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Abstract

Motivated by applications to a manifold of semilinear and quasilinear stochastic
partial differential equations (SPDEs) we establish the existence and uniqueness of
strong solutions to coercive and locally monotone SPDEs driven by Lévy processes.
We illustrate the main result of our paper by showing how it can be applied to the
following SPDEs: stochastic reaction-diffusion equations, Burgers type equations, 2D
Navier-Stokes equations, p-Laplace equations and porous media equations with locally
monotone perturbations.
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1 Introduction and Main Results

In recent years, Stochastic Partial Differential Equations (SPDESs) driven by jump type noise
such as Lévy-type or Poisson-type perturbations become extremely popular for modeling fi-
nancial, physical and biological phenomena. In some circumstances, purely Brownian motion
perturbation has many imperfections while capturing some large moves and unpredictable
events. Therefore, Lévy-type perturbations come to the stage to reproduce the performance
of those natural phenomena in some real world models. The existence and uniqueness of
solutions for SPDEs driven by jump type noise has already been intensively investigated by
many authors, see e.g. Kallianpur and Xiong [24], Albeverio et al [2], Mueller et al [40, 41],
Applebaum and Wu [3], Mytnik [42], Truman and Wu [53], Knoche [25], Hausenblas [22, 23],
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Mandrekar and Riidiger [36], Rockner and Zhang [48], Dong and Xu [14], Marinelli and
Réckner [37], Bo et al [4], Dong et al [16], Brzezniak and Hausenblas [7], Brzezniak and Zhu
[10], Brzezniak et al [8], and the recent monograph by Peszat and Zabczyk [44]. The last
reference can also be used for more detailed expositions and references.

In this paper, we aim to establish a framework in which one can treat a large number of
SPDEs driven by Lévy type noise including stochastic reaction-diffusion equations, Burgers
type equations, 2D Navier-Stokes equations, p-Laplace equation and porous media equation.
In the case of Wiener noise the second named author and Réckner in [35] investigated
such problems as special cases of SPDEs with locally monotone coefficients. They showed
that the method first used by Menaldi and Sritharan [38] (and later used by Sritharan and
Sundar [51], Chueshov and Millet [11] for various stochastic equations of hydrodynamics)
can be generalized to such an extent that it covers all the above listed problems. On the
other hand, there are no many papers studying non-Lipschitz SPDEs driven by Lévy type
noises with small jumps. The first and third named author proved in [9] the existence and
uniqueness of solutions to stochastic nonlinear beam equation driven by Lévy type noise.
They together with Hausenblas extended in [8] (see also [15]) the work of Menaldi and
Sritharan by showing that their method yields the existence and uniqueness of solutions to
stochastic 2D Navier Stokes equations driven by a Lévy type noise. There is also the work
of the first named author and Hausenblas [7] in which by means of generalized compactness
method the existence of solutions to stochastic reaction diffusion equations driven by a Lévy
type noise was investigated. This paper is a generalization of both papers [35] and [8].

The line of investigation proposed in this paper began with the celebrated works by
Pardoux [43] and Krylov and Rozovskii [27], and later it was further developed by many
authors, see Gyongy and Krylov [19], Gyongy [21]. Ren et al [46], Rockner and Wang [47]
and Zhang [54]. Roughly speaking, for stochastic equations in finite dimensional spaces,
the existence and uniqueness result was obtained under the local monotonicity assumption
for the coeflicients, see [27] for SDEs driven by Brownian motion and [19] for SDEs driven
by (possibly discontinuous) locally square integrable martingale. However, concerning the
existence and uniqueness of strong solutions to SPDEs in infinite dimensional spaces driven
by Wiener process or local martingale, all results were established for the globally monotone
coefficients SPDE (cf. [27, 21, 46, 54]). It was the breakthrough paper by Menaldi and
Sritharan [38] which used certain local monotonicity of the 2D stochastic Navier-Stokes
equations to show the existence of strong solutions to such equations (see also [51, 11]).

Recently, this variational framework has been extended by the second named author and
Réckner in [35] for SPDE driven by Wiener process in Hilbert space with locally mono-
tone coefficients. They showed that many fundamental examples of SPDEs can be included
into their framework, for instance the stochastic Burgers type equations and the stochas-
tic 2D Navier-Stokes equations. Moreover, the examples investigated in [11, 12, 34], such
as magneto-hydrodynamic equations, the Boussinesq model for the Bénard convection, 2D
magnetic Bénard problem and stochastic 3D Leray-a model, can be also included into that
framework. What we do in the present paper is to confirm the natural conjecture that the
framework in [35] works not only for locally monotone SPDESs driven by multiplicative Gaus-
sian noise but also by multiplicative Lévy type noise. However, we should point out that our
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results are not applicable to evolution equations with general space time white noise, see for
instance [9, 7] and the references therein. The reason is that the solutions of SPDEs with
general space time white noise are not regular enough to fit in the variational framework.

The main contribution of this work is that we establish a unified framework for a large
class of semilinear and quasilinear SPDE driven by general Lévy noises, which generalizes
many previous works [43, 27, 21, 35]. The main result is applied to various types of concrete
examples (see Section 4 for details). It also recovers and improves many known results in
the literature, see for instance [14, 38, 48, 15, 11, 8|. In a recent work [10] by the first and
third named author, a type of stochastic nonlinear beam equations with Poisson-type noises
was studied and the existence and uniqueness of solutions was established by following
a natural route of constructing a local mild solutions and proving, with the help of the
Khasminski test, that this solution is a global one. In contrast to [10], the approach used
in this paper is different. We will follow the lines in [8, 35] and the technique involves the
use of the Galerkin approximation, local monotonicity arguments but not, as opposed to
[7], compactness argument. We shall use the result from [19, 1] for finite dimensional case
to construct a sequence of solutions of approximated equations and obtain a prior estimate
for those approximated solutions. Then we show the limit of those approximated solutions
solves the original equation by using the local monotonicity arguments.

Now let us describe the framework in more detail. Let

VcCH=H"CV*

be a Gelfand triple, i.e. (H,(-,-)y) is a separable Hilbert space which is identified with its
dual space by the Riesz Lemma, V is a reflexive Banach space that is continuously and
densely embedded into H. If v« (-, -)y denotes the duality between V' and its dual space V*,
then we have

ve{u,vyy = (u,v)y, u € HyveV.

Let (Q2,P,F, F), where F = (F;):>0, be a filtered probability space, (Z, Z) be a measurable
space, and v be a o-finite measure on it. Let

N((0,4] x B) = N((0,] x B) —tv(B), t >0, BE Z

be a compensated Poisson random measure on [0,7] x © x Z associated with a stationary
Poisson point process p (see Section 2 for more details). A typical example of N is a Poisson
random measure associated with a Lévy process taking values in a separable Banach space.
Let U be a separable Hilbert space and let us denote by (72(U; H), || - ||2) the Hilbert space
of all Hilbert-Schmidt operators from U to H. Let us assume that {W;};>0 be a U-valued
cylindrical Wiener process on the probability space (Q,P,F, F). Let P be a predictable
o-field, i.e. the o-field generated by all left continuous and F-adapted real-valued processes
on [0,7] x 2. We shall denote by BF the o-field of the progressively measurable sets on
0,7] x Q, ie.

BF={AC[0,T] xQ:¥te0,T],AN (0,1 x Q) € B(0,1]) ® F.}.
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Now we consider a type of SPDEs driven by Lévy processes of the following form:
(1.1) + f(t, X—, 2)N(dt,dz) +/ g(t, X, z)N(dt,dz),
De D

XOZI‘,

where z is an Fy-measurable random variable, A : [0, T]|xQxV — V*and B : [0, T]xQxV —
T2(U; H) are both BF ® B(V)-measurable functions, D € Z with EN((0,t] x D) < oo for
every 0 <t <T,and f,g:[0,T| xQxV xZ — H are P® B(V)® Z-measurable functions.

The main aim of this work is to establish the existence and uniqueness of strong solutions
to (1.1) under the coercivity and local monotonicity conditions. For this purpose, let us first
formulate the main assumptions on the coefficients.

Suppose there exist constants a > 1, >0, 0 > 0, K > 0, a positive F-adapted process
F and a measurable, bounded on balls function p : V' — [0, +00) such that the following
conditions hold for all v,vy,ve € V and (t,w) € [0,T] x Q:

(H1) (Hemicontinuity) The map s +— v+ (A(t, v1 + svq),v)y is continuous on R.
(H2) (Local monotonicity)
2\/* <A(t, U1> — A(t, UQ), v — U2>V + ||B(t, ’Ul) - B(t, UQ)H%

+ e Hf(tavla Z) - f(ta V2, Z)H%{V(dz) < (K + p(UZ)) Hvl - UQHI%I?

