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1 Introduction

Consider the following stochastic Burgers and Ginzburg-Landau equation on the real line:
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

du(t, x) = [ν∂2
xu(t, x) + c0 · ∂xu(t, x)2 + c1 · u(t, x) − c2 · u(t, x)3]dt

+
∑

k

σk(t, x, u(t, x))dW k(t),

u(0, x) = u0(x), x ∈ R,

(1.1)

where c0, c1 ∈ R, ν, c2 > 0, {W k(t), k ∈ N} is a sequence of independent standard one-dimensional
Brownian motions, and the coefficients {σk, k ∈ N} satisfy some smoothness conditions. Up to now,
there are many papers devoted to the studies of stochastic Burgers equation and stochastic Ginzburg-
Landau equation (cf. [1, 6, 7, 19] and references therein). In [6], using heat kernel estimates, Gyöngy and
Nualart proved the existence and uniqueness of L2(R)-solution to stochastic Burgers equation on the
real line. By solving an infinite-dimensional Kolmogorov equation, Röckner and Sobol [19] developed a
new method to solve the generalized stochastic Burgers and reaction diffusion equations. More recently,
Kim [7] studied the stochastic Burgers type equation with the first order term having polynomial growth,
as well as the existence of the associated invariant measures.

Since all of these works are concerned with stochastic Burgers equation driven by space-time white
noises, they had to consider weak or mild solutions rather than strong or classical solutions. A natural
question is: do there exist smooth or classical solutions in x to equation (1.1) if all the data are smooth?
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Of course, for this question, we can only consider it driven by white noises in time and coloured smooth
noises in space. We remark that for the deterministic Burgers equation, i.e., σk = c1 = c2 = 0 and
c0 = 1, ν > 0, it is well-known that there exists a unique smooth solution if the initial data are smooth
(cf. [8]).

Let us also consider the following stochastic 2D Navier-Stokes equation in R
2:

⎧
⎪⎪⎨

⎪⎪⎩

∂tu1 = νΔu1 − u1∂x1u1 − u2∂x2u1 − ∂x1p + f1,

∂tu2 = νΔu2 − u1∂x1u2 − u2∂x2u2 − ∂x2p + f2,

∂x1u1 + ∂x2u2 = 0,

(1.2)

where ν is the viscosity constant, u(t, x) = (u1, u2) is the velocity field, p is the pressure function,
and f = (f1, f2) is white in time and additive stochastic forcing. In [17], Mikulevicius and Rozovskii
studied the existence of martingale solutions for arbitrary dimensional stochastic Navier-Stokes equations
in the whole space. In particular, they obtained the existence of a unique weak solution for the above
two-dimensional equation. In the periodic boundary case, using Galerkin’s approximation and Fourier’s
transformation, Mattingly [15] proved the spatial analyticity for the solution to the above stochastically
forced 2D Navier-Stokes equation. However, using his method, it seems hard to consider the multiplicative
noise force.

As for the stochastic 3D Navier-Stokes equation, Röckner and the author [20,21] recently studied the
following tamed or modified scheme in the whole space R

3 and periodic cases:
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

∂tuj = νΔuj −
3∑

i=1

ui∂xiuj − ∂xjp − gN

( 3∑

i=1

|ui|2
)

uj + fj, j = 1, 2, 3,

3∑

i=1

∂xiui = 0,

(1.3)

where the taming function gN : R+ �→ R+ is smooth and satisfies that

gN(r) = 0 on r � N and gN (r) = (r − N)/ν on r � N + 2.

In [21], we proved the existence of a unique strong solution as well as the ergodicity of the associated
invariant measure under periodic boundary conditions. The proof of the existence is mainly based on
Galerkin’s approximation, and the smooth solution of (1.3) is not obtained therein.

Our main purpose in this paper is to present a unified setting for proving the existence of smooth
solutions to the above three typical nonlinear stochastic partial differential equations. We first consider
an abstract semilinear stochastic evolution equation in the scope of Hilbert scales determined by a sectorial
operator. Here, the analytic semigroup generated by the sectorial operator plays a mollifying role, and will
be used to construct a regularized approximation sequence of stochastic ordinary differential equations in
Hilbert spaces. After obtaining some uniform estimates of the approximating solutions in the spaces of
Hilbert scales, we can prove that the solutions of approximating equations strongly converge to a smooth
solution. Our approach is much inspired by the energy method used in the deterministic case (cf. [14]),
and is different from Galerkin’s approximation and semigroup methods which were extensively used in
the well-known studies of SPDEs (cf. [4, 11], etc.). We remark that the regularity of solutions will be
decreasing when we use the semigroup method to deal with SPDEs (cf. [2, Sections 5 and 8]). The main
advantage of our method is that we can obtain better regularity unlike the semigroup method.

In [26], using the semigroup method and nonlinear interpolations, we have already proved the existence
of smooth solutions to a large class of semilinear SPDEs when the coefficients are smooth and have all
bounded derivatives. However, the result in [26] cannot be applied to the above mentioned equations. It
should be emphasized that the existence of smooth solutions for nonlinear partial differential equations,
for example, Navier-Stokes equations, usually depends on the spatial dimensions. Thus, it is not expected
to use our general result (see Theorem 2.2 below) to treat high-dimensional nonlinear SPDEs and obtain
smooth solutions. Nevertheless, we may still apply our general result to achieving the existence of
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strong solutions for a class of semilinear SPDEs with Lipschitz nonlinear coefficients in Euclidean space
(cf. [9, 10, 16]). We also want to say that although our main attention concentrates on the above three
typical nonlinear SPDEs, our result can also be applied to the stochastic Kuramoto-Sivashinsky equation
and stochastic Cahn-Hilliard equation (cf. [23]), as well as the stochastic partial differential equation in
the abstract Wiener space (cf. [25]).

