + TAwlP)
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2.5 Galerkin approximations

Let {e1,..., e, | be the first m eigenvectors of A and we define the projector P, as the projector of H onto
the space spanned by these m vectors. We set B,, () = P,,,B(P,,z), forz € H, Q,, = P,,Q,W,, =P, W,
U, (t,z) =P, ¥(t¢&, z) and Z,,, = P,,Z. Then, we write the following finite dimensional system:

dX,, (t,2) = —[AX,, (t, ) + By (X (, 2))]dt + /Qu dW,,, (1) + / W, (t—, 2)7(dt, dz),
Zm

X (0) =Pz =xp.

(2.14)
Let (P}");>o be the Markov transition semigroup associated to the system (2.14). Then
Um (ta x) = P;n (b(x) = E[(ﬁ(Xm (t, m))}, (2.15)
formally solves the following Kolmogorov equation:
Ouy, (t, x)
= g7” m t? )
5t o (T, @) (2.16)
U (0,2) = ¢(z), forxz € P, H,
where the integro-differential operator
m 1
+ [ 18+ 0 (2) = 6(0) — (Do), W ()N, @17
v/

We can extend the definition of u,, (t, ) to any = € H by setting u,, (t, ) = w,, (t, P,,x). If ¢ is a C* (P, H; R)
function, then for any h € P, H, we have
(Dot (t, ), h) = E[(D2d(Xin (£, 2)), 70 (£, 2))], (2.18)

h

where 7,

:= D, X,, (¢, z)h is the solution of the linear equation:

1o}
anﬁz (t,x) = — [Aﬂﬁz (t, ) + By (X (t, ), 7721 (t,2)) + Bp, (777};1 (t, ), X (t, x))],
777}?}1, (0, l‘) = Pm h.

(2.19)

Moreover, since Ker Q = {0}, the differential of u,, exists even if when ¢ is only continuous due to the Bismut—
Elworthy—Li formula (see Appendix B):

(Dat (t,2), ) = 71 [¢<xm () [ (@2 s.2). 4w, <s>)} . 220

It is difficult to get any estimate on the differential of u,, as we are not able to prove an estimate of 7", (¢, z)
uniform in m (see Lemma 3.2, [8] or Lemma 15 below). Thus, we introduce an auxiliary Kolmogorov equation:

ava(tt’x) = gg:nvm (ta‘r) - KHA'I“?IUm (t,:l?),

U (0,7) = ¢(x), forz € Py, H,

2.21)

where K > 0 is a fixed constant will be chosen later appropriately. The formal solution of (2.21) can be written
by the Feynman—Kac formula:

O (t, @) 1= S p(2) = E[e—K o IAXon (s.0) I ds o x(8 )| (2.22)
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8 MOHAN ET AL.

Thus the function u,, (-, -) can be expressed in terms of the function v, (-, -) by the variation of constants formula:

¢
um (t,+) =S ¢ + K/ S;”_S(HA- 1w (s, -))ds. (2.23)
0

Now, since the covariance operator Q) is non-degenerate, we know that for any ¢ € C;,(P,,, H; R), S ¢ is differ-
entiable in any direction h € P, H, and we have (see Appendix C)

(DS ¢(x), h)

1 ot 9 t
= JE [eK Iy 1A (s.2) s X (4 7)) / ( S0 (s,x),dW,, (s))]

0
5 t
" 2 |:6_K jo ”AX’” (S‘m)HZdS(ﬁ(XW (ta JJ)) / (1 B %) (AXm (87 -1')7 A777hﬁ (57 x))d5:| . (224)
0
Our aim is to prove estimates for the derivatives of u,, (¢, -) through the corresponding estimates for vy, (¢, -).

2.6 The linear stochastic differential equations

Let us consider the linear stochastic differential equation with Gaussian noise as

dG(t) = —AG(t)dt + /QAW(t), 225)
G(0) = 0. '
The unique strong solution of (2.25) can be defined by the variation of constant formula as follows:
t
G(t) = / e (=92 /QdW (s). (2.26)
0

The following estimate of G(-) is useful in the sequel.

Lemma 9 (Proposition 34, [14]). Forany T > 0, e < g/2 and any k > 1, there exists a constant C'(g, k,T)
such that G(-) has continuous paths with values in D (A“rE ) and

El sup [|ATTEGH)F | < C(e, k, T)[Tr(A Q)" (2.27)

tefo,7]

Moreover; for any 8 < min{g/2 — €,1/2}, there exists a constant C'(g, 8, k, T) such that for t;,ty € [0,T], we
have

El sup  [JATTE(G(ty) — G(t))||* gO(a,B,k,Tﬂtl7t2|2ﬁ"'[Tr(A”9Q)]k. (2.28)

t1,t2€[0,T]

We now consider the linear stochastic differential equation with jump noise as

dJ(t) = —AJ(D)dt + / U(t—, 2)(dt, d2), .
Z .
J(0) = 0.

The unique strong solution to the system (2.29) with cadlag trajectories can be defined by the variation of constant
formula as follows (see Lemma 3.2, [4]):

t
J(t):/ /e_(t_s)A\I/(s—,z)ﬁ(d&dz). (2.30)
0 VA

The next two lemmas give maximal inequalities for stochastic convolutions driven by compensated Poisson ran-
dom measures in Hilbert spaces.
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Lemma 10 (Theorem 2, [28]). For 0 < p < 2, we have

p/2

T
E| sup [|J()| <Cp</ /\I/(t7z)|2/\(dz)dt> . (2.31)
_te[o,T] 0 7

Lemma 11 (Maximal inequalities for stochastic convolutions). For p > 2, we have

E| sup [[J@®)|P| <C, (/ /||\If (t, 2)|I* X(d2) dt) / /H\If (t, 2)||P A(dz)dt
[t€[0,T] ]

Proof. Letus apply Itd’s formula (Proposition 2, [35], Theorem 3.7.2, [31]) to the process ||J(¢)||?, forp > 2
to obtain'

(2.32)

IO = =» [ 1P 3@ s +p [ [ 136012 00-), 1= s, )
[ L1360 w2 = 1P = Al (006, ¥ )]s, ). @233
0 JZ

Let us take supremum over time and then take expectation in (2.33) to get

E| sup ||J<t>||p]
te[0,T]
<pE| smp / / 1352 (I (s—), (s, z))N(dadz)]
su (s, 2)|IP — p_ p—2 s.dz
teopT//”J )+ T (s, 2P — [P — P32 (s), (s, >>]n<d,d>]
=1L + L. (2.34)

We now use the Burkholder-Davis—Gundy inequality (Theorem 1, [28]), Cauchy-Schwarz inequality, Holder’s
inequality and Young’s inequality to /; to estimate

r 1/2
2(p—1) 2N (ds
hg%(/ﬂ / JI@IPED (2, 2)|PAd >dt>
su 2(p 1) o 2
<CE (e[OanJ( | ) (/ /Hw ||Ad>dt)
T p/2
zZ 2 z . .
+CE</O /Z||\I/(t, Y2 )dt> (2.35)

Now by using Taylor’s formula?, for 0 < 6 < 1, we also have

13(s) + (s, 2)II” = [T ()P = plI ()P 72 (I (5), U (s, 2))

/2

<1k

JE| sw 130

te[0,T]

IFor ¢(x) = ||z||P, we have (D ¢(z), h) = pl|z||P =2 (z, ) and D2 ¢(x)(h, h) = p(p — 2)||z|[P~4|(z, h)|? + p||=||P =2 (h, h).
Af £ : H — R is Fréchet differentiable, then

flz+h) = f(x)+ (Daf(z),h) + %Dz,f(x + 0h)(h,h), for0 < 6 < 1andz,h € H.
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216y + 0w (s, 221w (s, )2
+ (p = 2)[13(s) + 0% (s, )" |(I(s5) + OU(s, 2), W(s, )
< P22 y5(6) + 0w(s,2) 2 (s, )|

(s, =) forp =2 2
B -1 (s I+ 190, g (239

We now take I from (2.34), then use (2.36), (2.9), Holder’s inequality and Young’s inequality to obtain
[T
I, <C,E /0 /Z IO 2wt )7 + 19, 2)|P ] m(de, dZ)l

(2.37)

/ [ e d@dt]
+C,E </0T/Z||\If(t,z)||2)\(dz)dt> +/OT/Z |W(t, 2)|[P A(dz)dt

Combine (2.35) and (2.37), and substitute it in (2.34) to obtain (2.32). ]

[ T
= p=2 2|1 z)||? z
=GE /0 /Z[IIJ(t)H [W(t, 2)|I” + W (t, 2)|[P] A(dz)dt

<C,E| sup |J(t) |p2//H\IltzH)\dzdt +C,E

tEOT

1 ,
< 4E[ sup [[3(6)|
te[0,7]

Remark 12. The proof of Lemma 11 makes use of the Burkholder—Davis—Gundy type inequality derived in
Theorem 1, [28]. However, the authors in [33] establish a similar inequality as in Lemma 11 using Bichteler-Jacod
inequality for Poisson integrals (see Lemma 3.1) and Sz.-Nagy’s theorem on unitary dilations in Hilbert spaces
(see Proposition 3.3).