(H3) (Coercivity)

2v-(A(tv), v)v + | Bt )3 + 0oy < Fr + KlJvllF-

(H4) (Growth)

JAG 01 < (B + Kollg) (1+ [1oll)

Definition 1.1. (Solution of SEE) An H-valued cadlag F-adapted process {X;}iep,r) is
called a solution of (1.1), if for its dt x P-equivalent class X we have

(1) X € L~([0,T;; V) N L3([0,T); H), P-a.s.;
(2) the following equality holds P-a.s.:

t t
Xt::v—i—/ A(S,Xs)ds—l—/ B(s, X,)dW,
0

0
+/Ot Dcf(S,)_(s_,Z)N(ds,dZ)+/Ot/Dg(s,)_(s_,z)N(ds,dz), t€10,7).



Remark 1.1. The integrability of all terms in the above equality are implicitly required
in the definition and it will be all justified in the proof of existence of solutions. Note that
A(s, X,) is a V*-valued process according to the definition, however, the integral with respect
to ds in the above equality is initially a V*-valued Bochner integral which turns out to be
in fact H-valued.

Now we can present the main result of this paper.

Theorem 1.2. Suppose that conditz’ons (H1) — (H4) hold for F € L% *([0,T) x Q;dt x P),
and there exists constants v < 55 and C'> 0 such that for all t € 0,T],w € Q and veV
we have

(1.2) 1B(t,v)Il; + /D 1£ (8, v, 2) v (dz) < Fy+ Cllolly +llvl§;
(1.3) / 10, D520z < 2+ Clloll™

Dec
(1.4) p(v) < C(L+ [[ofl3) (L + oll7)-

(i) Then for any x € LPT2(Q, Fo,P; H), equation (1.1) has a unique solution { Xt hepo -
(i1) If g = 0, then there exists a constant C' such that

T T
15 sw EIXIE+E [ G ||Xtuvdt<c(E||x||ﬁ“ 5 [ Ffﬁ”)”dt).
0

t€[0,7] 0

(iii) If g = 0 and v is small enough, then we have

T T
(16) E(sup !\thlﬁ“) B [ Il < (Blelly +B [ 50 ar)
0 0

telo,T

Remark 1.3. (1) If f =g =01in (1.1) (i.e. Wiener noise case), then Theorem 1.2 recovers
the main result in [35]. Moreover, we improve [35, Theorem 1.1] for allowing a positive
constant 7 in (1.2), which means that the diffusion coefficient B can also depend on some
gradient term of solution in applications. We also want to emphasize that (H2) is essentially
weaker than the classical monotonicity condition used extensively in the literature (i.e. p =0,
see e.g. [43, 27, 45, 48, 46, 18]). The typical examples are the stochastic Burgers equations
and 2D Navier-Stokes equation on a bounded or unbounded domain, which satisfies (H2)
but does not satisfy the standard monotonicity condition (see Section 3 or [35, 34] for more
examples).

(2) If p=01in (H2) and § = 0 in (H4), then the existence and uniqueness of strong
solutions to (1.1) follows from the general result of Gyongy [21].

(3) If the noise is zero (or additive type) in (1.1), then the existence and uniqueness
of solutions is established in [34] by replacing (H2) with the following more general local
monotonicity condition:

ve(A(t, v1) = A(t, v2), v1 — va)y < (K +n(v1) + p(v2)) lor — val|7,



where 7, p: V — [0,400) are measurable functions and locally bounded in V.

(4) In general, the estimates (1.5) and (1.6) might not hold anymore if we have large
jumps term in the equation. However, if we assume the Lévy measure has finite moment
of certain order, then it is still possible to obtain some similar estimates and this will be
investigated in a separated work.

Remark 1.4. (1) Note that if 5 = 0 in (H4), then one can just take any v < oo in (1.2). In
this case, the assumption on B in (1.2) can be removed since it follows directly from (H3)
and (H4) (cf. [45, Remark 4.1.1]).

(2) If f satisfies the following growth condition for some fixed p > 5+ 2:

1F(t, 0, 2) |5 < h(2)P(F + Clloll%), (t,v,2) € [0,T] x V x D,

where [, [2(2)P*? + h(2)*] v(dz) < oo, then it is easy to show that conditions (1.3) and
(1.2) hold.

In particular, if f satisfying the following conditions:

1t 2) =ty 2)lm < Clle —yllullzll, t €[0,T], z,y €V, z € DY
1tz 2)l[a < CA A+ lzll)ll=ll, t € [0,T], zyeV, 2 DS,

where [ ||z]|*v(dz) < co, then (H2), (1.2) and (1.3) are all satisfied.

The rest of the paper is organized as follows: in the next section we will recall some
preliminaries on the Poisson random measure and its corresponding stochastic integral. The
proof of the main result will be given in Section 3 and some concrete examples of SPDE will
be studied in Section 4 as applications.

2 Some Preliminaries on Poisson Random Measure

As a preparation, we begin with a brief review of some terminology and results of Poisson
random measures. Let (S, S) be a measurable space, N = {0,1,2,---} and N = NU{oo}. Let
M (S) denote the space of all N-valued measures on (S, S). We use the symbol B(Mg(9)) to
denote the smallest o-field on M (S) such that all mappings i : M(S) > p+— u(B) € N,
B € S are measurable.

Definition 2.1. A map N : Q xS — N is called an N-valued random measure if for each
w € Q, N(w,-) € Mg(S) and for each A € S, N(:, A) is an N-valued random variable on
the probability space (2,P, F). We will often write N(A) instead of N(-, A) for simplicity
of notation.

Definition 2.2. An N-valued random measure N is called a Poisson random measure if

(1) for any B € S provided E[N(B)] < oo, N(B) is a random variable of Poisson distri-
bution with the parameter n(B) = E[N(B)];
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(2) for any pairwise disjoint sets By, --- , B, € S, the random variables
N(By), -+, N(By)
are independent.

Let (Z,Z) be a measurable space. A point function « on (Z, Z) is a mapping « :
D(a) — Z, where the domain D(«) C (0,00) of «r is a countable subset. Let Iz be the set
of all point functions on Z. For each point function, we define a counting measure N, by

No(U) :=t{s e D(a): (s,a(s)) €U}, UecB((0,0))®Z.

Denote by Q the o-field on II; generated by all the subsets {a € Il : N,(U) = k},
UeZ k=0,1,2,---. A function p : Q — Il is called a point process on 7 if it is
F/Q-measurable. Let p be a point process in (IIz, Q). Analogously, we may define for every
w € €1, the counting measure N, associated with p by

(2.1) Ny(U,w) = t{s € D(p(w)) : (s,p(s,w)) € U}, U € B((0,00)) @ Z.

In particular, we have

(2.2) N,((0,t] x A,w) =t{s € (0,t) N D(p(w)) : p(s,w) € A}, AcZ, 0<t<T.
It is also useful to introduce the shifted point process 6;p defined by

(6:p)(s) = p(s +1), s > 0;
D(Op) = {s € (0,00) : s+t € D(p)}.

and the stopped point process «a;p defined by

(aip)(s) = p(s), for s € D(ap);
D(aup) = (0,t] N D(p).

Definition 2.3. A point process p is said to be finite if EN,((0,¢] x Z) < oo for every
0<t<T.

A point process p is said to be o-finite if there exists an increasing sequence { D,, } nen C 2
such that U,D,, = Z and EN,((0,t] x D,,) < oo for all 0 < ¢ < T and n € N.

A point process p is said to be stationary if for every t > 0, p and 6;p have the same
probability laws.

A point process p is said to be renewal if it is stationary and for every 0 < ¢t < oo, the
point processes a;p and 0;p are independent.

A point process p is said to be adapted to the filtration F if for every ¢t > 0 and A € Z,
its counting measure N,((0,t] x A) is F;-measurable.

A point process p is called a Poisson point process if N, () defined by (2.1) is a Poisson
random measure on ((0,00) x Z, B((0,00)) ® Z).



Remark 2.1. It can be shown that if a point process p is o-finite and renewal, then N,
defined by (2.1) is a Poisson random measure (cf. [31, Theorem 3.1],). It is easy to verify
that a Poisson point process is stationary if and only if there exists a nonnegative measure
v on (Z, Z) such that

(2.3) EN,((0,] x A) = tv(A), t>0, A€ Z.

In such a case, we say that the Poisson random measure N, is time homogenous. At this
point, it should be mentioned that, in the literature, some authors may use the above
property (2.3) as an alternative definition of stationary property of a Poisson point process.
In fact, this is consistent with our definition of a stationary point process here.

Let ML(P® Z,dt x P x v; H), q € [1,00), be the space of all (equivalence classes of)
P ® Z-measurable functions f : [0,T] x Q x Z — H such that

(2.4 B[ [ 15t 2liiazyis <o

Let M7 (P® Z, N; H) be the space of all P® Z-measurable functions f : [0,T]xQx 2 — H
such that

(2.5) IE/O /ZHf(s,-,z)HHN(ds,dz) < 00.