This paper is organized as follows: in Section 2, we shall give the general framework and state our
main result. In Section 3, we devote to the proof of our main result. In Section 4, we investigate a
class of semilinear SPDEs in the whole space and in bounded smooth domains of Euclidean space, and
obtain the existence of unique strong solutions. In Section 5, we study stochastic Burgers and Ginzburg-
Landau equations on the real line, and get the existence of smooth solutions. In Section 6, we prove
the existence of smooth solutions to stochastic tamed 3D Navier-Stokes equations. In particular, we
obtain the existence of maximal smooth solutions for the genuine 3D SNSE. In Section 7, stochastic 2D
Navier-Stokes equations with multiplicative noises in the whole space are considered.

Convention: The letter C with or without subscripts will denote a positive constant, which is unim-
portant and may change from one line to another.

2 General settings and main result

Let (H, ‖ · ‖H) be a separable Hilbert space, L a symmetric and non-positive sectorial operator in H,
which generates a symmetric analytic semigroup (Tε)ε�0 in H (cf. [18]). It will play a mollifying role in
the sequel. For α � 0, we define the Sobolev space H

α by

H
α := D((I − L)α/2)

together with the norm
‖u‖α := ‖(I − L)α/2u‖H.

The inner product in H
α is denoted by 〈·, ·〉α. The dual space of H

α is denoted by H
−α with the norm

‖u‖−α := ‖(I − L)−α/2u‖H.

Then (Hα)α∈R forms a Hilbert scale (cf. [12, 22]), i.e.,
(i) for any α < β, H

β ⊂ H
α;

(ii) for any α < γ < β and u ∈ H
β,

‖u‖γ � Cα,β,γ‖u‖
β−γ
β−α
α · ‖u‖

γ−α
β−α

β . (2.1)

Set H
∞ :=

⋂
m∈N

H
m. Then (cf. [18])

Proposition 2.1. For all integer m ∈ Z, we have
(i) H

∞ is dense in H
m, and for every ε > 0 and u ∈ H

m, Tεu ∈ H
∞;

(ii) for every ε > 0 and u ∈ H
m,

(I − L)m/2Tεu = Tε(I − L)m/2u;

(iii) for every ε > 0, k = 1, 2, . . . and u ∈ H
m+k,

‖Tεu − u‖m � Cm,k · εk/2‖u‖m+k;

(iv) for every ε > 0 and u ∈ H
m, k = 0, 1, 2, . . . ,

‖Tεu‖m+k � Cm,k

εk/2
‖u‖m.
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Let l2 be the usual Hilbert space of square summable sequences of real numbers. Let (Ω,F , (Ft)t�0, P)
be a stochastic basis. A family of independent standard one-dimensional (Ft)-adapted Brownian motions
{W k(t); t � 0, k = 1, 2, . . .} on (Ω,F , P) are given. Then {W (t), t � 0} can be regarded as a cylindrical
Brownian motion in l2 (cf. [4]).

Consider the following stochastic evolution equation

du(t) = [Lu(t) + F (t, u(t))]dt +
∑

k

Bk(t, u(t))dW k(t), u(0) = u0, (2.2)

where the stochastic integral is understood as Itô’s integral, and for some K ∈ N the coefficients

F (t, ω, u) : R+ × Ω × H
K → H

−1 and B(t, ω, u) : R+ × Ω × H
0 → H

0 ⊗ l2

are two measurable functions, and for every t � 0 and u ∈ H
K ,

F (t, ·, u) ∈ Ft/B(H−1), B(t, ·, u) ∈ Ft/B(H0 ⊗ l2).

We also require that F (t, ω, u) ∈ H
0 for u ∈ H

K+1 and Bk(t, ω, u) ∈ H
m for any m ∈ N and u ∈ H

m+1.
We make the following assumptions on F and B:
(H1K) There exist q1, q2 � 1 and constants λ0, λ1, λ2, λ3, λ4 > 0 such that for all (t, ω) ∈ R+ ×Ω and

u, v ∈ H
K ,

‖F (t, ω, u)− F (t, ω, v)‖−1 � λ0 · (‖u‖q1
K + ‖v‖q1

K + 1) · ‖u − v‖0, (2.3)
∑

k

‖Bk(t, ω, u) − Bk(t, ω, v)‖2
0 � λ1‖u − v‖2

0, (2.4)

and for u ∈ H
K+1,

〈u, F (t, ω, u)〉0 � −1
2
‖u‖2

1 + λ2 · (‖u‖2
0 + 1), (2.5)

‖F (t, ω, u)‖0 � λ3 · (‖u‖K+1 + ‖u‖q2
K + 1), (2.6)

∑

k

‖Bk(t, ω, u)‖2
0 � λ4 · (‖u‖2

0 + 1). (2.7)