Lemma 13. The process

t
F(t) := AJ(t) = / / e I=IAAT(s—, 2)7(ds, dz), (2.38)
0 Jz
has cadlag trajectories and is stochastically continuous. Moreover, we have
E| sup [[F(¢)|]? (2.39)
t€[0,T]

p/2
</ /||A\I/ (t, 2)|| A(dz)dt) , for0 <p<2,
p/2 T
</ /||A\I/ (t, 2)|I* X( dz)dt) +/ /HA\II(t,z)Hp/\(dz)dt, forp > 2.
0 Jz

Proof. We use the Assumption (2.1) (ii) and Lemma 3.2, [4] to conclude that the process defined in (2.38) is
the unique strong solution of

F = —AF AU(t— m
dF(t) (t)dt + /Z (t—, z)m(dt, dz), (2.40)

F(0) =0,
and has cadlag trajectories. Using (2.10), for 0 < t; <ty < T, we have

to

E[|[F(t2) — F(t,)|’] < 2E (B =DA A (s—, 2)F(ds, d2)

T
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t 2
’/ /(e%tQ*S)A — efﬁl*S)A)A\Il(s—,z)ﬁ(d&dz) 1
0o Jz

T
< 2/ /]l(thtz](s)HA\Il(s,z)HQ/\(dz)ds (2.41)
0 Z

T
+2/ /]l(()‘,tl](s)
0 Z

where 1(;, 4,](-) is the characteristic function on the interval (¢;,>]. An application of the Lebesgue dominated
convergence theorem implies that both terms in (2.41) converges to 0 as t2 \, ¢; or t; " t9, and the process F(+)
is stochastically continuous. The estimate (2.39) can be obtained in a similar way as in Lemma 10 and Lemma
11. O

+2E

2
A(dz)ds,

(67<t2 —s)A _ o=t 75)A)A\I/(s, 2)

3 A-priori estimates

In this section, we derive higher order weighted estimates for the SNSE (2.2) using various convolution estimates
obtained for Gaussian and jump noise integrals in the previous section.

Lemma 14. There exist C, C > 0 such that for any m € N, t € [0,T] and any x € D(A), we have

eI IAXn (o) IPds | AX (8, 2)|1* < 3]| A + 6( sup [[AG,, (s)[* + sup IIAJm(S)Hz)
s€[0,7] s€[0,T)

<C(1+ ||Az|?), as., (3.1)
where G, .= P,,G, J,, :=P,,J.
Proof. IfY,, = X,, — G,, — J,, then Y, is the solution of the equation

%Ym (t,z) = —[AY (£, 2) + By Yo (8, 2) + Gi (8) + T (8))],

Y, (0,2) =z

3.2)

Let us now multiply both sides of (3.2) by A%2Y,, (¢, ), and use Lemma 3 and Young’s inequality to obtain
d A
SIAY (6 D)2 + A2V, (1, 2)

< CJ|AX,, (8 )| (IAY o (8, 2) [ + |AGw (DI + AT ()]7). (3.3)

Hence, we have

d
— | |AY,, (t, z)|]* +
dt (H ( s€| s€l0

S0 IAG,,, (s)]2 + sup IIAJm<s>2> +[|AZ2Y, (8, @)
. 0, ,

<5IIAXm(t»x)||2(IIAYm(t»$)||2+ sup [|AGy (s)[* + sup AJm(S)HQ). G4

s€[0,T] s€[0,7]

The comparison lemma (see Lemma 33) yields

. _ t
e—C Iy IAX, <“”’w>‘|zd“’l|AYm(t,x)|\2+/ e=C 5 1AX, (nw)l\zdr||A3/2Ym(s7x)||2ds

0
< [[Az]* + sup [[AGy (s)I* + sup [|AT (s)]*. (3.5
s€[0,T] s€[0,T]

Since X,,, = Y,, + Gy, + Jin, by using (3.5), we obtain
o—C Iy IAX. (s,2) | ds IAX,, (¢, 2)|)2
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< 3e—CN.fS lAX,, ('5’517)“2(15 [HAYm (t, (E)H2 + ||AGm (t>||2 + ||AJm (t)”Q}

< 3[|Az|® + 6( sup [|AGy, (s)|* + sup [[AJy, (5)||2>- (3.6)
s$€[0,T] s€[0,T]
The last two terms on the right hand side of the inequality (3.6) is finite, a.s., by using (2.27) and (2.39). O

Lemma 15. For any v € (0, 1], there exists C > 0 such that for any m € N, t € [0,T] and any h € D(A),
we have

b t s b
e=C Jy 1AX (s,z)l\zdsHAvnrf; (t, z)|] +/ e=C 5 1A (r,Z)\IZdrHAvH/?nz (s,2)|[2ds < ||A” R
0
Proof. Let us multiply both sides of (2.19) by A27n/ (¢, ) and use Lemma 3 to obtain

m

1d '
5 AT )P + AT, (¢,2)
= (Bm (Xm (t’ .Z‘), 77:;1 (t’ CL')) + Bm (an (tv '75)’ Xm (ta I)), Aghl/ngm (tv 33))
< OJIAX (8, @)l [| Ay, (¢, ) [ [ A% 4200 (8, 2)|
< OJIAX, (8, 2) || A7y, (8 2) | AT 205, (2, 0) |
~y 1
< ClIAXG (8, ) [P | A5, (1 2) [P + S 1A 2005, (8, )2, 3.7

where we also applied the interpolation inequality (2.11) for the last but previous estimate and Young’s inequality
for the final estimate. Hence from (3.7), we have

d. .. ,
A 2 + |ATH 20k (&, @) [P < CJIAX (8, 2) [P A7), (£, )1, (3.8)

and using comparison lemma, we get the required estimate. O

The following estimate on the regularity of the semigroup can be proved by similar arguments as in Lemma
3.4,[13] or Lemma 4.1, [8].

Lemma 16. Suppose r — 1/2 < v < 1, where r € (1,3/2) is defined in (2.5) and k = 1,2,.... If K is
sufficiently large, then there exists C(y, k) > 0 such that for any ¢ € C,(D(A);R), we have

IA="D, S ¢l < c(1 n t’l/Q’(T””)> s ¢ > 0, (3.9)

forallm € N.
Now we can obtain uniform estimates on the Galerkin approximated Kolmogorov equation (2.16).

Proposition 17. If ¢ € C,(D(A); R), then uy, (t) € Cp(D(A);R) and, foranyr—1/2 < v <1, A="D,u,, €
C2(D(A);R) forallt > 0, m € N. Moreover, we have

lwm (t)llo < [I¢]lo, (3.10)

and
IA7 Dy (]2 < (14727070 ) o, £ > 0. 1D

Proof. The estimate (3.10) follows from Markov property and (2.15). Using (2.23) and Lemma 16, it follows
that

||A7A/Da:um (t) ”2

t
<1+ 2 gl +/ C(1+ (= 5) 72070 Azt (5) 2 ds. (3.12)
0
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Note that ||¢]]> < [|4lo and ||||Az||> 2w (8)]|2 < [|um (5)]|o < ||¢]lo and hence from (3.12), we obtain

A= D, () < O(1 4720 ) g + C<t n )tl/ﬂf”) I6lo, (3.13)

1—-2(r—n
and (3.11) follows. ]

Proposition 18. Let ¢ € &, then for any f < min{g/2,1/2}, there exists C() such that for any 0 < t; <
to <T,m € Nandx € D(A), we have

|um (tl ) (E) — Um (t27 LE)‘

3 _ _ /
< Clllle (1 + [|Ax]?) (IA(G PA — e M)z 4 [t — o]

+ |t — o]/ (/OT (/Z ||A\If(s,z)ll2A(dz>>2ds) -

T , 1/2
/ /]l(ovtl](s)’Ke_(“_s)A —e_(tl_s>A)A\I/(s,z)“ )\(dz)ds] > (3.14)
0o Jz

Proof. From (2.23), for 0 < t; <ty < T, we have

+

t1
U, (t1, ) — Uy, (Lo, ) = (S;’f — S?j)qﬁ(z) + K/ (S;']l_s - Sg_s) (||A:L“H2um (s,x))ds
0

to

- K gm

to —s

([|Az|*wy, (s, z))ds
=13+ 12 + Is. (3.15)
Using a decomposition and fundamental theorem of calculus, we estimate |I5| as
(o] = [B[em B IS (X, (11, 2)) | = B[R IO 00 (X, (1,0))]|
- ‘E[(e—K.ﬁf' IAXon (s,) [P ds _ =K [;* [1AX0n <s,w>n2ds)¢(xm (t1,x))]
B[ A (0P (X, (11,2)) = (X (t2,2)|

to
< K|¢>||0E[/ JAX,, (s, 2)| e~ i 14X “””'Zdrds]
ty

+ClollsE

eI AN (s (1 + sup [|AX,, (t)ll2> [AXo (t1) — X (f2))]
te[0,T]
< Clille (1 + [Az]*) [t — ta] + L5, (3.16)

where we used Lemma 14, and I stands for the final term from the inequality (3.16). We estimate I as follows.
We know that