Here fOT S, I1f(s,-,2)|gN(ds,dz)(w) is understood to be the Lebesgue integral w.r.t. the
measure N (-, -)(w) for every w €  and is equal to the convergent sum (cf. [29]),

// 1f(s 0, 2)aN (s, dz) = S [1£(5,w,p(s,0)ln

s€(0,TIND(p(w))

It should come as no surprise that if f : [0,7] x Q@ x Z — H is a B([0,T]) ® Fr ® 2-
measurable function and EfOT S, 1f (s, 2)|laN(ds, dz) < oo, then for every w € Q, f(-,w,")

is B(]0,7]) ® Z-measurable and fOT S, 1f(s,w, 2)|[[aN(ds,dz)(w) < oo, P-a.s., hence for
almost all w € Q, f(-,w,-) is Bochner integrable with respect to N(ds,dz)(w) and we have
for every t < T

(2.6) /Ot/Zf(s,w, 2)N(ds,dz)(w) = SG(OJ%@(UJ))f(s,w,p(s,w)), P-a.s.

Now we state some important properties of the stochastic integrals w.r.t. the compen-
sated Poisson random measures for further reference. Proofs of these properties and detailed
discussions can be found in [29] (see also [6, 49, 56]).

Proposition 2.2. Let f e M%(P® Z,dt x P x v; H).
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(i) The stochastic integral process f(f [, f(s,-, 2)N(ds,dz), t € [0,T] is a cadlag 2-integrable
martingale. More precisely, it has a modification which has cadlag trajectories;

(ii) The following isometry property holds:

(2.7) E||//f - dsdz||H_E//||f 5. 2) 2 p(da)ds, te (0,T];

(111) [fD € Z with E(N((0,t] x D)) < oo, then for every t € [0,T], P-a.s.,

//f,, Nds,ds) = 32 (sl //f v(dz)d

€(0,4jnD(p

(w) If fe MA(PRZ,dt xPxv; H)NME(P® Z,dt x P x v; H), then we have for each
t €[0,7], P-a.s.

(2.9) //f N(ds,dz) = Z f(s,-,p(s) //f v(dz)d

€(0,ND(p)

Remark 2.3. (1) We may extend the stochastic integral to P ® Z-measurable functions
f satisfying

T
/ / (s, 2)||3v(dz)ds < oo, P-a.s..
0 Jz

In this case, the stochastic integral process fg /; f(s,-,2)N(ds,dz), t € [0,T] is a
cadlag 2-integrable local martingale and for every stopping time 7 < T', we have

//f,, N(ds, dz) //1[OT 5.+ 2)N(ds, d2).

(2) From now on when we talk about the stochastic integral process
fo [, f(s,-,2)N(ds,dz),t € [0,T], we implicitly assume that the stochastic integral
process has cadlag trajectories, unless stated otherwise, in which case, the stochasti-
cally equivalence coincides with the P-equivalence.

(3) For Banach spaces martingale type p (1 < p < 2), one has, instead of the It6 isometry
property (2.7), the following continuity property (C, is some constant):

E||/ /f,, dsdsz<(JE//Hf,, v (dz)ds

(4) Even though there are close connections between predictable processes and progres-
sively measurable processes, the predictability requirement of the function f in Propo-
sition 2.2 (iii) and (iv) is necessary. In fact, one can find a progressively measurable
but not predictable function such that identities (2.8) and (2.9) no longer hold (cf.
[56]).



One should note that another important and widely used class of Poisson random mea-
sures are the one associated to a Lévy process, which is actually a special type of Poisson
random measures associated to a Poisson point process as we discussed before. More pre-
cisely, let L := (L;)>o be an Z-valued Lévy process (in this case Z need to be a separable
Banach space). Without loss of generality we may always assume that the Lévy process L
is cadlag, even if we don’t impose the cadlag property in the definition of a Lévy process,
see e.g. [13, Theorem 16.1]. Hence, for every w € 0, L.(w) has at most countable number of
jumps on [0, ¢]. So it is easy to see that for every w € €,

AL (w):[0,00) = Z; ALg(w) := Ls(w) — Ls—(w)
is a point function in (Z \ {0}, B(Z \ {0})). Let us define
(2.10) N(A,w) =f{s € (0,00): (s, ALs(w)) € A}, A€ B((0,00)) ® B(Z\ {0}), we Q.

By the definition of a point process, it is relatively straightforward to show that AL :
Q — Il is F/Q-measurable. This means that AL is a point process. Since the Lévy process
L has independent and stationary increments, one can show that the point process AL is
stationary and renewal. Obviously, by taking D, = {z € Z : ||z > 1}, we find that the
point process AL is o-finite. On the basis of Remark 2.1, we know that N defined by (2.10)
is a stationary Poisson random measure with a nonnegative measure v(-) such that

EN((0,1] x A) = tv(A), t >0, AeB(Z\{0}).

In such a case, NV is called the Poisson random measure associated to the Lévy process L.

3 Proof of The Main Theorem

3.1 Without large jumps

First of all we note that since v(D) < oo, for almost all w € Q, the set
{s€ (0, TIN D) : pls,w) € D)

contains only finitely many points. Hence we may denote these points according to their
magnitude by

0<n(w) <mw) < < Tplw) <---
In other words, we put

71 = inf{s € (0,00) N D(p) : p(s) € D} AT}
Tm = Inf{s € (0,00) N D(p) : p(s) € D;s > Tp1} AT, m > 2.

The random times 71, 7, - - - form a random configuration of points in (0, 7] with p(r;) € D
and it is a sequence of jump times of the Poisson process N(t, D), t € [0,T]. So, it is easy to
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see that 7,, T T as m — oo P-a.s. and for each m, the random time 7, is a stopping time.
Indeed, for every u > 0, we have by definition

{7m <u} ={N(u,D) > m} € Fu.

Note that since fg 9(s, Xs_,2)N(ds,dz) = 0fort € [0,71), the equation (1.1) can be rewritten
into the following type of equation on the interval [0, 7):

31) dX; = A(t, X,)dt + B(t, X)) dW;, + [ f(t, X,—, 2)N(dt,dz2),
. Dc

X():l'.

Actually, by means of interlacing procedure (which will be introduced in Section 3.2), for

the proof of Theorem 1.2 it is sufficient to show the existence and uniqueness of solutions to
(3.1).

Theorem 3.1. Under the same assumptions as in Theorem 1.2, for every x € LP*2(Q, Fy,P; H),
there exists a unique cadlag H-valued F-adapted process (X;) such that

(i) the following equality holds P-a.s.:
(3.2)
¢ - t .
X —x—i-/ A(S,Xs)d8+/ B(s, X,)dW, +/ f s, Xs_,2)N(ds,dz), t € [0,T],
0 0
where X € L*([0,T] x Q,dt xP; V)N L2([0,T] x Q, dt x P; H) and it is dt x P-equivalent
to X;
(i1) we have

T T
sup BN +E [ 1% ||Xt||vdt<c(Eux||ﬂ“ B [ Fﬁ“)/?dt).
0

t€[0,T] 0

The proof of Theorem 3.1 is divided into three steps. Assume that {ej,es,---} C V
is an orthonormal basis of H such that span{ej,es, - -} is dense in V. Denote H,
span{ey,--- ,e,}. Let P, : V* — H, be defined by

Py = ZV*<y7€i>Veia yev:.

i=1
It is easy to see that P, |y is just the orthogonal projection onto H,, in H and we have
v (P A(t,u),v)y = (P At u),v)g = v+ (A(t,u),v)y, u € Vv € H,.

Let {g1, g2, - - } be an orthonormal basis of U and

n

Wt(n) = Z<Wt7gl>Ugl = anta

i=1

11



where P, is the orthogonal projection onto span{gi, - ,gn} in U.
For each finite n € N, we consider the following stochastic equation on H,:

dX™ = PA(t, X™)dt + BB, XM dw ™ + / Pof(t, X{", 2)N(dt, dz),

(&

(3.3)
x\" = p,a.

According to [19, Theorem 1] (cf. also [1, Theorem 3.1]), (3.3) has a unique strong
solution of the form

t
(3.4) x™"=p x+/ P, A(s, X(”))dt+/ P,B(s, X™)dw ™
0

//CPfSXs@v 2)N(ds,dz), t€[0,T].

In order to construct the solution of (3.1), we need a priori estimate for X ™.

Lemma 3.2. Under the same assumptions as in Theorem 1.2, there exists C' > 0 such that

T
sup ( sup BIXE 4B [ IXO 175 a)
0

neN ¢€[0,T]

T
<C (E||x||5+2 / Fﬁ”)”dt).

Proof. For any given n € N, we define
o) =inf{t > 0: | X"y > R}AT.

(3.5)

Since the solution (Xt(n))ogth is right continuous and F-adapted, 7'1(%")

for every R € N. Moreover, since the trajectories t Xt(") (w) are right continuous with
left limits P-a.s., the process X (™ is bounded on every compact intervals, hence we see that
W4T Pas. and P{r() < T} =0as R — oo,

For the simplicity of notations we take p = § 4 2. By applying the It6 formula (cf. [39])

to the function || - [|%, and the process xm

is a stopping time

we have
X =X 1 + pp — 2) / X (P B (s, X By X s
# 2 X1 (20 (A X)X+ |PBGs, XA d
+ tpuxé@uz’ﬂxs_ PB(s, X)W )
/ | X1 X P X, 2V s, d)
w ]IS+ Pt X2~ X1

— P XU X Pf(s, X 2)) | N(ds,d2), € [0,T).