(H2K) For some integer K � K, and each m = 1, . . . ,K, and any δ ∈ (0, 1), there exist αm, βm � 1
and constants λ1m, λ2m > 0 such that for all u ∈ H

∞ and (t, ω) ∈ R+ × Ω,

〈u, F (t, ω, u)〉m = 〈(I − L)m+ 1
2 u, (I − L)−

1
2 F (t, ω, u)〉0

� 1
2
‖u‖2

m+1 + λ1m · (‖u‖αm
m−1 + 1) (2.8)

and
∑

k

‖Bk(t, ω, u)‖2
m � δ‖u‖2

m+1 + λ2m · (‖u‖βm

m−1 + 1). (2.9)

Our main result is that

Theorem 2.2. Under (H1K) and (H2K) with K � K � 1, for any u0 ∈ H
K, there exists a unique

process u(t) ∈ H
K such that

(i) the process R
+ 
 t �→ u(t) ∈ H

0 is (Ft)-adapted and continuous, and for any T > 0 and p � 2,

E

(
sup

s∈[0,T ]

‖u(s)‖p
K
)

+
∫ T

0

E‖u(s)‖2
K+1ds < +∞;

(ii) u(t) satisfies the following equation in H
0 : for all t � 0,

u(t) = u0 +
∫ t

0

[Lu(s) + F (s, u(s))]ds +
∑

k

∫ t

0

Bk(s, u(s))dW k(s), P-a.s.
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Remark 2.3. By (2.6), (2.7) and (i), one knows that all the integrals appearing in (ii) are well defined.
Moreover, if for some C > 0, p � 1 and any u ∈ H

K+1,

‖F (s, u)‖K−1 � C(‖u‖K+1 + ‖u‖p
K + 1),

then we can find an H
K-valued continuous version of u (cf. [22]).

Remark 2.4. The solution u(t) also satisfies the following integral equation via the analytic semigroup
(Tt)t�0:

u(t) = Ttu0 +
∫ t

0

Tt−sF (s, u(s))ds +
∑

k

∫ t

0

Tt−sBk(s, u(s))dW k(s).

Using this representation, we can further prove the Hölder continuity of u(t) in t (cf. [25]).

3 Proof of Theorem 2.2

3.1 Regularized stochastic differential equations

For m = 0, . . . ,K, consider the following regularized stochastic ordinary differential equation in H
m:

duε(t) = Aε(t, uε(t))dt +
∑

k

Bε
k(t, uε(t))dW k(t), uε(0) = u0, (3.1)

where the regularized operators are defined by:

Aε(t, ω, u) := TεLTεu + TεF (t, ω, Tεu), Bε
k(t, ω, u) := TεBk(t, ω, Tεu).

The following two lemmas are direct from (H1K) and (H2K). We omit the proof.

Lemma 3.1. There exists a constant C > 0 such that for any ε > 0 and all (t, ω) ∈ R+ × Ω, u ∈ H
0,

〈u, Aε(t, ω, u)〉0 � −1
2
‖Tεu‖2

1 + C(‖u‖2
0 + 1),

∑

k

‖Bε
k(t, ω, u)‖2

0 � C(‖u‖2
0 + 1).

Lemma 3.2. For any m = 1, . . . ,K and δ ∈ (0, 1), there exist two constants Cm, Cm,δ > 0 such that
for any ε > 0 and all (t, ω) ∈ R+ × Ω and u ∈ H

m,

〈u, Aε(t, ω, u)〉m � −1
2
‖Tεu‖2

m+1 + Cm(‖u‖αm
m−1 + 1),

∑

k

‖Bε
k(t, ω, u)‖2

m � δ‖Tεu‖2
m+1 + Cm,δ(‖u‖βm

m−1 + 1),

where αm and βm are the same as in (H2K).

We also have

Lemma 3.3. For any m = 0, . . . ,K, the functions Aε and Bε are locally Lipschitz continuous in H
m

with respect to u. More precisely, for any R > 0 there are CR,ε, C
′
R,ε > 0 such that for all (t, ω) ∈ R+ ×Ω

and u, v ∈ H
m with ‖u‖m, ‖v‖m � R,

‖Aε(t, ω, u) − Aε(t, ω, v)‖m � CR,ε‖u − v‖m,
∑

k

‖Bε
k(t, ω, u) − Bε

k(t, ω, v)‖2
m � C′

R,ε‖u − v‖2
m.

Proof. By (ii) and (iv) of Proposition 2.1, we have

‖TεL(Tεu) − TεL(Tεv)‖m = ‖LT2ε(u − v)‖m � Cε‖u − v‖m,
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and by (H1K),

‖TεF (t, Tεu) − TεF (t, Tεv)‖2
m +

∑

k

‖TεBk(t, Tεu) − TεBk(t, Tεv)‖2
m

� Cε‖F (t, Tεu) − F (t, Tεv)‖2
−1 + Cε

∑

k

‖Bk(t, Tεu) − Bk(t, Tεv)‖2
0

� CR,ε‖Tεu − Tεv‖2
0 � CR,ε‖u − v‖2

m.

The proof is complete.

We now prove the following key estimate about the solution of regularized stochastic differential equa-
tion (3.1).