Xm (tl) —Xn (t2) = (e_tlA - e_tgA)x + (Gm (t1> -G (t2)> + (Jm (tl) —Jn (t2))
— "’ e~ (t1—s)A s))ds — . e (t2—s)A s))ds
( /0 By (X, (5))d /0 By (X0 (5))d ) (3.17)

Using Holder’s inequality and (2.28), we obtain

E

671{ foyz [|AX (s,z)\|2ds (1 + sup HAXm (t)2> ||A(Gm (tl) o Gm (h))”]

t€[0,T]
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1/2

2
i) s.2)||*>ds 1/2
ek B WX Gl <1+ sup ||Axm<t>|2>] (E[IAG, (1) - G ()]}
t€[0,T]
< C(l + ||A$||2)|t1 — t2|6,

<<E

(3.18)
provided K is sufficiently large. We now use Holder’s inequality and (2.41) to get

E leK .f[)':) [JAX (S,z)‘lzds (1 + sup HAXm (t)||2> HA(Jm (tl) _ Jm (tg))||‘|

t€[0,T]

1/2

2
K 2 |AX,, (s.2)[*ds <1+ sup ||AXm(t)|2>] {IE[HA(Jm(tl) T ()| ]}
t€[0,T]

. , N\ 1/4
< C(L+ Ax?) |t1—t2|1/4</ ([ 1awasapa@) ds>
0 Zim
, 1/2
// 0] H ~(ta=9)A _ (t‘_s)A>A\I/,,,,(s,z)H )\(dz)ds] . (3.19)

Using Lemma 3, and properties of the analytic semigroup (
we have

<

') 5, (see Appendix A, [9]), for any A € (0,1/2),

HA(/OM e~ (=IAB, (X, (s))ds — /Otz e~ (2=9AB (X, (s))ds> H

to
< / JA12e= =9 L o AR, (X, (5)) s
t1

- / [arz (et et | IAY B (X o)) s
</ (62— )7 A, (9)ds + / (b = 5)" N — A ()]s
31
; {2 N [3(1, % B A)}TI/QA 5:[%52] IAX, (5, 2)|2 [t — t2], (3.20)
w/2

where B(z,y) = 2 f sin** =1 @ cos? ~1 Ad6 for x, y > 01is the beta function. Substituting (3.17)-(3.20) in (3.16),
we find

1] < Cllls(1+ [|Az]?)* 2 321)
where

= [|A(e™ —e M)z + [t —to] + [t1 —to]? + [t1 — ta]

. ) 1/4
oty — o/ ( / ( / ||A\vm<s,z>||2A<dz>) ds>
0 Zim
) 1/2
//]1@,1 H ~(ta=s)A (f1*8>A>A\1/,,,,(s,z)H A(dz)ds] . (3.22)

Using the Markov property, we can estimate [5 as

to
| = | [ st (AP (s

Copyright line will be provided by the publisher

This article is protected by copyright. All rights reserved.



mn header will be provided by the publisher 15

to

E[—KJ” I AKX (8 s,2) [P (5, Xon (12 — 5,2)) ]

t2 12 s
=16 [ B[ A, 1y — 5 ) 1P (Pu) )0

< C||¢||0 / E{Q—Kﬁjz_s [AX,, (r,w)\lzdrHAXm (t2 - s,x)||2ds}
ty

< Cllollo (1 + |Az|]*)[tr — to. (3.23)

Once again an application of the Markov property yields
I = /Otl (7, — S (lA2)un (s, 2))ds
= / " B[ K0T I P A (1 = 5, ) P (5, Xon (11— 5,0)) s
0
— /f/l [ —K 327 A, (""“’)szrﬂAXm (t2 — s,m)||2um (8, Xon (t2 — S,m))ds}
0
‘1/h [ e80T IAX (P AX (1 — 5,
0
X (U (8, Xy (t1 — 8,2)) — U (8, Xy (B2 — 8, 2)))ds
) /m ]E[( —K [T |AX,, (T,I)H‘ZdrHAXm (th—s)|2 —e K J2 7 AKX, (r,a;)\|2drHAXm (ts — 5)||2)
0

X U (SaXm (tQ - S,$))d$:|
< I+ Cllgllo (1 + [|A]?), (3.24)

where I; is the integral of the first term from the right hand side of the inequality (3.24). By applying the funda-
mental theorem of calculus, we get

tl rt1 —s . 2
|I7] < / HAilDwum(S)||2E{€7A Jot AKX (ra)|dr [AX, (8 — Sam)HZ (1 + S[up] |AX,, (t)||2>
0 tel0,T

X |AXy, (b1, ) — X, (ta, ))II}

Now proceeding as in the estimate of I3, we arrive at
t1
Ll<Cc+ |\Ax||2)3%/ JA1D, iy (5) s, (3.25)
0

where %" is defined in (3.22). An application of Proposition 17 yields

ar 9¢l/2=(r=)
14+ s /77 )d =C W+ ——————
(1+5 s=Cliolo |+ Ty | < +oo

t1

t1
| 1A D, )lleds < Clel [
0 0
since v > r — 1/2. Thus, we have
3
1] < Cliglle (1 + [|Az|®)" 2. (3.26)
By combining (3.21), (3.23) and (3.26), one can obtain (3.14). O]

Remark 19. It is clear from the upper bound of the estimate (3.9) that there is a singularity near ¢t = 0. When
the Gaussian noise is non-degenerate, as in this paper, we are able to obtain the estimate of the integral I, to prove
Proposition 18. However, when the Gaussian noise is degenerate, one may need to work with some interpolation
techniques to handle the singularity as it is done in [2].
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4 Markov family of martingale solutions

In this section, we first prove the convergence of the approximated solutions (w,, ),, < of the Kolmogorov equa-
tions (2.16) by using the a-priori estimates established in section 3. Making use of these convergence arguments,
we construct the transition semigroup associated with the stochastic process X(-, -). Let us set

Kp = {x € D(A) : |Az| < R},

and K is endowed with the topology of H. Since the embedding of D(A") in H is compact, K is a compact
subset of D(A7), for0 < v < 1.

Lemma 20. Suppose the Assumptions 2.1 and 2.1 hold, and let ¢ € &. Then, there exists a subsequence
(m, ey Of (um ) and a function v bounded on [0, T] x D(A) such that

(i) u € Cy((0,T) x D(A)) and for any § > 0, R > 0, we have

lm wpy,, (t,2) = u(t, z) uniformly on [6,T] x Kg. 4.1

k—o0

(i) Forany x € D(A), u(-,x) is continuous on [0, T.

(i) Foranyr —1/2 < v <1, d >0, R >0, § < min{g/2,1/2}, 7 € (0,1/4), there exists a constant
C(v,8,0, R, T, $) > 0 such that for any x,y € Kg, t,s > J, we have

Ju(t, 2) = u(s, 9)| < CIAY @ = y)l| + 10— ) + [t — 7M1 (42)

M= /OT (/Z |A\I/(s,z)||2)\(dz)>2ds.

(iv) Foranyt € [0,T), u(t,-) € &.
(V) U(O, ) = ¢

where

Proof. Let R > 0,6 > 0, s < tand s,t € [0,T], z,y € Kpg. By using Proposition 18, for 8 <
min{g/2,1/2}, we get

|um (t7 l‘) — Um (57 y)‘ < ‘um (t, x) — Unm (t, y)‘ + |um (t7 y) — Um (57 y)‘

sup ||A77Dzum (ta Z)“ ”AA’ (’l} - y)” + |um (t; y) — Um (57 y)|
z€Kp

sup (1 + [|Az[*) [A7"D.up (8) 2| A7 (z — y)|
2€Kp

IN

IN

+Clolls (1 + [ Az]?)” (IA(elSA —e Nyl + [t — )’

1/4

+ [t — s|M/* (/OT (/Z ||A\Il(s,z)|2)\(dz)>2ds) (4.3)
T ) 1/2
/0 /Z]l((;_sl(r)H (e_“_"')A - e_(s_”A)A\Il(r,z)H )\(dz)drl >

We denote the final integral in (4.3) as Ig and estimate it as follows:

s t—r
Is < (/ / Ae "2 dp
o s—r

+

2 1/2
|AY(r, z)||2/\(dz)dr> .