12



Then conditions (H3) and (1.2) give
w20 [
X0+ 5 [ I s
t
<lelly + oo —2) [ (CIXII + Fu IXP I+ XD X5 ds
t
2 [ EIXO I+ XN ds + V() + 200 + 1)
0
where,

t
Y(t) = / Pl XX ™ P B(s, XM)AW ™)
0

t
= [ ] X P X )V s,

-1,

— | XX P f (s, XU 2)) | N (ds, dz).

1X5 4+ Pof(s, X, 2) |2 — | X1,

Note that | X\ ||z < R, for t < TR Since X" takes values in the finite dimensional space
H,,, there exists a constant C' such that

IX™M|y <CR, t <7,

Hence by (1.2) we have

(n)
n)2(p—1 n
E / 1X 200 Bls, X2 ds < oo
0

/ / IX PR (s, X, 2)[1 v(dz)ds < oc.

Therefore, the processes Y, () and 7, () are martingales. Denote, for notational simplicity,

(n)

the stopped process X prle) etc again by X ) etc. Then by Young’s inequality and martingale

property we have

B + (1~ vl -2 E [ IXO1 X0 s
0

<E||z|P, + (JE/ (X2 + FP?) ds + EI(t),
where C' is some constant.
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The Taylor formula implies that for some constant C, (p > 2) we have
BT [l + bl — ol — pllall @ by < Gl IRl + IBI%), =,k € Hy.
In particular, if p = 2, the above inequality can be replaced by the equality with C), = 1, i.e.
[l + hllz = el — 2(z, hyu| = |RlF, for all w,h € H,.

Then it follows from (1.3) and (3.7) that

s ],

= DX (X, P f (s, XX, 2) | N (s, d2)

=[],

=PI XX, P (s, X0, 2)) n|p(dz)ds

X5 + Puf (s, X2, 2) | = 11X

IXEV + Puf (s, X, )|y = I1XE

(3.8)

< CB [ IXO 76X, ) s+ CE [ 1705, X0, 2) s

<cm [ (R4 Ix00) ds
0

where C' is some constant may change from line to line.
Combining the above estimates we get

B + (5w - 2) B [ 1IX01 10

§E1|x|\¢,+01@/ (1X |, + FP12) ds,

where C' is some constant.
By Gronwall’s lemma we have

T/\T}(%) T
BIX 1 +E [ X0 IXOlds < (Blelly +B [ FRds) nz 1

Here the constant C' is independent of n and the stopping times TR . Therefore, applying
Fatou’s lemma yields the desired inequality (3.5). O

If we assume the same assumptions as for Theorem 1.2, but with the condition (1.3)
replaced by a weaker assumption

2 B+2)/2 2 a
(3.9) /D 1t v, )52 v(dz) < FP22 4 Clloll 57 + Aol ol
we arrive at the following Lemma.
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Lemma 3.3. There exists a constant o such that if (3.9) is satisfied with v < 7o, then we
have

sup (E sup X752 + / X5 1 )

neN te€[0,7
T
<C <E||;c||f3+2 / P’tw“)/?dt).

Proof. Let p = f + 2 as before. By (3.6), (H3) and (1.2), we find

(3.10)

pe t/\ng) 5
sup XN+ 5[ X s
SE[O,t/\T(Rn)] 0

tAr{

n n n)||p—2 (n)|p—2 (n) ||
<l|zl% +p(p—2) (CIXINE + Fo- [1IXN5 2 + A X521 X5 ds
0
/\T(n)

t R
[ IO B X0 ds+ B0 + B + B
0
t/\T}(%n) )
<l +p(p - 2) / IX O] X0 [ ds
0

p
+2

t/\T}(%n)
+0/ (IXE5 + FP/2) ds + Li(t) + L(t) + I3(t),
0

where C' is some constant which may change from line to line, 7'](%") are the stopping times
defined in the proof of the proceeding Lemma and

L(t) = p | IXO 0 2B, X)W )y
TG[Ot/\‘r(n)

I(t) = p / [ X0, P (5, XL, 20) (s, d)|
T‘E[Ot/\7'<n ¢

= s | [ [+ Rt X020 - X
€0, tnTy" ¢

= DI XU X, Paf(s, X, 2)) | N(dz, ds).

On the basis of the Burkholder-Davis-Gundy inequality, (1.2), Cauchy-Schwartz inequal-
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ity and Young’s inequality, we have for any ¢ > 0,
(3.11)

EL(1)

=pE sup
relo, t/\T(n)]

/ | XM P2 (x ™ P, B(s, X" dW ™)

t/\’r<n> 1/2
<3 © X2 B(s, X)||2d
<3p I XM B(s, XM ||3ds

0

- 1/2
(n)
t/\TRn

<spB | s X ([ IXO (B GO+ A1) ds)
0

sG[O,t/\TgL)]

<3p

\_/

1/2
eE sup I\Xﬁ")H%]

s€[0,t]

(n) 1/2
1 TR n n
([ IR (P CIXE X 17) ds ]

(n)
IAATR
B sup X0+ CLB( [ KO (B G+ X0 ) ds)
SG[O,t/\TI(%n)] 0
t/\’rl(%n)

<E sup [ XP| +4C.,E / X2 X5 ds
0

SG[O,t/\TI(%n)]

(n)
15/\7'R
L CLE / (IX|2, + Fr/?) ds.
0

Similarly, using the Burkholder-Davis inequality (cf. [28]), (1.2) and Young’s inequality we
have

(3.12)

EL(t)

X )|p-2 X@,Pnf S,X(ﬁ),z nN(ds,dz
0 s H S s

=pE sup
TE[O,t/\T(n)]

N

< CE / / X ||2P2|Pnf<s,X§">,z)||zv<dz>ds]

1
e 2
R

<CE| swp [X"|} (/ XN (s + CIXE T + 11X 15)d )
SE[O t/\7'<n} 0
(n)

t/\7’R
<cE sup  ||X™P, +c€,pE(/ X2 (Fy+ 1 X3 + 21X M) ds)
0

sE[O,t/\Tg”}
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t/\TI({w
<eE sup X2 +4Co B / IX O[22 X0 ds
0

SG[O,t/\TZ(?")]
t/\TgL)

+OE,pE/ (| X8, + FP/2) ds,
0

where C, , is not necessarily the same number from line to line.
For the term I3(t), by (3.9), (1.2) and (3.7), we have

t/\TR
(3.13) EI(t) <E / /

= pIX (X, Paf (s, XL, 2) | N (ds, d2)

o

= PIXE PR, Pf (s, X0, 2)) v (d2)ds

X5 4 P f(s, X, 2) |15 — 11X s

IXE + Puf (s, X, )y = I1XE

tnri)
<GE [ [ (1K, X )+ 1 X ) )2 ds
0 c
t/\TI(%n) ) t/\‘rl(%n) /2
<HGE [ IXPBPIXO s+ GE [ (R 4 X0 as

Combining the estimates (3.11)-(3.13) we get

E(11(t) + L(t) + I3(1))
t/\‘l'l(%n)

<2E sup | X" Hp +705p]E/ HXs(n)H HX 5ds
SG[O,t/\TI(% >] 0
t/\Tgl) T
s8 [ X+ [ R
0 0

Let ¢ = %, then we have

(n)
1 0 tATR -
S s X+ (B -mG)B [ O g
3 sel0,tnTV] 2 0
t/\TgL) T
<Ellolly + o [ I1XIlds + CoE [ F2%as,
0 0

where C is some constant.
Observe that | X{" ||z < R, for s < 7'](%"). Then we see that the right hand side of the
above inequality is finite. Therefore, if 7 is small enough (e.g. v < 7o : 6C %), we may apply
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Gronwall’s lemma to get

TArGY T
E  sup ||Xt(”)||%+E/ X5 IX P 5ds < © (EHIH% +E/ Fsp/2d8) =1,
0 0

te[0,TATY]

where C is a constant independent of n. Recall that 7'1(%") T, P-a.s. and P{T](%n) <T}=0
as R — oo. It then follows from Fatou’s lemma that

T
n n —2 n)|l«
E sup [|X")% +E / X022 X 2. ds
t€[0,7) 0

T/\T}(%n)
<lminf (B s XL+ B / X2 X ds
0

R
e te[0,TATY]

T
<C <E||X0||I;, +IE/ F§/2ds) , forall n > 1.
0

This completes the proof. O

For the simplicity of notations, we introduce the following spaces:

K = L*([0,T] x Q,dt x P;V);
K* = La1([0,T] x Q,dt x P;V*);
J = L*([0,T] x ©Q,dt x P; T,(U; H));
M=MELP® Z,dt x P x v; H).
Lemma 3.4. Under the same assumptions as in Theorem 1.2, there exists a subsequence
(nx) and an element X € K N L>([0,T]; LP(Q2; H)) such that
(i) X™) — X weakly in K and weakly star in L>([0,T]; L?(Q; H));
(ii) Y .= P, A(-, X)) — Y weakly in K*;
(iii) Z™) .= P, B(-, X"™)) — Z weakly in J and

/ P, B(s, X" dw ) — / Z,dW,
0 0

weakly in L>=([0,T],dt; L*(,P; H));
(iv) F™) .= P, f(-, X" Y1pe — Flpe weakly in M.