Lemma 3.4. For any u0 ∈ H
K, there exists a unique continuous (Ft)-adapted solution uε to (3.1) in

H
K such that for any p � 1 and T > 0,

sup
ε∈(0,1)

E

(
sup

t∈[0,T ]

‖uε(t)‖2p
K

)
+ sup

ε∈(0,1)

∫ T

0

E‖Tεu
ε(s)‖2

K+1ds � Cp,T . (3.2)

Proof. First of all, it is a standard fact by Lemma 3.3 that there exists a unique continuous (Ft)-
adapted local solution uε(t) in H

m for any m = 0, . . . ,K (e.g., [4]). We now use the induction method to
prove that

(Pm) :

⎧
⎪⎨

⎪⎩

uε(t) is non-explosive in H
m and, for any p � 1 and T > 0,

sup
ε∈(0,1)

E

(
sup

t∈[0,T ]

‖uε(t)‖2p
m

)
� Cm,p,T , m = 0, . . . ,K.

By the standard stopping times technique, it suffices to prove the estimate in (Pm). In the following,
we fix T > 0. By Itô’s formula, we have for any p � 1,

‖uε(t)‖2p
m = ‖u0‖2p

m + Im1(t) + Im2(t) + Im3(t) + Im4(t), (3.3)

where

Im1(t) := 2p

∫ t

0

‖uε(s)‖2(p−1)
m 〈uε(s), Aε(uε(s))〉mds,

Im2(t) := 2p

∞∑

k=1

∫ t

0

‖uε(s)‖2(p−1)
m 〈uε(s), Bε

k(s, uε(s))〉mdW k
s ,

Im3(t) := p

∞∑

k=1

∫ t

0

‖uε(s)‖2(p−1)
m ‖Bε

k(s, uε(s))‖2
mds,

Im4(t) := 2p(p− 1)
∞∑

k=1

∫ t

0

‖uε(s)‖2(p−2)
m |〈uε(s), Bε

k(s, uε(s))〉m|2ds.

Let us first look at (P0). By Lemma 3.1 and Young’s inequality, we have

I01(t) + I03(t) + I04(t) � Cp

∫ t

0

(‖uε(s)‖2p
0 + 1)ds. (3.4)

Taking expectations for (3.3) with m = 0 gives that

E‖uε(t)‖2p
0 � ‖u0‖2p

0 + Cp

∫ t

0

(E‖uε(s)‖2p
0 + 1)ds.

By Gronwall’s inequality, we obtain that for any p � 1,

sup
t∈[0,T ]

E‖uε(t)‖2p
0 � Cp,T (‖u0‖2p

0 + 1). (3.5)
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On the other hand, by Burkholder’s inequality and Lemma 3.1 again, we have

E

(
sup

s∈[0,T ]

|I02(s)|
)

� CpE

( ∫ T

0

‖uε(s)‖4(p−1)
0 ‖〈uε(s), Bε

· (s, u
ε(s))〉0‖2

l2ds

)1/2

� CpE

( ∫ T

0

‖uε(s)‖4p−2
0 ·

(
∑

k

‖Bε
k(s, uε(s))‖2

0

)

ds

)

1/2

� CpE

( ∫ T

0

(‖uε(s)‖4p
0 + 1)ds

)1/2

� Cp

( ∫ T

0

(E‖uε(s)‖4p
0 + 1)ds

)1/2

� Cp,T (‖u0‖2p
0 + 1),

where the last step is due to (3.5). Thus, by (3.4) and (3.5), it is easy to see that (P0) holds.
Suppose now that (Pm−1) holds. By Lemma 3.2 and Young’s inequality, we have

Im1(t) � p

∫ t

0

[−‖uε(s)‖2(p−1)
m ‖Tεu

ε(s)‖2
m+1 + 2Cm‖uε(s)‖2(p−1)

m · (‖uε(s)‖αm
m−1 + 1)]ds

� −p

∫ t

0

‖uε(s)‖2(p−1)
m ‖Tεu

ε(s)‖2
m+1ds + Cm,p

∫ t

0

‖uε(s)‖2p
m ds

+ Cm,p

∫ t

0

(‖uε(s)‖p·αm

m−1 + 1)ds, (3.6)

and for any δ ∈ (0, 1),

Im3(t) + Im4(t) � p(2p− 1)
∫ t

0

‖uε(s)‖2(p−1)
m ·

(
∑

k

‖Bε
k(s, uε(s))‖2

m

)

ds

� p(2p− 1)δ
∫ t

0

‖uε(s)‖2(p−1)
m ‖Tεu

ε(s)‖2
m+1ds

+ Cm,p

∫ t

0

‖uε(s)‖2p
m ds + Cm,p

∫ t

0

(‖uε(s)‖p·βm

m−1 + 1)ds. (3.7)

Choosing δ = 1
2(2p−1) and taking expectations for (3.3), one finds that

E‖uε(t)‖2p
m +

p

2

∫ t

0

E(‖uε(s)‖2(p−1)
m · ‖Tεu

ε(s)‖2
m+1)ds

� ‖u0‖2p
m + Cm,p

∫ t

0

E‖uε(s)‖2p
m ds + Cm,p

∫ t

0

E(‖uε(s)‖pm

m−1 + 1)ds,

where pm := p · (αm ∨ βm).
By Gronwall’s inequality again and (Pm−1), we get for any p � 1,

sup
t∈[0,T ]