L(m) J7Z
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Let us choose 7 € (0,1/4) and use the semigroup property to have
2 2

t—r t—r 1 t—r 1
‘ / Ae A dp < </ dp) <(s—r)7% (/ pTldp) < =(s— )72 (t—5)77.
s—r L(H) s—r P s—r T

By Holder’s inequality, we arrive at

(t—s)7 [/Os(s - r)_‘”dr} v l/OT (/Z | AW (r, 2)2)\(dz)>2dr]

(t—s) TV (B(1,1 — 4r)/* MY < +o0. (4.4)

Is <

Nl e

<
Using this estimate and Proposition 17 in (4.3), one can get
[t (£,2) = (3, 9)] < CO.T, R0l A7 (2 = )l + It = sl + [t = 5| 211, *5)

where M is defined in (4.2). Hence the uniformly bounded sequence (u,, )m eN is also equicontinuous, and by an
application of the Arzela-Ascoli theorem and a diagonal extraction argument, we can construct a subsequence of
(U )m en, again denoting it as (, )m en, such that

um (L, ) = u(t, x), asm — oo,
uniformly in [§, T] x Kg, for any 6 > 0, R > 0. This proves (i). By taking limit m — oo in (4.5), we get (4.2),

which proves (iii). Let us define u(0,-) = ¢(-). Setting t; = 0 and ¢, = t with x € Kp in Proposition 18, and
taking limit m — co, we obtain

fu(t, z) = 6(x)] < C(6, B) (I A(™ = Dzl + ¢ +¢7 1Y),

Since the semigroup (e~"*), _ s strongly continuous, we get u(-, ) is continuous on [0, T] for any 2 € D(A),
which establishes (ii). Now, for any fixed ¢ € [0, 7] and z, 21,2z, € Ky by using Proposition 17, we have

Iu(t,l'l) _u(taxQ)l
u(t, e = |lult, )lo + sup
futt s = Nlult. Mo + - sup R =)L+ TAw1 [P + Az ]P)

(L+ [[Az|*) A" Doum (£)]]2
< ||éllo + sup < +o0. (4.6)
carmsen(a) (L4 [[Azi ] + [[Azs[?)

This proves (iv). O

The existence of a martingale solution of (2.2) is known. This fact is helpful in constructing a transition
semigroup P; ¢, for ¢ € B,(D(A);R). In order to prove Theorem 7, we further prove some regularity estimates
on X,, (¢, ).

Lemma 21. Forany 0 € (1/2,1 + g|, there exists a constant C'(§) > 0 such that for any x € H, m € N, and
te[0,7T]:

(3) B [IXo (6, 2)]2] +E, [ / t ||A1/2XT,L(S,x)|2ds]

t
< ol + #TYQ + / / 19 (s, 2) [P A(dz)ds, @7
0 VA

/ T AUTIEX, (s, 2)|
0 (1+||A5/?Xm(s,x)\|2)w

(i) Eq

ds] <CO)(1+ [ 15<1), 4.8)

withvs = 52— if 6 < 1 and 5 = ggﬂ ifo > 1.
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Proof. (i) The proof of (4.7) is standard and it follows by applying It6’s formula to the process || X, (¢, z)]|?
(for example, see Theorem 3.1, [42]).

(i) In order to prove (4.8), we apply 1t6’s formula to the process
1

Fé(Xm (tvx)) = - 1
(1 + [A/2X,, (¢, 2)]2)"

Noting that the expectation of the stochastic integral is zero, one can obtain®
1 L JACHIRX (s, 2|12
Y5 ds
o (

(1 + ||A6/2meH2)%—1

+ 2(’75 - I)Ear

1+ ||AY/2X,, (s,2)]12) "

i * (B (X (5,2)), A'X, (5, 2))
= —2(% ~ 1)E, Vo (1+ 1A9/2X,, (s, ) [[2) ds]

t 1 s
05 = DB [/0 (1+ [A2X,,, (5,2)[2) " ds] TrQn )

/f’ | AKX (5,0
0 (1+[|A%/2X,, (s, 2)2)" "

- 275 (76 - 1)EI

¢ 1 1
+ B / / - 5/2 T T 5/2 2\ 1
0 2, \ (14 [JAY2 (X0 (5,2) + Wy (5, 2))]?) (1+ [[A2X,, (s, 2)[|?)
(A(S/me(svx)aAé/Q\Ijm(saz))
—2(vs — 1 — A(dz)d
O = X, ey )

T

1 5
] = Z J. (4.9)

(L4 A7K, ) )T ] S
For the nonlinear term in J7, let us use Lemma 3- (ii) and Young’s inequality to obtain
‘(Bm (Xm),A5X7n,)] < O[|AY2X,, |1/ | ACHD/2X ||7/2¢
< %”A(éJrl)/QXm 2+ C||AS/2X,, [0 +1)/(26=1) 4.10)

By Assumption 2.1, the integral .J» is bounded. For integral J3, we note by Assumption 2.1 with some r €
(1,3/2) that

QY2 A X, |2 < Cr AT Qu A X, |2 < Oy | A7 Qu A2 2 [AY2X,, |
< G, Te(ATH012Q)% || AY2X,, |2,

and hence this integral is bounded. Using Taylor’s formula, we estimate .J; as*

t |A3/2 W, (s, 2)|*
/0 /Z <(1 + (A2 (Xin (5, 2) + O (5, 2))[2) )Mdz)ds]

3 _ Aé . 9 _ . Ati . A/5 '®A6"
D:Fs =2(ys — 1)W and DI Fy5 = 2(s — 1)W — 4y (75 — 1)W~

o0
4Using Al = > (z,¢j ))\fej, we have
=1 :

J4 = (A/(S - 1)Ez

(A% @ A% D) (h k) = 3 (reg) (@, e MM (e @ ex) (b k) = D (we))(w, ex) NI (e, h) (ex, )

1

AL

=

N

Js

2
(:L',ej)/\?(ej,h)> = ‘<A5x,fL)‘2 = ‘(Aé/zz,Aé/Zh)‘Q.

Js

:

M8

1
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5/2 5/2 s s 2
25035 — IE V/ ( (A2, (5, 2), AV2(X,0 (3,2) + O, (3,2)) | )A(dzms]

1 + ||A5/2(Xm (5737) + e\pm (S?Z))HQ)WJFl

< (v — 1)/0 / ||A‘5/2\Ilm(s,z)||2)\(dz)ds < +o00, 4.11)

for 0 < © < 1. The integral J; is also bounded. Thus, we have

T (5+1)/2 2
Eg: / ||A X7n (S, x) || Y5 dS
o (

< CE,
1+ [|A%/2X,, (s,2)]2)” -

/T ||A<5/2Xm(s’x)”2(26+1)/(2571)
0

- ~ + C(9).
(14 |A/2X5 (s, 2)[12) )

4.12)

Hence, if § > 1, by setting s = (26+1)/(20 — 1), we see that the left hand side of the inequality (4.12) is clearly
bounded. If § < 1, let us set vs = (26 +1)/(26 —1) —1 = 2/(26 — 1) and use the fact that D(A'/2) € D(A?%/2)
is compact, the integral on the right hand side of (4.12) is again bounded due to the energy estimate (4.7). O

The following estimate can be proved as in Corollary 46, [14]:

Corollary 22. There exists a constant C' > 0 such that for any x € H, m € N, we have

(1) E,

T
/ IIAXm(svx)IIQ/?’dS] <O+ l2l?),
0

T J 1
(ii) E, / A EX,, (s, 2) |77 ds| < C(1+ |l2]]?),
0

where g = min{g, 1}.

We can use Lemma 21-(i) to prove that the family of laws (L(X,, (-, 2))),, o is tight in L2(0, T; D(A*/?)) for
s < 1 and in ]D)([O, T7; D(A~Y 2)) (see Proposition 3.1, [42]). Thus, by the Prokhorov theorem, it has a weakly
convergent subsequence (L(X,, (-, 2))), oy converging to say i,. By the Skorokhod representation theorem,

there exists a stochastic process X(-, 2) on a probability space (Q,,.%,,P, ) which belongs to L2 (0, T; D(A*/?))
for s < 1 and in D([0, 7]; D(A~1/2)), satisfying (2.2) and such that for any z € D(A)

X, (- 2) = X(-,2), P, —as., in L2(0, T; D(A*/?)) nD([0, T]; D(A~/2)). (4.13)

By the estimate (see, Theorem 3.1, [42])

<SCA A [l2[7), 4.14)

T
E.’If sup HXM (tvx)||p:| +Eﬂ? / HXM (S,:E)||p72||A1/2Xm(S,l’)”QdS
0

0<t<T

for p > 2 and uniform integrability, the convergence also holds in LL” (QT ) ([0, T;D (Afl/ 2))) Moreover, for
g = min{g, 1}, we have

||AxH < ||A1+Zx||3+q ||A UQLCH%, = D(A1+%>.

(3+9)
6(2+9)°

Lety:= , then by the above inequality and Corollary 22, we have

( A%, |~/dt>

T
E(,;( sup HA 1/2X ()||&(l+q ) +=E, (/ |A1+§/2Xm(t)2+1§dt> < 4o00.
0

N\H

t€[0,T]
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Hence, we deduce that

T
E, / IA(X,n, (5,2) — X(5,2))[ds| — 0, as k — oo,
0

Thus, by taking an another subsequence, for any 2z € D(A), we have
X, (t,2) = X(t,z) in D(A),dP, x d¢, as. (4.15)

Since the sequence (1), <y in (4.13) may depend on z, one cannot directly build a Markov family of solutions
(X(t,z),Qy, F:,P,). The following Lemma states that the sequence (my)gen in Lemma 20 can be chosen
independent of ¢. This Lemma can be proven by using the convergence arguments of Lemma 7.5, [8] or Lemma
4.4,[13]:

Lemma 23. There exists a sequence (my, )r.cn such that for any ¢ € &, we have
u;ﬁlk (t,x) — u®(t, ) uniformly in [5,T] x Kg, forany§ >0, R > 0.