Proof. Applying Lemma 3.2 with p = 2(i.e. = 0) we have
T
(3.14) supE/ 1X|dt < oo.
n 0

Since the space K is reflexive, we can find a weakly convergent subsequence {X ™)} and
X € K such that X converges to X weakly in K.
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Similarly, since L([0,T]; LP(Q; H)) = (L*([0, T]; L¥-1(€; H)))*, by the Banach-Alaoglu
theorem, (3.5) allows us to get another weakly star convergent subsequence ( for simplicity
we still denote it by the same notation {X™)}) and X € KN LP(Q; L=([0,T]; H)) such that
assertion (i) holds. Meanwhile, by (H4) and (3.5) we have

vedt

T
supE / IA(E, X))
n 0
T
<supE / (F + CIX @) (1 + 11X 18 at

T
<C'supFE / (mux 15+ F 5+ X152 4+ x5 X Hv)t
n 0

<.

Therefore, claim (ii) also holds.
Also, note that by (1.2)

T
supE / 1P, B(t, XY 2dt
n 0

T
<swE [ (Rt CIX + 41X ) dt < .
n 0

Hence by taking a subsequence we have that P, B(t, Xt(”’“)) converges to Z weakly in J.
Recall that P, is the orthogonal projection onto span{gs,--- ,¢g,} in U, one may assume

P, B(t, Xt(”k))lf’n also converges to Z weakly in J without loss of generality. Since

/ P,B(s, X")dW™ = / P, B(s, X" P, dW,
0 0

and weakly convergence is preserved under the linear continuous mapping
[igegm I(¢) = /¢ AW € L2([0,T] x ©: H),
we know that

/ P, B(s, X)) P, dW,
0

converges weakly to [; Z,dWj, i.e. (i) holds.
Similarly, by (1.2) we have

T
supE/ / ||Pnf(s,XS(T_l),z)||fqy(dz)ds
n 0 c

< sup / (F + CIIXO|Z + ) X 3) ds
n 0
<00,

which yields claim (iv). O
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Proof of Theorem 3.1. Existence of solutions: Now we define a V*-valued process X by

t t t
(3.15) X = Xo +/ Y.ds +/ Z dW, +/ / F(s,2)N(ds,dz), t € [0,T].
0 0 0 JDe

By Lemma 3.4, it is easy to see that X is a V*-valued modification of the V-valued process
X,ie. X =X dt x P-a.e. in V. Moreover, we have

T
sup E|| X% +]E/ (| X5 dt < oc.

t€[0,T]

By [20], we know that X is an H-valued cadlag F-adapted process satisfying

t t
B16) Xl =Xl + [ (20 Ve Ky 1Z2JB)ds+ 2 [ (X ZaWe)
0 0

+2/Ot/C(XS,F(5,2)>HN(d5,dz)+/Ot/c | F(s,2)||3 N (ds, dz).

Therefore, it remains to verify that

A X)=Y, B(wX)=2, dt xP—a.e;
and f(s, X, ,2) = F(s,2), dt xPxv—a.e..

Define

T
= {qb : ¢ is a V-valued F-adapted process such that IE/ p(ps)ds < oo}.
0

For ¢ € KNN NL>([0,T); LP(); H)), by applying the Ito formula to the process X ™), see
[50, proof of Theorem 4.1] we have

e~ f()t(K+p(¢s))d5||Xt(nk) ||§{
t
X1 + [ e—f5<K+P<¢r>>df(zw<A<s,X,S"w),xiz%
0
1Py Bls, X By 2 (K + p<¢s>>||xg“k>||z)ds}
t
_|_2/ f(K+p(¢r))dT<XS(T_lk)7p B(s, XM dW™)

+2// e — J5 (K+p(¢r) dr< nk Pnkf(s XSTC)7 ))HN(ds,dz)

¥ / [ e (s, X0 )]V (ds, d2)
0 C
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Then by taking the expectation to both sides and (H2) we get

E (e hocerens x| )k (151

t
:]E{/ e Jo (K+p(¢r))dr (QV* <A<S7Xs(nk)),Xs(7ik)>V
0
1P B, XY Py 12— (K + p(ass))ux,snwnz)ds}
t
+E| / / e BN B f(s, X, 2) v (dz)ds|
0 c

t
§E|:/ e fOS(K—Fp(QST))dT (QV* <A(S7 ngnk)) - A(S7 ¢S))X§nk) - ¢S>V
0
+ |1 B(s, XI'™)) = B(s, ¢s)[15 — (K + p(¢)) IXI — o413

w1 X2) = S0 vla) ) as)

*EU te_f;(mp(@”d”(QV*<A<S,X§"k>>—A(s,¢s>,¢s>v+2v< (5, 65), X))y,
0
—|IB(s, 8|12 + 2(B(s, X)), B(s, 63)) 1) — 20K + () (X", )i

U oo+ [ R0 X2, 60 = 15,002 vld) )]

S]E[ / o s () (2V*<A(s,X§”k>) = A(5,9): Go)v + 20+ (A(s, 65), X"y
0
1B (s, B + 2AB(s, X), Bls. 6w — 2K + plg )X, 6.
U oo+ [ (R0 X2, 00 = 1556002 vid) s

Hence for any nonnegative function ¢ € L*([0,T]; dt) we have

T
E {/ % <€*fo(K+P(¢s))dsHXtH%I o HXOH?{> dt:|
0

T
<liminfE {/ Wy <€— fo(K+p(¢s))ds‘|X§Nk)’|l2r{ . ||X(()nk)||§-1) dt]
0

k—o0

T t
snminﬂa[ / @m( / e-fos<f<+ﬂ<¢r>>d*<2V*<A<S,X§“k>>—A(s,¢s>,¢s>v
0 0

k—oo

(3.17)
+ 2p+ (A(s, ), XUy — || B(s, 65)[[3 + 2(B(s, X)), B(s, ¢s)) a0,
— 2(K + p(¢p ) (X o) i + (K + p(¢:))||ds]|%

" /D (2(f(5, X, 2), (5,05, 2))mr — | £(s5, 00 2)|[3) V<dz>)ds>dt]
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T t
:E[ / wt( / o~ S5 oo (mm A5, 62), 62 + 2 (A5, 62), Kby
0 0 ~
B, 6,12 + 2070, B(s, 6.y miouany — 20K + p(62)) (Xos b

=+ p0 D0+ [P, 5002 1500 u(dz))ds)dt].
On the other hand, by (3.16) we have for ¢ € K N M N L*([0,T]; LP(2; H)),
(3.18) E (e RO |2 ) — B (|1 Xo]%)
| [ e tiessent (. (v, Ko + |21
0
— (K + oI+ [ IFG, z>||%{u<dz>)ds].
DC
Combining (3.18) with (3.17) we have
T t s _ _
E[ / wt( / R (gv* (Y — A(s,60), X — d)v — (K + p(@)|Ks — Ssl1%
0 0

(3.19)
B0 = ZE+ [ 17(6.002) - Fls, z>|rHu<dz>)ds)dt} <0

Therefore, if we take ¢ = X in (3.19), we obtain that Z = B(-, X) in J, F(-,-) = f(-, X
in M.
Note that (3.19) also implies that

T t
E{ /0 " ( /0 o <2V* (Y, = A(s. 6,), Xy — b5y

(3.20) — (K + p(60))|| X — ¢S||§{)ds) dt} < 0.

")

If we take ¢ = X — edv in (3.20) for ¢ € L=([0,T] x Q;dt x P;R) and v € V, divide

both sides by € and let ¢ — 0 , then we have

T 6 ) )
E[/ wt(/ e~ Jo (Ktp(Xr)dr (2¢sv* (Yy — A(s, Xs)7U>V) ds) dt} <0.
0 0

Then the claim Y = A(-, X) follows immediately.

Therefore, the process X = {X;}>0 is a solution to (3.1). Furthermore, the estimates

(1.5) and (1.6) follows directly from Lemma 3.2, 3.3 and 3.4.
Uniqueness of solutions: We finally proceed with showing the uniqueness of solutions

(3.1).
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Suppose X;,Y; are the solutions of (3.1) with initial conditions X, Y, respectively, i.e.
(3.21)
t t t N
X, = Xo +/ A(S,Xs)d8+/ B(s, X,)dW; +/ f(s, X5, 2)N(ds,dz), t € [0,T];
0 0 0 JDe

t t t
Y=Y, —i—/ A(s, Yy)ds —i—/ B(s,Ys)dW; +/ f(s,Y._,2)N(ds,dz), t € [0,T].
0 0 o Jpe

We define the following stopping times:
on :=inf{t € [0,T]: || X¢||g > N} Ainf{t € [0,T] : |Ye|]|lg > N} AT.