E‖uε(t)‖2p
m +

∫ T

0

E(‖uε(s)‖2(p−1)
m ‖Tεu

ε(s)‖2
m+1)ds � Cm,p,T . (3.8)

Furthermore, by Burkholder’s inequality and (3.8), we have

E

(
sup

s∈[0,T ]

|Im2(s)|
)

� CpE

( ∫ T

0

‖uε(s)‖4(p−1)
m · ‖〈uε(s), Bε

· (s, u
ε(s))〉m‖2

l2ds

)1/2

� CpE

( ∫ T

0

‖uε(s)‖4p−2
m

(
∑

k

‖Bε
k(s, uε(s))‖2

m

)

ds

)1/2

� CpE

(

sup
s∈[0,T ]

‖uε(s)‖p
m ·

[ ∫ T

0

‖uε(s)‖2(p−1)
m
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× (δ‖Tεu
ε(s)‖2

m+1 + Cm,δ(‖uε(s)‖βm

m−1 + 1))ds

]1/2)

� 1
2

E

(
sup

t∈[0,T ]

‖uε(t)‖2p
m

)
+ Cpδ

∫ T

0

E(‖uε(s)‖2(p−1)
m ‖Tεu

ε(s)‖2
m+1)ds

+ Cm,p

∫ T

0

E(‖uε(s)‖2(p−1)
m (‖uε(s)‖βm

m−1 + 1))ds

� 1
2

E

(
sup

t∈[0,T ]

‖uε(t)‖2p
m

)
+ Cm,p,T ,

which together with (3.3) and (3.6)–(3.8) yields

1
2

E

(
sup

t∈[0,T ]

‖uε(t)‖2p
m

)
� Cm,p,T + Cm,p

∫ T

0

E(‖uε(s)‖pm

m−1 + 1)ds � Cm,p,T .

So, (Pm) holds. The proof is complete.

3.2 Convergence of uε(t)

Lemma 3.5. For any R > 0, there exists a constant CR > 0 such that for any 0 < ε′ < ε < 1,
(t, ω) ∈ R+ × Ω and u, v ∈ H

K+1 with ‖u‖K, ‖v‖K � R,

〈u − v, Aε(t, ω, u) − Aε′(t, ω, v)〉0 � CR · √ε · (1 + ‖Tε′v‖K+1) + CR · ‖u − v‖2
0,

∑

k

‖Bε
k(t, ω, u) − Bε′

k (t, ω, v)‖2
0 � CR · √ε · (1 + ‖Tε′v‖2

2) + CR · ‖u − v‖2
0.

Proof. We only prove the first estimate. The second is analogous.
First of all, by (ii) and (iii) of Proposition 2.1, we have

〈u − v, TεL(Tεu) − Tε′L(Tε′v)〉0 = 〈Tε(u − v), LTε(u − v)〉0 + 〈u − v, (T2ε − T2ε′)Lv〉0
� −‖Tε(u − v)‖2

1 + ‖Tε(u − v)‖2
0 + CR · ‖(T2ε − T2ε′)v‖1

� −‖Tε(u − v)‖2
1 + C‖u − v‖2

0 + CR · √ε · ‖Tε′v‖2. (3.9)

Second, we decompose the term involving F in Aε as:

〈u − v, TεF (t, Tεu) − Tε′F (t, Tε′v)〉0 = 〈Tε(u − v), F (t, Tεu) − F (t, Tε′v)〉0
+ 〈(Tε − Tε′)(u − v), F (t, Tε′v)〉0

=: I1 + I2.

By (2.3) and (iii) of Proposition 2.1, we have for I1,

I1 � 1
4
‖Tε(u − v)‖2

1 + ‖F (t, Tεu) − F (t, Tε′v)‖2
−1

� 1
4
‖Tε(u − v)‖2

1 + CR · ‖Tεu − Tε′v‖2
0

� 1
4
‖Tε(u − v)‖2

1 + CR · √ε + CR · ‖u − v‖2
0,

and for I2, by (2.6),

I2 � ‖(Tε − Tε′)(u − v)‖0 · ‖F (t, Tε′v)‖0 � CR · √ε · (‖Tε′v‖K+1 + 1).

Combining the above calculations yields the first one.

We now prove that
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Lemma 3.6. For any T > 0, we have

lim
ε,ε′↓0

E

(
sup

t∈[0,T ]

‖uε(t) − uε′(t)‖2
0

)
= 0.

Proof. For any R > 0 and 1 > ε > ε′ > 0, define the stopping times

τ ε,ε′
R := inf{t > 0 : ‖uε(t)‖K ∧ ‖uε′(t)‖K � R}.

Then, by Lemma 3.4, we have

P(τ ε,ε′
R < T ) �

E(supt∈[0,T ](‖uε(t)‖2
K ∧ ‖uε′(t)‖2

K))
R2

� CT

R2
. (3.10)

Set
v(t) := uε(t) − uε′(t).

By Itô’s formula, we have

‖v(t)‖2
0 = J1(t) + J2(t) + J3(t), (3.11)

where

J1(t) := 2
∫ t

0

〈v(s), Aε(s, uε(s)) − Aε′(s, uε′(s))〉0ds,

J2(t) :=
∑

k

∫ t

0

‖Bε
k(s, uε(s)) − Bε′

k (s, uε′(s))‖2
0ds,

J3(t) := 2
∑

k

∫ t

0

〈v(s), Bε
k(s, uε(s)) − Bε′

k (s, uε′(s))〉0dW k
s .