If¢ € C,(D(A™Y2);R), then we have u® (t,z) = E,[¢p(X(t,z))], € D(A), t € [0, T].
Remark 24. By Lemma 20-(ii) and (iv), there is only one limit and the whole sequence u, . (t,x) converges
to u® (t, x).

Now we are ready to construct the transition semigroup and complete the proof of Theorem 7.

Proof of Theorem 7. Using Lemma 23, we fix the sequence (1), . and define for ¢ € &
Pig(z) = u®(t,z), t €[0,T),z € D(A).

Our next aim is to extend the definition of P;¢ to all ¢ € B, (D(A); R). By Proposition 17, we have ||P;¢|lop <
l|¢llo, for all ¢ € [0, T]. Since C," (D(A); R)’ is a subspace of & and is dense in UC,(D(A); R), the space of
all uniformly continuous and bounded functions on D(A) (see [30]), we can extend (P;),-, to UC,(D(A);R).
However, by the existence theorem due to Getoor (Proposition 4.1, [26] and also see Lemma 3.9, [21]), there
exists a measure V., z € D(A), t € [0, T such that

Pip(z) = (v, 6), ¢ € UC,(D(A);R),

where (-, -) denote the duality product between bounded Borel functions and probability measures. Hence it can
be easily seen that (P;),~, can be extended to By (D(A); R) by this formula. In particular, P;d, = v/ defines a
probability measure on D(A).

Moreover, for any z € D(A), by extracting a subsequence (my), .y Of (m4 ), such that (4.13) holds, one
can complete the existence of a martingale solution (€2, %, ,P,, X(+, x)). Using the relation

Uy (t,7) = P p(2) = By [¢(Xomg (£,2))] (4.16)
and Lemma 23, we arrive at
Pip(x) = E,[¢(X(t,z))], = € D(A), t € [0,T7, “4.17)

provided ¢ € C, (D (A*I/ 2) ; ]R) N &. By a density argument one can show that (4.17) is true for all uniformly

continuous functions ¢ on D(A~'/2). Thus P;d,, which can be seen as a probability measure on D(A~'/2), is
the law of X(¢, z). Since P} 4, is a probability measure on D(A), we have

IP:,;{X(t,x) € D(A)} = 4l (D(A)) = 1.

5Cé"l(D(A);R) is the space of all functions ¢ € C}(D(A);R) such that D¢ is Lipschitz continuous with norm [|¢|l1,1 :=

‘ , 6(2) =0 (y)] HA"(DMIVDW‘“)”}
sup |o(x)| + sup { — + — .
Joap lel@llxsue TR A=)
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Moreover the definition of P;¢ in (4.17) remains true for ¢ € B, (D(A);R).

The second part of the Definition 5 follows by similar arguments in Theorem 2.4, [13] or Theorem 43, [14].
The proof of showing that (P, ), is a one parameter family of semigroups follows from Lemma 20 and by the
similar arguments given in Theorem 7.1, [8]. One can easily verify that the semigroup (Pt),> is also Markovian
in the sense Defenition 5.1, [6]. The stochastic continuity of the semigroup (P; ), is the direct consequence of
Lemma 20-(ii) and Proposition 2.1.1, [9]. This completes the proof of Theorem 7. O

S Invariant measures and ergodicity

In this section, we prove that the probability measure y is a unique invariant measure on D(A). Let us recall that
a measure y defined on H is an invariant measure if

/ o(z)dp(z) = / Pip(x)du(zx), forall ¢t >0, ¢ € Cp(H;R), 3.1
H H

where P; is the Markov semigroup of the process X(t, ). In other words, the measure p is invariant if Py = 4
for all £ > 0, where P} is the dual semigroup of P;.

Since Q is nondegenerate and the jump noise coefficient is independent of the state, (P}"*),-, has a unique
invariant measure fi,,, (see [1, 37]). By Dynkin’s formula, we have -

t
E[¢(Xp, (t,2))] = E[p(z)] + E[/ L (KXo, (syw))dS]y forall ¢ € D(Z;""), (52)
0
where .Z"* is defined in (2.17). Thus, from (5.2), we obtain
t
<(P;”k )*:umk ) ¢> = <(P,0nk )*Mnu ) ¢> + / <(PTIC )*/f['mk. 70217;7”« ¢>d8 (53)
0
Since pi,,, 1S an invariant measure, (P;”" )*umk = [y, , for all £ > 0, and hence we have
(. L @y = 0, forall p € D(L"). 5.4
The jump noise coefficient W(-, -) satisfies the following uniform bound:
. 1t k 2 1 g
lim — A" W (¢, 2)||°A(dz)dt = C' < +o0, fork =0,-,1+ = and g > 0. (5.5)

Lemma 25. Suppose Assumption (5) holds true. There exists a constant C' > 0 such that for any k € N :
/ {HA1/2$”2 + ||AJL‘||2/3 + HAlJr%x||(1+2g)/(10+89)}dlum}C (JU) <C. (5.6)
H
Proof. Applying (2.17) for ¢(z) = ||z|?, we have

L || =T‘f[ka]+/ W0, (2)[PA(dz) — 2] AV 22,

Zm 13

and by the invariance of x,,, , we also have

0= /H L | i, (2) = Tr[Qui, ] + / 1%, (2)[PA(d) — 2 /H 1A 22 2dg, ().
(5.7)

Integrating (5.7) with respect to time in [0, T'], dividing by T" and using Assumption 5 gives an estimate for the

first term in the left hand side of (5.6). Let us now take ¢(x) = m, then we have

oA —9A 8Az ® A
o= AT iD= -+ rOAY (5.8)
(1+ |AY2z]]2) (1+ [|AY2z]]2) (1+ |AY2z]]2)
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Therefore, we get

L
e MQu A QY2 Ax|?

(1+ [|A1/2z]]2) (1+ [|A1/2z]]2)

1 1 A2 AYV2g,
+/ 1/2 2 1/2.,.]12 +2( = k(:)) A(dz)
Zoy |1 H AV (2 4+ W ()P 1+ AT 22| (14 [|AL/2z]f2)
2
5 (IAz]* + (B, (z), Ax)). (5.9)

+ -
(1 + [JAY/2z]f2)
Lemma 3-(ii) gives
1
(B, (z), Az)| < Cl|AY ||| Ax|*/* < C||AY*|® + 5 1Az

Using Taylor’s formula, we obtain

1 1 A2 AV,
/ 1/2 2 1/2 .12 +2( . - (22)) A(dz)
2, [TF A @+ 0, ()F 1+ [AV%2] (1+ |Aa]?)
1/2 2
_ 7/ [AY =W, ()]l SA(dz)
Zm (1 + [|AY2(x + 07,,, (z))||2)

. 4/ (A2, (2), AV2 (2 + 8, (2))]
Zo (LH[AY2 (e + 00, (2)]2)°
1/2 2
Z _/ ||A \I/mk (Z)” 2)\((212) Z _/ HAl/Q\Ilmk (Z)HQ)\(dZ),
Zon (1 + |AY2(z + 0, (z))||2) z
for 0 < 0 < 1. Assumptions 2.1 and 2.1 imply

A(dz)

m

gpige Mo ML o [ e, )
(1 + [|AY2z]2) (14 [|AY2z]?) Zon
2
> _ MAaP ClAY?z|)? — C — |AY2®,, (2)|]>A(dz). (5.10)
2 k
(1+ (A 22]1?) Zn,

The integral with Lévy measure in (5.10) is again bounded by Assumption 5. We integrate (5.10) over H to get

A 2
0= / g;"k ¢d i, (l‘) 2 / %dﬂmk (JZ) - C/ HA1/2x||2d,Umk (l‘) —C. (5.1
H B (14 ||AY/2z]?) H

We use Holder’s inequality, (5.7) and (5.11) to obtain
[ 1At ap, @

[Az]? v 2
< dpp, (z (/ 1+ [|[AY 22 dtm, x)) <C. (5.12)
(/H (1+ ||A1/2:c||2)2 3 )> H( | | ) (

Let us now take® 1

(1+ ||A“+f/>/2x||2)2/<1+2g> :

¢(z) =

SFor k(z) = (1 + [[A(+9)/22]12), we have
-4 Altig o, -4 Alty 8(3+29) Atz @ AlTIy
2 4(1+g) ’
(1+29) i

(:E) 1+2g

@ =

B Y -
(1+29) k(ﬁ)% ’ (1+29) k(x)f+§fa/
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Thus, we get
-2 1
ZTTL ¢ = r Q77L A1+g
k (1+ 2g) (1+HA 1+9) /2$” )sz [ k }

o llQ 2A |2
(1+29)? (14 |[AQ+9) /2|2 )41150) "

),

Zm k

L 1
(14 [AG+0)/2(z + W, (2))|? )2/ (1+29) (1+ [AG+)/ 22 )2/ 1+29)

4 (A(Hg)/Qz,A(Hg)/Q\If,W(z))
(1+29g) (1+ ||A<1+g)/2$‘|2)%
4 1
+ 1 2 3+2g
( + g) (1 + ||A(1+g)/2x||2)1+2g

A(dz)

(1T 92a]2 + (B, (2), A" 9z) ).