Applying again the Schmalfuss [50] trick, by means of the It6 formula (3.16) we have

tho
e o IO N = Yino Il — 10 = Yol

tAoN
:/ e Jo (K+p(Yy))dr <2V* <A(S,Xs) i A(S, Y;), X, — sz>v
0
+[|B(s, X,) — B(s, Yy)|l3 — (K + p(Y))[| X — Ys||?{) ds
tAoN s

+ 2/ e~ JoKtpY)dr x Y B(s, X, )dW, — B(s, Y)dW,)y
0t/\O'N R ~

1 / / e TR (X Y f(s, X, 2) — (s, Yo, 2)) N (ds, d2)
O c

b [ [ e B X, 2) s Yen, 2 Vs, ).
0 .
It then follows from (H?2) that
E [en b7 U008 X, V|2 ] — B X - Yoll3
tAoN
:]E{/O e~ Jo (K+p(Yr))dr (QV*(A(S,XS) —A(s,Y,), X, — Yoy
+[1B(s, X5) = B(s,Y5)[l3 — (K + p(Y) | Xs = Yl
# [ A6 Xen ) = f(s Yo ) (a9 a
<0. ;
Hence if Xy =Y} P-a.s., then
E [e_ngUN(K+p(Ys))ds||Xt _ YtH?J] —0, tel0,7].

Note that by (1.4) and (1.5) (see Lemma 3.2) we have
T
/ (K + p(Yy))ds < oo, P-as..
0

23



Therefore, by letting N — oo (hence oy T T') we have that X; =Y;, P-a.s.,t € [0,7]. Then
the pathwise uniqueness follows from the path cadlag property of X,Y in H.
This completes the proof of Theorem 3.1. m

3.2 With large jumps

Let 7 be a stopping time such that 7 < co a.s.. We define

W (t)=W(t+1)—W(r);
p’(t) =p(t+7),t €D(p),

where D(p”) = {t € (0,00) : t+ 7 € D(p)}. Let F] = Fiyr, t € [0,T]. The following result
is a direct extension from Theorem 116.4 and I116.5 in [29].

(3.22)

Proposition 3.5. The process W7 defined by (3.22) is a cylindrical F] - Wiener process and
p” is a stationary F] -Poisson point process with the intensity measure v.

Clearly W7 is independent of F. and W7, p" enjoy the same properties as W, p.

Corollary 3.6. Let 7 be a stopping time on [0,T] and X, be an F.-measurable random
variable. Under the same assumptions as in Theorem 1.2, there exists a unique cadlag H -

valued F-adapted process (X;) and a process X € L*([r,T); V)N L*([r,T); H), P-a.s. which
18 dt x P-equivalent to X such that the equality holds P-a.s.:

(3.23)
t t t
X, =X, +/ A(s, X,)ds +/ B(s, X,)dW, +/ f(s,Xs_,2)N(ds,dz), t € [r,T).
T T T De
Moreover, if X, € LPT2(Q, F,,P; H), then we have
X e L([n,T) x Q,dt x P; V)N LPT2([7,T] x Q,dt x P; H).

Proof. We first assume X, = h € H, then it is obvious that X, € L°2(Q, F, P; H).

Let N7 be the compensated Poisson random measure associated to the Poisson point
process p”. As an immediate consequence of Theorem 3.1, there exists a unique (F; )-adapted
H-valued cadlag process X™" such that

t t
XM Zh 4 / Als + 7, X7V ds + / B(s + 7, XM dWT
0 0
t
—l—/ f(s+T, X'ST’_h,z)NT(ds,dz), t € 0,7,
0 Dec

where as before X" is the dt x P-equivalent class of X™". Indeed, this follows along the
same lines of the proof of Theorem 3.1 in such a way that all computations involving the
expectations are replaced by conditional expectations with respect to F,.
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Since for any h € H, the solution X;" is a measurable function of h, by replacing h with
the F,-measurable random variable X, where X, W7 and p” are mutually independent,
we obtain an unique solution X7 satisfying

t t
X =X, + / A(s+7,X])ds + / B(s+ 71, X])dW!
0

0
t
[ [ s 98 s, te T
0 De

Set X, := X[ _, then it is straightforward to see that X is the unique solution to equation
(3.23) with initial condition X. O

For convenience, we use X’ ,(£), t € [0,T] to denote the solution to equation (3.23) on
[0, 7] with initial condition £ at time 7 and X (x), t € [0,7] to denote the solution to
equation (1.1) on [0, 7] with initial condition z at time 0.

Theorem 3.1 tells us that equation (3.1) with initial condition x at time 0 has a unique
H-valued cadlag solution X' := (X{,(2))ejo,r) on (0,77, that is

Xgu(o) =+ [ Al Ky o)ds+ [ Bls, X, ).
0 0
+/ f(s,)_(é,s_(x),z)]v(ds,dz), t €[0,T].
0 Dec

Here X{ (z) € L*([0,T] xQ,dt xP; V)N L*([0, T] x Q, dt x P; H) and it is d¢ x P-equivalent to
X.(z). Recall that {7, } are the arrival times for the jumps of the Poisson process N(t, D),
t € [0,7]. Now we may construct a solution to (1.1) on [0, 7] as follows:

Xou(x) = X(’)’t@), for 0 <t <
0.4T) = Xom_ (@) +g(11, X1, (2),p(11)), fort=r.

We note that since the process X (), € [0,7] has no jumps occurring at time 71, we infer
Xojm-(7) = Xg,, (7)) = Xg ., (7). Set Xo,(x) = X, (x) on [0,71]. Then it is easy to see that

> 0,71 —
Xo+(z) is dt x P-equivalent to X () on [0, 7). Hence we have

XO,Tl (.CE) = X(,),Tl—(x) + 9(7—17 X(l);rl—(x)ap(’rl))
. / CA(s, X5, (2))ds + / " B(s, Xy, (x)dW,
0 0
+ / [ #s K (), )N (ds, dz) + g(r, Xy (2),p(7)
0 Dc
=x+ A(s, Xoys(x))ds + / B(s, X’o,s(x))dWs
0

+ /On De f(s, Xos—(x),2)N(ds,dz) + g(r1, Xor—(2), p(71)).
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Also, since 7y is the time at which the first jump of the process N(t, D), t € [0, T] happened,
we infer

t _ 0, te[0,m),
[ [t Fowomasar ={ s o, 1S

It follows that for ¢ € [0,71] we have

Xo(2) —x—i-/o A(S,Xo,s(m))ds+/ B(s, Xos(z))dW,

+/Ot | (s Koun(2).2) N 02) + // 5, Xo,s(x), 2)N(ds, dz),

which shows that the process Xy () is an H-valued solution to the equation (1.1) on [0, q].
Since the valued of g(-, X, -) at time 7; depends only on the valued of X, _ strictly prior
to the time 7y, the uniqueness of the solution X{ () on [0, 7;) implies the uniqueness of the
solution Xg¢(x) on [0, 7).
Next, let X7 ,(Xo (7)) be the unique solution to the equation (3.1) with initial condition
Xor (x) at time 7, then there exists a d¢ x P-equivalent class X/ ,(Xo, (2)), t € [11,T]
satisfying

Xammw»:%aw+/wagum@mw+/B@X@mmumme

T1

+ /t f(s X;ls (X07T1(x)),z)N(ds,dz), ten,T).
DC

We define
Xo+(z), for 0 <t <
Xo(z) = X;l +(Xo, n( ) for 71 <t < 7o;
X7/-1 To— (Xoﬂ'l( )) + 9(7_2’ Xn To— (XO,H (J])),p(TQ)), for t = T2,
and

Ko lx) = Xojt(x), for t € [0, 7];
0.41% X;l (Xon (), forte [m,m.

It is easy to see that Xg.(x) = Xo4(z),dt x P on [0, 7). Then we have for t € (11, 7),
Xou(x) = X7, ((Xom (7))

=z + A(s, Xo,s(7))ds + /T1 B(s, Xo4(z))dW,

T1

—+ S X()s ( ) )N(dS dZ)‘i‘g(leXOTl ( )p(Tl))

0 D¢

f(
+/A@xwwm<m®+/B@X@wmumme

T1
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[ 16 (Ko (a), ) Vs, )
:x+/0 A(s,)_(07s(x))ds+/0 B(s, X{ ,())dW,
+/0 DCf(s,Xo,s_(x),z)]\Nf(ds,dz)—|—/0 /Dg(s,X(Ls_(x),z)N(ds,dz).

As we known that X7 (Xo-,(z)) = X7, (X0 (7)), a similar argument as above gives

Xony(2) =2 + /0 " A(s, Ko (2))ds + /0 " B(s, Xou(x))dWV,
N /0 " [ 1o K@), 20V s, 02) + /0 h /D 9(s, Ko (2), 2)N(ds, d2).

In particular,

/oT2 /Dg(s, Xos—(),2)N(ds,dz) = g(11, Xor -, p(11)) + (72, X0, P(72))

= g(m1, Xy (@), (1)) + 9(72, XL, ,,_(Xo7 (2)), p(72)).