By Lemma 3.5, we have

J1(t ∧ τ ε,ε′
R ) + J2(t ∧ τ ε,ε′

R ) � CR · √ε ·
(

1 +
∫ T

0

‖Tε′u
ε′(s)‖2

K+1ds

)

+ CR

∫ t∧τε,ε′
R

0

‖v(s)‖2
0ds

� CR · √ε ·
(

1 +
∫ T

0

‖Tε′u
ε′(s)‖2

K+1ds

)

+ CR

∫ t

0

‖v(s ∧ τ ε,ε′
R )‖2

0ds. (3.12)

Hence, by Lemma 3.4 and taking expectations for (3.11), we obtain

E‖v(t ∧ τ ε,ε′
R )‖2

0 � CR,T · √ε + CR

∫ t

0

E‖v(s ∧ τ ε,ε′
R )‖2

0ds.

By Gronwall’s inequality, we get

sup
t∈[0,T ]

E‖v(t ∧ τ ε,ε′
R )‖2

0 � CR,T · √ε. (3.13)

On the other hand, setting

B(s, ε, ε′) :=
∑

k

‖Bε
k(s, uε(s)) − Bε′

k (s, uε′(s))‖2
0,

by Burkholder’s inequality and Young’s inequality, we have

E

(
sup

s∈[0,T∧τε,ε′
R ]

|J3(s)|
)

� CE

( ∫ T∧τε,ε′
R

0

‖v(s)‖2
0 · B(s, ε, ε′)ds

)1/2

� 1
2

E

(
sup

s∈[0,T∧τε,ε′
R ]

‖v(s)‖2
0

)
+ CE

( ∫ T∧τε,ε′
R

0

B(s, ε, ε′)ds

)

.
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Thus, by (3.11)–(3.13) and Lemma 3.5, we obtain

E

(
sup

s∈[0,T∧τε,ε′
R ]

‖v(s)‖2
0

)
� CR,T · √ε.

Therefore, by Lemma 3.4 and (3.10), we get

E

(
sup

s∈[0,T ]

‖v(s)‖2
0

)
= E

(
sup

s∈[0,T ]

‖v(s)‖2
0 · 1{τε,ε′

R <T}

)
+ E

(
sup

s∈[0,T ]

‖v(s)‖2
0 · 1{τε,ε′

R �T}

)

�
[
E

(
sup

s∈[0,T ]

‖v(s)‖4
0

)]1/2

· [P(τ ε,ε′
R < T )]1/2 + E

(
sup

s∈[0,T∧τε,ε′
R ]

‖v(s)‖2
0

)

� CR,T · √ε + CT /R.

Last, letting ε ↓ 0 and R → ∞ yields the desired limit.

We are now in a position to give

Proof of Theorem 2.2. First of all, by Lemma 3.6, there is a u(·) ∈ L2(Ω,F , P; C([0, T ]; H0)) such that

lim
ε→0

E

(
sup

s∈[0,T ]

‖uε(s) − u(s)‖2
0

)
= 0, (3.14)

which together with Lemma 3.4 yields that for any p � 1,

E

(
sup

t∈[0,T ]

‖u(t)‖2p
K

)
+

∫ T

0

E‖u(s)‖2
K+1ds � Cp,T .

We now show that u(t) is a solution of (2.2) and satisfies (ii) of Theorem 2.2. It suffices to prove that
for any v ∈ H

∞,

〈v, u(t)〉0 = 〈v, u0〉0 +
∫ t

0

〈v, Lu(s)〉0ds +
∫ t

0

〈v, F (s, u(s))〉0ds

+
∑

k

∫ t

0

〈v, Bk(s, u(s))〉0dW k(s), P-a.s.

Note that

〈v, uε(t)〉0 = 〈v, u0〉0 +
∫ t

0

〈v, TεLTεu
ε(s)〉0ds +

∫ t

0

〈v, TεF (s, Tεu
ε(s))〉0ds

+
∑

k

∫ t

0

〈v, TεBk(s, Tεu
ε(s))〉0dW k(s), P-a.s.

We only prove that the third term on the right-hand side converges to the corresponding term, that is,
as ε ↓ 0,

P(t, ε) :=
∫ t

0

|〈v, TεF (s, Tεu
ε(s)) − F (s, u(s))〉0|ds

L1(Ω; P)−→ 0. (3.15)

For any R > 0, define the stopping times

τ ε
R := inf{t > 0 : ‖uε(t)‖K ∧ ‖u(t)‖K � R}.

Thus,

P(t, ε) = P(t, ε) · 1{τε
R�t} + P(t, ε) · 1{τε

R<t}. (3.16)

For the first term of (3.16), we have by (H1K),

E
(P(t, ε) · 1{τε

R�t}
)

� E(P(t ∧ τ ε
R, ε))
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� E

( ∫ t∧τε
R

0

|〈Tεv, F (s, Tεu
ε(s)) − F (s, u(s))〉0|ds

)

+ E

( ∫ t∧τε
R

0

|〈Tεv − v, F (s, u(s))〉0|ds

)

� ‖Tεv‖1 · E
( ∫ t∧τε

R

0

‖F (s, Tεu
ε(s)) − F (s, u(s))‖−1ds

)

+ ‖Tεv − v‖1 · E

( ∫ t∧τε
R

0

‖F (s, u(s))‖−1ds

)

(2.3)

� CR · ‖v‖1 ·
∫ t

0

E‖Tεu
ε(s) − u(s)‖0ds + CR,T · ε · ‖v‖3.