Let us use Lemma 3-(ii) with § = 1 + ¢ to obtain
1
| (B, (@), AT 92)| < SAT a2 4 CAT O g e 20),

Proceeding as before and using the assumptions on noise coefficient, we get

9 Al+39/2 12
m;d)— 1+2 || ZH *O
g (1 + ||A<1+g /2$H )1+zq
Let us integrate the above inequality to find
||A1+q/2.%'||2
: dptm, <C. 5.13
/ (15 [|A ) 2g2) 2T (20) s () < (5.13)

Now, by using Holder’s inequality, (5.12) and (5.13), we obtain

/H HA1+g/2$”<1+29)/(10+89)dﬂmk (SL’)

||A1+g/2$H2 . (1+2g)/(20+16g)
< -
- /]HI (1+ |\A(1+g)/2$||2)(3+29)/(1+2g) o ()
1/3 (19+14g)/(20+16g)
X (/ (1 4 |‘A(1+r/)/2:r||2> dpim, (x)) <C. (5.14)
H
Combining (5.7), (5.12) and (5.14), we finally get (5.6). 0

By Lemma 25, it follows that the sequence (fi,,, );, <y is tight on D(A) and there exists a subsequence, denoted
by (ftm, ) ey for simplicity, and a measure p on D(A) such that ji,,, converges weakly to p. Furthermore,

p(D(AYE)) = 1.

Let us take ¢ € &. By the invariance of j,,, , we have

/HP;”kqb( 2)dpt, (2 /¢ 2)dptm, (z (5.15)

for any ¢ > 0. Note that

P ()i, () — / Py () dpu(z)
H H
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< ] [P ot0) - Peotea, o

\ [ i@, (@) = o).

By the weak convergence of 1., , the second integral on the right hand side goes to 0 as k — oco. The first integral
can be further estimated as

‘/H[P?"" 6(x) = Poo(@)]dpim, (1)

< sup IPi’“'¢(x)—Pt¢>(x)|+2ll¢||oR‘2/3/IIAarHQ/Bdmnk(x)-
IAzl<R H

By Lemma 20, the approximations P;"* ¢ converges to P;¢ uniformly on Kz and the second integral in the right
hand side of the above inequality is also bounded by Lemma 25. Since R is arbitrary and by the weak convergence
of fim, , taking limit &k — oo in (5.15), one can get (5.1). Hence p is an invariant measure.

Let 1 be an invariant measure for (P;),.,. We say that the measure . is an ergodic measure, if for all ¢ €

IL2 (H; i), we have (see, page 74, [6])

.17 .
iim_ 7 [ Po)@at = [ o@ua) inL?(E: .

T —+o0

The invariant measure y for (P, ), is called strongly mixing if for all ¢ € L?(H; 11), we have

lim P;¢(x /qs Ydp(z) in L2 (H; p).

t—+o00

Due to the classical result of Khasminskii and Doob (see Theorem 4.2.1, [9] or Theorem 22, [14]), ergod-
icity and strongly mixing properties of the measure p are the direct consequence of strong Feller property and
irreducibility of the transition semigroup (P;), -

Definition 26. A transition semigroup (P;), is strong Feller on D(A) if for any ¢ € By(D(A);R) and
t > 0, one can get P;¢ € C,(D(A); R). -

Let Bp(a)(y, ) denote the ball in D(A) of center y and radius ¢. The semigroup (P;),~, on D(A) is irre-
ducible, if for all t > 0, all z,y € D(A), and all € > 0, we have

Pi(x,Bpa)(y,€)) = ]P’{X(Lx) € BD(A>(y75)} > 0.
Proposition 27. The transition semigroup (Pt), is strong Feller on C,(D(A); R).

Proof. By Proposition 17, it is clear that ||P,¢|lo < ||¢|lo, for ¢ € C,(D(A);R), and in view of Theorem 7,
it is true for any ¢ € By (D(A);R), and the strong Feller property holds. O

The irreducibility of the transition semigroup is proved in the next proposition.

Proposition 28. Suppose that Assumptions 2.1 and 2.1 hold true. Then the transition semigroup (Pt)tzo
corresponding to the system (2.2) is irreducible on D(A).

We first prove Proposition 28 when A(Z) < +oc0. Since we are assuming that the Lévy measure A(Z) < +oo,
we can define the jump times of 7t(dt, dz) as 0 < 01 (w) < o2(w) < .... The jump integral is

// —, &, z)m(dt, dz) // —, &, z)m(dt, dz) // (t,&,2)A(dz)dt

Since the jump occurs only at o7y, the first integral is zero on [0, o1 ). Hence the equation (2.2) is equivalent to the
following:

dX(t,2) = —[AX(t,z) + B(X(t, z))]dt + / QAW (t) — / U(t, z)A(dz)dt,
z
X(0,z) =

(5.16)
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on [0,07). By Theorem 2.1 [42], there exists a martingale solution of the problem (5.16) in [0, 0y (w)). We can
recursively obtain a martingale solution (Q,,P,, %,,X(t,z)) of the system (5.16) for the interval [0, 7] (see
[16, 21]).

Now, the proof of Proposition 28 is completed by proving Lemmas given below. The irredcibility of the
semigroup (P;), is closely related to the controllability of the Navier—Stokes equation (5.16) with the noise
replaced by a right hand side forcing/control term. This technique has been developed for the Navier—Stokes
equations with Gaussian noise in [23, 8, 14]. More precisely, we consider a control system with A(Z) < +o0 :

dy(t) _
W — At + B (0)] - [ Bt + V() 517
y(0) =z,

where U(t) is the control function. Then, we have

Lemma29. LetT >0,z € D(A) andyr € D (A3/ 2) be given, and assume that the Lévy measure satisfies

sup /HA”Q‘P(t,z)IIA(dZ) <C(T,9). (5.18)
tel0,1] ;

Then, there exists a control U € L>(0,T; D(Al/z)) and y € C([0,T];D(A)) N L2(0,T; D(A3/2)) satisfying
(5.17) such that y(T') = yr.

Proof. Let us first set U = 0. Now we show that there exists a time 7™ such that 0 < T* < T and
y € C([0,T*]; D(A)) satisfying (5.17). Let M > 0 and consider

S = {v € C([0,T); D(A)) : |Av(t)|| < M forall t € [o,T]}.

Let us take any v € S and define y = F(v) by

¢ ¢
y(t) = e Pz f/ ef(tfs)AB(v(s))ds—/ /ef(t”)A\If(s,z)/\(dz)ds. (5.19)
0 Jz

0

Note that by the properties of the semigroup (e~'#) ;>0 Lemma 3-(i) and Assumption 2.1, we have
|Ay(t)]| < [le™* Az|| + At |AY 2 =R I ) | AV 2B (u(s)) | ds
v t e g LA s, A
<flasf+c [ (1= 57 Au(s) s + / t [ 1w, 2a=)as

< ||Az|| + 2CM>t/% + (NZ)TC(T, ¥))"/2. (5.20)

Thus,

Ay(t)|| < M forall ¢ € [0, T] provided,
|Az| + 20 M>T"? + (\(Z)TC(T, ¥))"/* < M.

For any M > ||Az||, there exists 0 < T < T such that the above inequality holds. Moreover, for any v1, vy € S,
we have

|A(F(v1) — F(v))|| < 4CMEY2||A(vy — vs)|. (5.21)

Choose T* € (0,T) such that ACMT 7 1, so that F is a strict contraction on S. Therefore by a fixed point
argument, we get a unique solution y € C([0,7*]; D(A)) to the problem (5.17) with U = 0.
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It can also be established that y € L? (O, T D (A3/2)), so that y(t) € D (A3/2), a.e., and one can change T
so that y(T*) € D(A%/?). Next we set U = 0 on [0,7*] and define y on [T, T as follows:

T—-1 t—T*

y(t) = T T*y(T*) + TR t € [T, T], and set
(5.22)
U(t) = dizlif) + Ay(t) + B(y(t)) + /Z U(t,2)A(dz), t € [T*,T].

Using Lemma 2.4-(i), and Assumption (5.18), one can verify that U and y have the properties described in the
Lemma. O

Remark 30. Note that Lemma 29 also works for bounded or even for exterior domains. Using the continuous
embedding and algebra property of H* norm for o > 3/2, one can obtain that for any 0 < £ < 1/4 (see, [29]):

|AY4=Py(u - Vu)| < C||Aul®. (5.23)

Hence, we have

Using this non-linear estimate in (5.20), the controllability Lemma 29 can be proved for bounded/exterior domains
as well.