Therefore, Xy+(z) is a solution of (1.1) on [0, 72] and the uniqueness of the solution on [0, 7]
follows from the uniqueness of the solutions Xj,(z) and X7, ,(Xo -, )(z).

By using this type of interlacing structure, one can construct a unique solution recursively
to the equation (1.1) in the time interval [0, 7,,] for every n € N.

Now the proof is complete. O]

4 Application and Examples

Theorem 1.2 gives a unified framework for a very large class of SPDE driven by general Lévy
noise, which generalizes both the classical result in [27, 45] and the recent result in [35, 11].
Within this framework, the issue of existence and uniqueness of solutions to a large class
of stochastic evolution equations with monotone coefficients (cf. [45, 27] for the stochastic
porous medium equation and stochastic p-Laplace equation) and with locally monotone
coefficients (cf. [35] for stochastic generalized Burgers equations and stochastic 2D Navier-
Stokes equations) driven by more general Lévy processes instead of Wiener processes can be
treated.
0

For the simplicity of notation we use D; to denote the spatial derivative -, and A C R¢

is an open bounded domain with smooth boundary. For the standard Sobolev space W, (A)
(p > 2) we always use the following (equivalent) Sobolev norm:

1/p
lulls = ( / \Vu(xwda:) .
A
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For d = 2, we recall the following well-known estimate on R? (cf. [52]):
(4.1) lullze < CllullZalVullze, we Wy™(A).

W also recall the following estimate on R?:

(4.2) lullze < Cllullz2||Vullze, we Wy™(A),

We first recall the following lemma in [35], which is used to verify the local monotonicity
condition (H2) in examples.

Lemma 4.1. Consider the Gelfand triple
Vi=Wy?(A) C H:=L*(A) C W H2(A)
and the operator

d
A(w) = Du+ 3 filu) D,

where fi : R —R (i=1,---,d) are bounded Lipschitz functions.
(1) If d < 3, then there exists a constant K > 0 such that

2v-(A(u) = A(v),u —v)y < —[lu—vll}, + (K + K[[ol[y) [lu = vll;, wv €V
(2) If d = 3, then there exists a constant K > 0 such that
2v+(A(u) — A(v),u —v)y < —llu—vlly, + (K + K[olly) [lu —vlF, wveV.

(3) If f; are independent of u for i =1,--- ,d, i.e.

d
A(u) = Au + Zfi - D;u,
i=1

then for any d > 1 we have
20-(A(u) = A(v),u— v}y < —Jlu— o]t + Kllu—olly, w0 e V.

Remark 4.2. (1) Note that the coercivity condition (H3) directly follows from the local
monotonicity (H2) above by taking v = 0.

(2) One should note that the boundedness assumption of f; might be removed in some
cases. For example, if

OF (u)

oz’
where F satisfies F(x) — F(y) = c(x —y)* + f(y)(x — y) for some constant ¢ and function f
with at most linear growth.

d=1,A=[0,1], A(u) = Au+
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Then by Hélder’s inequality, (4.1) and Young’s inequality we have the following local
monotonicity:

ve(A(u) — A(v),u —v)v
B 9 OF(u) OF(v)
— =y [ (2 - 2

= olf = [ (Fw)— F0) 5 (= 0)do

——llu=cl} + [ f)u =05 (=) do

< —lu = vl|Z + | f @) pallw = 0]l pallw — ]|y
1/2 3/2
< —llu—ol% + Cn|| f @)l lu — ol lu — oY
3
< 7l = ol + (K + Kljol[ ) Ju = vllfr, w0 €V,

where K is a generic constant that may change from line to line.

One simple example is F(z) = ¢;2% + coz, in this case f(x)(= fi(z)) = 2c12 + ¢y is
not bounded but the local monotonicity still holds. Hence the result also covers the case of
Burgers type equations (see also [35]).

For all examples below in this section, we will only state the result on the existence and
uniqueness of solutions. But we should remark that one can also obtain those regularity
estimates (1.5) and (1.6) by Theorem 1.2 if we don’t have the large jumps term in our
equations (i.e. g =0).

4.1 Semilinear type SPDEs

Example 4.3. (Stochastic Burgers type equations) Let A be an open bounded domain in R?
with smooth boundary. We consider the following semilinear stochastic equation

d
dXx, = <AXt + 3 Hi(X)DiX, + fo(Xt)> dt + B(X,)dW,
(4.4) -
+ f(Xt77 Z)N(dta dZ) + / g(tha Z>N<dt7dz);

DC

X() =X.

Suppose the coefficients satisfy the following conditions:
(i) fi are bounded Lipschitz functions on R fori=1,--- d;
(i) fo is a continuous function on R such that

|fo(@)] < C(z]" +1), v € R;
(folx) — foly)) (@ —y) < C(L+ |y )@ —y)?, =,y € R.

29
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where C,r,s are some positive constants;
(iii) the function B : Wy *(A) — T5(U; L*(A)) satisfies the following condition:

| B(vy) — B(wy)||% < c/ [vy — vo|?dz, vy, vy € W2 (A).
A

(iv) f,g: R x Z — R such that for all v,vi,ve € W&’Q(A),

/D/ £ (v1, 2) — f(v2, 2)|*dav(dz) <c/|U1_U2| dz:
0 | J 1w opans < e [ opasy

/DC </A]f(v,z)|2dx)gy(dz j<C (1+ (/ o dx) )

Then we have the following result:
(1) If d = 1,r = 3,5 = 2, then for any x € L5(Q, Fo,P; H), (4.4) has a unique solution
{Xt}te[O,T]-

(2) If d = 2,7 = % = 2, then for any v € L%(Q, Fo,P; H), (4.4) has a unique solution
{Xt}te[o T]-
(8)Ifd=3,r=%s= 4 and f;,1 =1,--- ,d are bounded measurable functions which are

independent of Xt, then for any r € LG(Q fO,IP’; H), (4.4) has a unique solution {X¢}iejo.17-
Proof. We consider the following Gelfand triple
V= WER(A) € H = I3(A) € (WE2(A))’

and define the operator

Au—l—Zfz )Diu+ fo(u), ueV.

One can show that A, B satisfies (H1) — (H4) with o = 2, 8 = 4 (see [35, Example 3.2]).
Moreover, it is easy to show that f also satisfies the required conditions (i.e. (H2), (1.2)
and (1.3)) by (4.6).
Then all assertions follow from Theorem 1.2. ]

Remark 4.4. (1) As mentioned in Remark 4.2, if d = 1, one may take f;(z) = « such that
Theorem 1.2 can be applied to classical stochastic Burgers equation (i.e. (4.4) with fo = 0).
Therefore, the above example improves the main result in [14] (Theorem 2.2) in the sense
that we allow the coefficient B in front of Wiener noise to be non-additive type. Another
improvement is that we also allow a polynomial perturbation term fy in the drift of (4.4).
For example, one can take fo(z) = —a3 + 122 + cox(cy, o € R) and show that (4.5) holds.
Hence (4.4) also covers some stochastic reaction-diffusion type equations driven by certain
type of a Lévy noise (cf. [7]).
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(2)If Z=R% D*={z € R?: |z] <1} and v is a Lévy measure on R¢, then one simple
sufficient condition for f satisfying (4.6) is to assume
[f(z,2) = f(y,2)] < Cloz —yllz], 2,y € R, z € DY
[f(z,2)] < C(L+ |z])lz], 2,y €R, z € D"
(3) One should note that in the example 4.3, B is assumed to be Lipschitz from W, *(A)

(wr.t. || |lg) to T2(U; L2(A)) only for simplicity. Actually, the Lipschitz condition on B
can even be weakened to the requirement

1B(v1) = B(wa)ll3 < v — w2l + (K + Kl[val[5) [lvr — valf3-

4.2 Quasi-linear type SPDEs

Besides from the example of semilinear SPDE above, we can also apply the main result to
the following quasi-linear SPDE on R? (d > 3) driven by Lévy noise.

Example 4.5. (Stochastic p-Laplace equations) We consider the following equation on R?
forp>2

d
dx, = (Z Dy (DX, 2D, X,) + fo(Xt)> dt + B(X,)dW,
(4.7) o )
f(Xi—, 2)N(dt, dz) —I—/ 9(Xi—, 2)N(dt,dz);

De D

X() =T

Suppose the following conditions hold:
(i) fo is a continuous function on R such that

fo(x)x < C’(|a:|2Jrl +1), zeR;
(4.8) |fo(z)] < C(Jz|" + 1), z €R;
(folz) = fo)(x —y) < CA+[y[ )|z —yl*, 2,y € R,

where C' > 0 and r,s,t > 1 are some constants.
(i) B : WyP(A) — T3(U; L*(A)) satisfying the following condition:
|B(v1) — B(w)||3 < C/ lv1 — ve|?da, vy, vy € Wol’p(A).
A

() f,g: R x Z — R such that for all v,vy,vy € Wl’p(A)

/D/ |f(v1,2) = f(v2, 2)|*dav(dz) <C/|Ul—1)2| de:

/DC </A ’f(v7z)|2dx)3”(dz) =C (1 + (/A |v|2dx>3) .
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Then we have

(1)ifd <p, s=2,r=p+1andt < p, then for any v € L5(Q, Fy,P; H), (4.7) has a
unique solution.