For the second term of (3.16), as above it is easy to see by (2.6) and Lemma 3.4 that

E(P(t, ε) · 1{τε
R<t}) � CT · P(τ ε

R < t)1/2 � CT /R.

Therefore, letting ε ↓ 0 and R → ∞ for (3.16) gives that

lim
ε↓0

E(P(t, ε)) = 0.

The uniqueness follows from similar calculations as in proving Lemma 3.6. The proof is thus complete.

Remark 3.7. By (3.14) and Lemma 3.4, using interpolation inequality (2.1) and Hölder’s inequality,
we in fact have for any 0 < α < K,

lim
ε↓0

E

(
sup

s∈[0,T ]

‖uε(s) − u(s)‖2
α

)
= 0.

4 Strong solutions of semilinear SPDEs in Euclidean space

Consider the following Cauchy problem of SPDE in R
d:

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

du(t, x) =
[

Δu(t, x) +
d∑

i=1

∂xifi(t, ω, x, u(t, x)) + g(t, ω, x, u(t, x))
]

dt

+
∑

k

σk(t, ω, x, u(t, x))dW k(t),

u(0, x) = u0(x),

where Δ :=
∑d

i=1 ∂2
xi

is the Laplace operator, and the other coefficients are respectively measurable with
respect to their variables:

f : R+ × Ω × R
d × R → R

d,

g : R+ × Ω × R
d → R,

σ : R+ × Ω × R
d → l2.

We impose the following conditions on f, g and σ:
(A1) For each x ∈ R

d, z ∈ R and t � 0, f(t, ·, x, z), g(t, ·, x, z) and σ(t, ·, x, z) are Ft-measurable.
(A2) There exist κ1, κ2 > 0 and h0, h1 ∈ L2(R) such that for all (t, ω) ∈ R+ × Ω, x ∈ R

d and z ∈ R,

‖∂zf(t, ω, x, z)‖Rd + |∂zg(t, ω, x, z)|+ ‖∂zσ(t, ω, x, z)‖l2 � κ1,

and for j = 0, 1,

‖∇j
xf(t, ω, x, z)‖Rd + |∇j

xg(t, ω, x, z)|+ ‖∇j
xσ(t, ω, x, z)‖l2 � κ2|z| + hj(x),
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where ∇x = (∂x1 , . . . , ∂xd
) is the gradient operator.

For m ∈ N0 := {0}∪N, let W
m
2 (Rd) be the usual Sobolev space in R

d, i.e., the completion of the space
C∞

0 (Rd) of smooth functions with compact supports with respect to the norm

‖u‖m :=
(∫

Rd

|u(x)|2dx +
∫

Rd

|∇mu(x)|2dx

)1/2

=
(∫

Rd

|(I − Δ)
m
2 u(x)|2dx

)1/2

.

Set H
m := W

m
2 (Rd) and L := Δ and define for u ∈ W

2,1(Rd),

F (t, ω, u) :=
d∑

i=1

∂xifi(t, ω, ·, u(·)) + g(t, ω, ·, u(·)), (4.1)

Bk(t, ω, u) := σk(t, ω, ·, u(·)), k ∈ N. (4.2)

For the simplicity of notations, the variables t and ω in F and B will be dropped below.

Lemma 4.1. Assume (A1) and (A2). Then Namiki’s operators F and B defined by (4.1) and (4.2)
satisfy (H11) and (H21).

Proof. Notice that (I −Δ)−
1
2 ∂xi and (I −Δ)−

1
2 are bounded linear operators from L2(Rd) to L2(Rd).

It is clear by (A2) that for any u, v ∈ H
1,

‖F (u) − F (v)‖2
−1 +

∑

k

‖Bk(u) − Bk(v)‖2
0 � C‖u − v‖2

0,

‖F (u)‖2
0 +

∑

k

‖Bk(u)‖2
0 � C(‖u‖2

1 + 1),

and by the integration by parts formula and Young’s inequality,

〈u, F (u)〉0 � 1
2
‖u‖2

1 + C‖f(·, u(·))‖2
0 + C‖g(·, u(·))‖2

0 � 1
2
‖u‖2

1 + C(‖u‖2
0 + 1).

Hence, (H11) holds.
For (H21), we have

〈u, F (u)〉1 � 1
4
‖u‖2

2 + C‖F (u)‖2
0 � 1

4
‖u‖2

2 + C(‖u‖2
1 + 1)

� 1
4
‖u‖2

2 + C(‖u‖2 · ‖u‖0 + 1) � 1
2
‖u‖2

2 + C(‖u‖2
0 + 1),

and by (A2)
∑

k

‖Bk(u)‖2
1 � C(‖u‖2

1 + 1) � δ‖u‖2
2 + Cδ(‖u‖2

0 + 1).