Let us define

t
< [ AR g AV B(u(s))lds
0

/ t Ae =4 B(y(s))ds
0

¢ ‘ 4C
<C | (t—s)" B | Av(s)|?ds < 174€M2t1/47€ < 400.
0 -

w(t) = /0’«‘ e~ (=92 U(s)ds, t € [0,T).

Since U € L>(0,7;D(A'/2)), the properties of the analytic semigroup leads to @ € C([0, T]; D(A”)) for any
o < 3/2.Now, let g, := P,,,(y — ). Then ¥, satisfies the equation

dym
dt
{Jm (0) = Pm z,

= 7Agm - Bm (gm + {5) + gm — / \Ilm (t, Z))\(dz),
Zm

where
9m = _PmB(y) + Bm (gm + {E) = Pm (_B(y) + B(Pmy))

Moreover, for any w € L°°(0,T; D(A)), consider

d/\771 o~ o~
Y = _Aym —Bn (ym + w) - / v, (ta Z))‘(dz)v
dt z.
Ym (0) = Py .

Using Lemma 29, one can prove the following Lemma by the arguments similar to that of Lemma 7.7, [8] or
Lemma 51, [14] .

Lemma 31. There exists a constant C' > 0 such that ||, — U || (0,7:0(A)) < e“ KT K, where

_ 4
K == (IyllL=.r:0a)) + 1@llLoo(0,7:0(a)) + 1)

and
Ky = |lw —w|lLe,rp(A)) + [Igm Iy (0.1;D(A1/2))>
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provided ||w — W||y~0,7:p(a)) < 1 and KT < %I:Hy||Loo(()7T;D(A)) + ||1EHLOQ(01T:D(A))]. Moreover, we
have 1i_r>n gm = 0inL* (O,T;D(A1/2)).

Consequently, let vy € D(A) and e > 0. Then, for any w € C([0, T]; D(A)) such that ||w—w||,~ 0, 7D (a)) <
n, where n = min{l, ée’CKT} and € > 0 depending on €, we also have

[AYm (T) + w (T) — o) || < e (5.24)

Let P} (z, -) be the transition probability corresponding to the system (2.2) with finite Lévy measure \(Z) <
+o00. The irreducibility of this case is proved in the following lemma by appropriately choosing the function ¢ :

Lemma 32. Let xy € D(A), ¢ > 0 and ¢ € & be such that
é(z) = 1 ifz € Bpa)(2o,¢),
0 lf{,C g BD<A)(.’L'0726)7

and0 < ¢(zx) < 1, ifx € Bp(a)(w0,2¢)\Bp(a) (w0, €). Then, foranyt > 0and x € D(A), we have Pi¢(x) > 0,
where Py is the transition semigroup corresponding to the system (5.16) .
Moreover, for any t > 0 and x € D(A), the transition probability P} (-,-) is also irreducible.

(5.25)

Proof. Let us first show the irreducibility of the transition semigroup associated with the system (5.16). Let
X (t, ) be the solution of the finite dimensional approximations of (5.16) on [0, 7] and G(¢) be the solution of
(2.25). Let 2y € D(A) and € > 0. Then, by using (5.24), there exists m € N and n > 0 such that, for m; > my,
we have

P{Xn, (T,) € By (20,€) } = P{IAXun, (T,) = 20)l| < £}
> P{HG — W||Lee(0,r;p(A)) < 77}-

We know that Ker Q = {0} and hence we have IP{HG — WL (0,7;D(A)) < 77} > 0. Also, for T'),, =
{weQ: X, (T, z) € Bp(a)(zo, ) }, we have

P?‘"é(x)=E[¢>(Xm(T7w))]=/F (X (T, ))dP(w) + 5 (X, (T, 2))dP(w)

> IF’{X,,”_ (T,x) € BD(A)(xO75)} > ]P’{HG — Wl 0,7;D(A)) < 77}-

Since P ¢(x) — Pré(x) as my, — oo, we arrive at

Pro(x) > ]P){HG — Wl (0,7;D(A)) < TI} > 0.

But, by the definition of ¢ € &, we know that
0 < Pro(s) = / SX(T,2)dPw) + | S(X(T,2))dP(w)
T I'e

~P{JAX(T,0) — ) <e}+ [ HOX(T, )P ()

{weQe<A(X (T 2)—2y) || <26}

< P{IIAX(T,2) = 20)l| < =} +P{e < [ACX(T, 2) - 2)]| < 2¢ |
- IP’{||A(X(T7 ) — z0)|| < 25}, (5.26)

where I' := {w € Q : X(T, z) € Bp(a)(z0,¢) }.

Next we complete the proof of Lemma 32 by showing that P} (x, ) is irreducible. Let {7}, } )>1 be the in-
terarrival times of the Poisson process 7t associated with {z,, : k > 1} C Z. Then {0}, 2,, } is independent
and

P{z@ eV, o > t} = e @AW, forallt > 0,V € B(Z).
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Let (Q,,P;,.%,,X,(t,z)) be a martingale solution of the system (2.1) on [0, 0¢). Since {0}, 25, } is indepen-
dent of (Q,,P,, %, Xo(t,x)), we have X(¢t,z) = Xo(t,z) for 0 < t < oy, and X(oy,2) = X(o1—,2) +
U(o1—, Azg, ).

Let PY(z,-) be the transition probability of the solution X, (¢, ). Then, the relation between PY(x,-) and
Pf’ (x,-) can be derived as follows (see, Theorem 14, [43] or [15, 16])

t
P?’(x,V)=e‘”<Z)P?(x,V)+/O /H/Ze_s’\(Z)P;I’,S(y—k\If(s,z),V)PS(m,dy))\(dz)ds. (5.27)

Since PY(z, ) is irreducible by the first part of this Lemma and by the above relationship, we have that PY (z, -)
is also irreducible. O

Using all the above Lemmas we complete the proof of Proposition 28.

Proof of Proposition 28. Let (2, P,,.Z,,X,, (¢, 2)) be the martingale solution of the equation

AXo (t,2) = —[AXy (£, @) + By (X (, 2)))dt + /Qr dW(E) + /Z U, (¢, 2)7(dt, dz), 528
X (0,2) = Py
By Lemma 32, we know that X,,, (¢, x) is irreducible, then for any y € D(A) and € > 0, we have
IE”{HA(Xm (t,z) —y)|| < g} =5>0. (5.29)

Since we know that (Q2,,P,, %, ,X(t, 2)) is a martingale solution of the problem (2.1), by using (4.15) (if nec-
essary along a subsequence of X,,, ), we also have

(5.30)

PUIAX(L2) ~ X (1)) 2 2} <

Using (5.29) and (5.30), we obtain
P{IAX(t,2) =y = 2¢}

< P{IAX(L2) = Xn(t,2)] > ¢} + P{AK (La) —y) 2ep < S +1-d<1, (53D

N

and hence X(¢, x) is irreducible on D(A). O
Now let us complete the proof of Theorem 8.

Proof of Theorem 8. Let us use Propositions 27 and 28 to see that the the transition semigroup (P¢),, is
strong Feller and irreducible on D(A). Hence by Doob’s theorem, p is the unique invariant measure on D(A)
and therefore it is ergodic and strongly mixing. The Theorem 8, part (ii) can be established in a similar way as in
[13, 14]. O

Conclusions and future works: The ergodicity of 3D stochastic Navier—Stokes equations perturbed by Lévy
noise has been established. Since we do not have uniqueness of solutions for the 3D SNSE with Lévy noise,
we consider the Kolmogorov equation involving an integro-differential operator with Lévy mesure associated
with this SNSE. The existence of martingale solutions for the 3D SNSE with Lévy noise and the solution to
the associated Kolmogorov equation help us to construct a transition semigroup and prove the uniqueness of
invariant measures. The classical result of Khasminskii and Doob gives the uniqueness of invariant measure as
a direct consequence of the strong Feller property and irreducibility of the transition semigroup associated with
the SNSE with Lévy noise. Moreover, such an invariant measure is ergodic and strongly mixing. By assuming
that the Gaussian and jump noises are independent, we obtain the BEL formula and thereby we proved the strong
Feller property. The irreducibility has been established by proving the controllability of the NSE perturbed by an
integral with Lévy measure and a distributed control.
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One can extend this work for various hydrodynamic models and different structure of the noise coefficients.
In particular, this paper can be extended to the case where the noise coefficients are multiplicative in nature.
As the BEL formula is established for general stochastic differential equations with a—stable noise (see [46]),
one can extend our ideas for SNSE with a—stable noise. In fact, the exponential ergodicity of stochastic Burgers
equation driven by a—stable noise has already been done in [18]. Since the abstract functional setting for a class of
nonlinear stochastic hydrodynamic models perturbed by Lévy noise, namely 3D magnetohydrodynamic(MHD)
equation, 3D Leray a-model for Navier—Stokes equation, Shell models of turbulence are same as that of 3D
Navier—Stokes equation, the methods used in this paper can be extended to these models as well.
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A Comparison lemma

Lemma 33 (Comparison Lemma). Let I denote an interval of the real line of the form [a, 00) or [a, b] or [a, )
with a < b. Let f, g and k be non-negative continuous functions defined on 1. If f is differentiable in the interior
1° of 1 and satisfies the differential inequality

dst)
dt

where C > 0 is a constant. Then we have

+9(t) < Ck@)f(t), t €1, (A1)

t
e C k(s)de(t)+/ —C IR g(5Yds < f(a), forall t€1°. (A2)

a

Proof. Using Leibniz rule of differentiation under the integral sign, we get

g —C [l k(s)ds 7C [ k(s)ds df( ) —C [V k(s)ds
= (e ) = L - Ck(t)e 1),

Thus by using (A.1), we obtain

d —C [l k(s)ds —C [! k(s)ds
S (e f®) +e 9(t)

), df(t 't (s)ds
— e C I k(s)ds( J:ig) + g(t)) _ e C I k(s)dka(t)f(t) <0.