(2)ifd >p, 2 < s <p, r= %p—i-p— 1 and t < min{(d{}gf(;g),pg:;)}, for any
z € L5(Q, Fo,P; H) (4.7) has a unique solution.

Proof. (1) Define the following Gelfand triple

Vi=WyP(A) C H := L*(A) C WH9(A),
then it is well known that Zle D; (|D;u|P~2D;u) satisfy (H1)-(H4) with a = p (cf. [32, 33)).
In particular, there exists a constant § > 0 such that

d
(4.10) Z ve(D; (|Dyu[P~*Diu) — D; (|Div[P?Div) ,u—v)y < —6|lu—vlf},, u,v € WyP(A).
i=1

Recall that for d < p we have the following Sobolev embedding
WP (A) € L=(A).

Hence by (4.8) we have

v-{fo(u) = fo(v),u —v)v / (1+ [o]") lu — v]*dz

<C
C (1 + llvlgee) llu = vllZ2
C L+ Ivlv) llu=vllf, woveV,

(4.11) -
<

where C' is a constant may change from line to line.
Hence (H2) holds with p(v) = C|v]|},.
Note that from (4.8) we have

v lfo(w) < C [ (1 Juff s
A
(4.12) < ¢ (1+ JullfZlluln)
< Nl + O (14 ully)  we V.

Therefore, (4.12) together with (4.10) verify (H3) with a =p
(H4) with 8 = 4 (in fact one may take g = % < 4) follows from the following estimate:

ve S C (1 Jlullfpn) < O (1 lullz llulli) < C (1 ulp ully)  we V.

[ fo(w)]

Then combining with (4.9) we know that the assertions follow from Theorem 1.2.
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(2) Note that for d > p we have the following Sobolev embedding

_dp

WoP(4) € L), o= 52

Let tg = gg;:g € (0,1) and p; € (2,po) such that

11—t
b1 2 Do

Then we have the following interpolation inequality:

lullzen < 2"l oo, u € Wo™(A).

Since 2 < s < p, it is easy to show that s < p;.
Let po = -2~/ then by (4.8) we have

p1—s’

v o) = folv),u — vy < O/A (14 o]") |u — of'da

(4.13) <O (1 Jollom) lu = 0][5m
< C (14 [0llm) lu = ol 55 7w — |3,
< ellu— |2 + Ce (14 [0 %) e — 0|22,

where ¢, C. are some constants and the last step follows from the following Young inequality

-2 -2
zy < ex® + ClyfP, x,yeR,a:p ,b:p .
s—2 p—Ss
With some calculations, one have
s _p—s ps—2) _ pp—2)
- = + , P2 = .
pi p—2 plp—2) (po —p)(s — 2)

Hence if ¢ < @0=2)6=2) thon

(
p—2
[ullere < Cllullzee < Cllully, ve V.

Therefore, (H2) follows from (4.10) and (4.13).
(H3) can be verified for a = p in a similar manner.
For r = % + p — 1, by the interpolation inequality we have

o)l < € (1+1lully ) < C(1+ Jullz lluly) , we V.

where | ) 5
D
—+—=1, 6=—.
Po Do d
Therefore, (H4) also holds with g = 4.
Then all assertions follow from Theorem 1.2. ]
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Remark 4.6. One further generalization is to replace 3¢ | D; (| Dyu|P~2D;u) by more gen-
eral quasi-linear differential operator

> (=)D, Ay, Du(a,t); 1),

la<m

where Du = (Dgu)|g<m- Under certain assumptions (cf. [55, Proposition 30.10]) this oper-
ator also satisfies the monotonicity and coercivity conditions. Then by a similar argument,
according to Theorem 1.2, we can obtain the existence and uniqueness of solutions to this
type of quasi-linear SPDE driven by Lévy noise.

4.3 Stochastic hydrodynamical systems

The next example is the stochastic 2D Navier-Stokes equation driven by Lévy noise (cf.
[5, 17, 38, 35] for Wiener noise case). The classical Navier-Stokes equation is a very important
model in fluid mechanics to describe the time evolution of incompressible fluids, it can be
formulated as follows (2D case):

Opu(t) = vAu(t) — (u(t) - V) u(t) = Vp(t) + f(1),
V-u(t) =0,

where u(t,x) = (u'(t,z),u*(t,z)) represents the velocity field, v is the viscosity constant,
p(t, x) denotes the pressure and f is an external force field acting on the fluid.
Let A be a bounded domain in R? with smooth boundary. Define

1/2
V={ve Wy (A,R?) :V-v=0a.e. in A}, llly = </ |VU\2dx) ,
A

and H is the closure of V' in the following norm

1/2
ol = (/ |U\2dx) .
A

The linear operator Py (the Helmholtz-Leray projection) and A (Stokes operator with vis-
cosity constant v) are defined by

Py : L*(A,R?*) — H orthogonal projection;

A:W2(AR*) NV — H, Au = vPyAu.

It is well known that the Navier-Stokes equation can be reformulated as follows:
(4.14) u' = Au+ F(u) + fo, u(0) =ug € H,
where fo € L*(0,T;V*) denotes some external force and

F:Drp CHXxV — H, Fluyv)=—Pgl(u-V)v], F(u) = F(u,u).
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It is standard that in the framework of the Gelfand triple
VCH=H"CV*",
one can show that the following mappings
AV =V F:VxV-=>V*
are well defined. In particular, we have
v (F(u,v),w)yy = —y«(F(u,w),v)y, v«(F(u,v),v)y =0, u,v,w € V.
Now we consider the stochastic 2D Navier-Stokes equation driven by Lévy noise:

dX, = (AX, + F(X,) + fo(t)) dt + B(X,)dW,

(4.15) + f(Xt_,z)N(dt,dz)—i-/ g(Xi—, z2)N(dt, dz);

DC
XO =x.

Example 4.7. (Stochastic 2D Navier-Stokes equation) Suppose that B : V- — To(U; H) and
fig: R x Z — R satisfy the following conditions:

|B(v1) = B(va) I3 + : 1f(vi,2) = f vz, 2)[[(dz) < Cllor = vall3;
(4.16) : 1f (v, 2)lI7v(dz) < O+ [lvllF);

1£ (v, 2) 5w (dz) < COL+ [loll),

DC
where C' is some constant.
Then for any x € L*(Q, Fo,P; H), (4.15) has a unique solution {X;}ieom)-

Proof. The hemicontinuity (H1) is obvious since F' is a bilinear map.
Note that v« (F(v),v)y = 0, it is also easy to show (H3) with a = 2:

14
ve{Av+ F(v) + F,v)v < =vlolly + [Fllv-llolly < =5 llolly + ClEy-, v eV,
1Bz < 2K |[vllf + 2| B(O)]13, v € V.

Recall the following estimates (cf. e.g.[38, Lemmas 2.1, 2.2])

ve(F(w), v)v] < 2flwll e [vllv;

3/2 1/2

(4.17)
ve(F(w),v)v| < 2fwl[y {lwll g vl ame), v,w € V.

Then we have
v (F(u) — F(v),u —v)y = =y« (F(u,u —v),0)y + v« (F(v,u —v),v)y
= —y(F(u—v),v)y
3/2 1/2
< 2lju = vl{?[lu — vl [vllacamey

v 32
< Sflu -l + ;I|v|li4<A;Rz)Hu — o}, uw,ve V.

(4.18)
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Hence we have the local monotonicity:
v 9 32, 4 9
ve({Au+ F(u) = Av = F(v),u = v)y < —llu=vlly + S [vllzsape lv = vll7

Combining with (4.16) we know that (#2) holds with p(v) = C||v| 74y g2
(4.17) and (4.1) imply that (H4) holds with g = 2.
Then it is easy to see that the existence and uniqueness of solutions to (4.15) follows
from Theorem 1.2. O

)

Remark 4.8. As we mentioned in the introduction, besides the stochastic 2D Navier-Stokes
equation, many other hydrodynamical systems also satisfy the local monotonicity and coer-
civity conditions that we assumed. For example, in a recent work of Chueshov and Millet [11],
they have studied the well-posedness and large deviation principle for an abstract stochastic
semilinear equation (driven by Wiener noise) which covers a wide class of fluid dynamical
models. In fact, the Condition (C1) and (C2) in [11] implies that the assumptions in The-
orem 1.2 hold. More precisely, (2.2) in [11] implies the coercivity (H3) holds, and the local
monotonicity (H2) follows from (2.4) (or (2.8)) in [11]. Other assumptions in Theorem 1.2
can be also verified easily.

Therefore, Theorem 1.2 can be applied to show the well-posedness of all hydrodynam-
ical models in [11] driven by general Lévy noise, e.g. stochastic magneto-hydrodynamic
equations, stochastic Boussinesq model for the Bénard convection, stochastic 2D magnetic
Bénard problem and stochastic 3D Leray-a model driven by Lévy noise.
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