Integrating the above inequality from a to ¢, one can get (A.2). O

B Bismut-Elworthy-Li formula(BEL formula)

The BEL formula for Gaussian case has been derived in [19, 11]. This formula is also obtained for some general
stochastic evolution equations with Lévy noise in finite and infinite dimensions in [38, 12, 33]. For the sake of
readers point of view, we give a formal derivation in the case of SNSE with Lévy noise.

Let us consider the following Kolmogorov equation:

ou(t,z)
o~ Leuha), (B.1)
u(0,7) = ¢(z),

where
Z,6(x) = —(Ax + B(x), Doo(x >>+1Tr[QDi<z><x)]
/ [6(z + U(2)) — 6(x) — (Dy(x), T(2))A(d2).

For F € C12([0,T] x D(%,); R), 1t6’s formula yields (see [35, 16])
F(t,X(t,z))

=F(0,z) + /Ot [iF(&X(&x)) + Z.F(s,X(s, x))} ds + /Ot (DIF(S,X(&QL‘)), Ql/?dw(s))
+/0t/Z[F(s,X(s,:c) +W(s—,2)) — F(s,X(s—, x))]7(ds, dz). (B.2)
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For ¢ € CZ(D(%:); R), we can prove that u(t, z) = E[p(X(t, x)] is a solution of (B.1) by using It6’s formula.
Let us take F(s,z) = u(t — s,z) for s € [0,1], then F € C12([0,T] x D(%,); R). Using (B.2), we have

d(X(t,x)) =ult,z) + /0/ [—iu(t — 5, X(s,2)) + Lyu(t — s,X(s, a?))} ds
f, U\t — s S, T 1/2 S
+ [ (Polutt =X (5.2 Q2aW ()
+/0 /Z[u(t— 5, X(5—,2) + (s, 2)) — u(t — 5, X(s—, 2))|7i(ds, d2)
= u(t,z) + / (D2 u(t — 5 X(s, 2))], Q*aW(s) )
+ /0 /Z[u(t — 8, X(s—,z) + U(s—,2)) —u(t — s, X(s—,z))]mt(ds, dz). (B.3)

Let us take expectation on both sides of (B.3) and note that the final two terms on the right hand side of
(B.3) are martingales, we obtain u(t,z) = E[¢(X(¢,2)]. Now we multiply both sides of (B.3) by G(¢) =
t
[(Q™Y2nh(s,2),dW(s)), where 0" (¢, ) := D, X(s, z)h is the solution of the equation:
0

0

51 (bw) = = [An" (t,0) + BX(t,2), 0" (1, 2)) + B(" (¢, ), X(t, 2))]

7" (0,x) = h.

(B.4)

Then taking expectation and using the Markov property of semigroup, we get the Bismut-Elworthy—Li formula
for the stochastic Navier—Stokes equations perturbed by Lévy noise as follows:

Deatta).) = TE[oxiea) [ (@20 (0. awis) | ®.5)

In order to get (B.5), we used It6’s product rule to obtain E[G(t)J(¢)] = 0, where J(¢) is the final term from the
right hand side of the equality (B.3). This follows from the fact that the stochastic integrals G(t) and J(¢) are
uncorrelated, since W(-) and 7t(-, -) are independent. Since C; (D(.%,); R) is dense in C;(D(.%,); R), given any
¢ € Cp(D(Z,); R), there exists a sequence ¢, C C7(D(%,);R) convergent to ¢ in C;(D(%Z,); R). It can be
shown that (B.5) is true for any ¢ € Cy(D(.%;);R) in a similar way as in Proposition 9.22, [7].

Remark 34. Since the Gaussian noise and jump noise are assumed to be independent, the BEL formula for the
SNSE with Lévy noise looks the same as that of the formula for SNSE with Gaussian noise. This BEL formula
helps to complete the strong Feller property of the transition semigroup associated with the SNSE with Lévy
noise. Therefore, one may have to carefully look at the case where these two noises really have to be dependent.

C Differentiability of the Feynman—Kac semigroup

Following the ideas developed in [11] for Gaussian case, we derive the differentiability of the Feynman—Kac
semigroup associated with SNSE perturbed by Lévy noise.
Let us now consider the auxiliary Kolmogorov equation:

% = Zlfv(t7$) - K||AQZ‘H2U(t7$)’

U<07 l‘) = (;5(.%’),

where K > 0 is a fixed constant. The equation (C.1) has a unique solution given by the Feynman—Kac formula:

(C.1)

v(t,z) =S, ¢(x) = E[e*K Iy IAX ) IPds x4 a;))]. (C2)
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Let us apply Itd’s formula to the process
F(s,z) =e KNl HAX(T@““”U(t —5,X(s,2)), s €10,1],
to obtain
e K Iy HAX(T.I)Hergb(X(t’x))
=o(t,z) + /Ot e~ K i 1AX(ro)|dr [— %v(t —5,X(s,z)) — K||AX(s,2)|*v(t — 5, X(s, )

+ Zo(t — s,X(s,x))] ds
! efK Jo IAX (r2) [P dr Tu(t —s S. % 1/2 3
+ (Dalot = 5, X(5,2))), Q2dW(s))
e KI5 IAX (rz)|*dr v(t—s S—., T s—.2)) —v(t—s s—. x))]7t(ds, dz
+// [o(t — 5, X (s, 2) + U(s—, 2)) — v(t — 5, X(5—, 2))|(ds, d2)
— ot x) + / RN (D[t — 6, X(s,2))], QAW (s))

0
t
+/ /e*Kﬂf’HAXW““T[U(Fs,X(sf,x)+x1/(57,z))fv(tfs,X(sf,z))]ﬁ(ds,dz).
0 Z
(C.3)

Let us take expectation in (C.3) to get (C.2). Now we multiply both sides of (C.3) by f(f (Q*I/th (s, ), dW(s))
and then taking expectation to obtain

A :=E [e_K fIAXrlFar (X (¢, o)) /t (@120 (s, ), dW(s))]

0

t 2
= E[/ e K Jo TAX (r,2) || dr (Dzv(t— s,X(S,IE)),nh(S,ZL'))dS]. (C.4)
0

On the other hand, we have
(Dm [e*K b HAX(T’I)”QdT’u(t — 5, X(s, :c))] , h)
— oK Iy IAX(ra) [P dr [_ 2K ( /0 (AX(r,2), A (r x))dr>v(t — 5,X(s,7))
+ (Dyo(t — s, X(s, z)),nh(s,x))} . (C.5)
Thus from (C.5), we obtain

Yk [/Ut (D;., [e,K i TAX(a) Par g X(s) x))] ’ h) ds] C.6)

1 " , S
+2KE [/ e~ K Ji 1AX(ra) | dr (/ (AX(r,z), An" (r, x))dr)v(t — S,X(s,x))ds]-
0 0

We use the Markov property to both expressions in the right hand side of (C.6) to find

H = - Ss(Si_s@)(x)ds, h
(0. [ 5.5 0)(@Iasn)
+2KE [(Z)(X(t,x))e_K Jo HAX(T#E)HZdT/ /S (AX(r, x),Anh(r,x))drds] (C.7)

0o Jo
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=t(D,S;p(x),h) + 2KE {(é(X(t, z))e K Jy IAX (r.2)|*dr /Ot(t —r) (AX(r7 z), An" (r, x))dr] .

Combining (C.4) and (C.7), for all ¢ € C3(D(%,); R), we get the differentiability of the Feynman-Kac semi-
group associated to the system (C.1) as

(D,S16(x), h) = 11@[@“5 IAX (sl ds (X (£, ) /Ot (Q,mnh (S’x),dw(s))} C8)
+2KE {GK Iy IAX ()P ds X (4, 1)) /t (1 . %) (AX(s, z),Anh(s,x))ds] .

For ¢ € C;(D(Z;); R) also, the result (C.8) follows and the details can be obtained from page 187, [11].
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