The proof is complete.
By Lemma 4.1 and Theorem 2.2, we obtain the following result:

Theorem 4.2. Assume (A1) and (A2). For any u0 ∈ H
1, there exists a unique H

1-valued continuous
and (Ft)-adapted process u(t) such that for any T > 0 and p � 1,

E

(
sup

s∈[0,T ]

‖u(s)‖p
1

)
+

∫ T

0

E‖u(s)‖2
2ds < +∞,

and the following equation holds in H
0 : for all t � 0,

u(t, ·) = u0(·) +
∫ t

0

[

Δu(s, ·) +
d∑

i=1

∂xifi(s, ·, u(s, ·)) + g(s, ·, u(s, ·))
]

ds

+
∑

k

∫ t

0

σk(s, ·, u(s, ·))dW k(s), P-a.s.
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Remark 4.3. This result is not new (cf. [16]). However, our general result can be used to treat the
initial-boundary values problem as follows.

We now turn to the initial-boundary values problem. Let O be a bounded smooth domain in R
d.

Consider the following SPDE with Dirichlet boundary conditions:
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

du(t, x) =
[

Δu(t, x) +
d∑

i=1

∂xifi(t, ω, x, u(t, x)) + g(t, ω, x, u(t, x))
]

dt

+
∑

k

σk(t, ω, x, u(t, x))dW k(t),

u(t, x) = 0, (t, x) ∈ R+ × ∂O,

u(0, x) = u0(x).

For m ∈ N0, let W
m
2 (O) and W

m,0
2 (O) be the usual Soblev spaces on O, which are the respective

completions of smooth functions spaces C∞(O) and C∞
0 (O) (with compact supports in O) with respect

to the norm

‖f‖m,2 :=
( m∑

j=0

∫

O
|∇jf(x)|2dx

)1/2

.

Set L := Δ and D(L) := W
2
2(O)∩W

1,0
2 (O). Then (L, D) forms a sectorial operator in L2(O) (cf. [18]),

and we have the corresponding H
m. We remark that H

1 = W
1,0
2 (O) and (I−L)−1/2∂xi and ∂xi(I−L)−1/2

are bounded linear operators in L2(O).
We assume that:

(A1)′ For each x ∈ O, z ∈ R and t � 0, f(t, ·, x, z), g(t, ·, x, z) and σ(t, ·, x, z) are Ft-measurable.
(A2)′ There exist κ1, κ2 > 0 and h0, h1 ∈ L2(O) such that for all (t, ω) ∈ R+ × Ω, x ∈ O and z ∈ R,

‖∂zf(t, ω, x, z)‖Rd + |∂zg(t, ω, x, z)|+ ‖∂zσ(t, ω, x, z)‖l2 � κ1,

and for j = 0, 1,

‖∇j
xf(t, ω, x, z)‖Rd + |∇j

xg(t, ω, x, z)|+ ‖∇j
xσ(t, ω, x, z)‖l2 � κ2|z| + hj(x).

(A3)′ One of the following conditions holds:

σ(t, ω, x, 0) = 0 or σ(t, ω, x, z) = 0 for all x ∈ ∂O.

Remark 4.4. Notice the following characterization of W
1,0
2 (O) (cf. [24]):

u ∈ W
1,0
2 (O) if and only if u ∈ W

1
2(O) and u(x) = 0 for almost all x ∈ ∂O.

Thus, (A2)′ and (A3)′ imply that if u ∈ H
1, then σk(t, ω, ·, u(·)) ∈ H

1.

Basing on the similar calculations as above, we have

Theorem 4.5. Assume (A1)′–(A3)′. For any u0 ∈ H
1, the same conclusions as in Theorem 4.2 hold.

Moreover, u(t, x) = 0 for almost all x ∈ ∂O and any t � 0.

5 Stochastic Burgers and Ginzburg-Landau equations on the real line

In this section, we consider the following generalized stochastic Burgers and Ginzburg-Landau equation
on the real line R:

du(t, x) = [∂2
xu(t, x) + ∂xf(t, ω, u(t, x)) + g(t, ω, x, u(t, x))]dt +

∑

k

σk(t, ω, x, u(t, x))dW k(t),
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where the coefficients f, g and σk, k ∈ N, are measurable with respect to their variables, and satisfy the
following assumptions:
(B1) For each t � 0 and x, z ∈ R, f(t, ·, z), g(t, ·, x, z) and σk(t, ·, x, z), k ∈ N, are Ft-measurable.
(B2) For every (t, ω) ∈ R+ × Ω, f(t, ω, ·) ∈ C∞(R), and for each m ∈ N, there exist qm � 0 and κf

m > 0
such that for all (t, ω, z) ∈ R+ × Ω × R,

|∂m
z f(t, ω, z)| � κf

m · (|z|qm + 1),

where q1 < 2.
(B3) For every (t, ω) ∈ R+ × Ω, g(t, ω, ·, ·) ∈ C∞(R2), and for each n ∈ N0 and m ∈ N, there exist
lnm, ln � 1, κg

nm, κg
n > 0 and hg

n ∈ L2(R) such that for all (t, ω, x, z) ∈ R+ × Ω × R × R,

|∂n
x ∂m

z g(t, ω, x, z)| � κg
nm · (|z|lnm + 1),

|∂n
x g(t, ω, x, z)| � κg

n · |z|ln + hg
n(x),

where 1 � l1 < 7, and for some κg > 0, ∂zg(t, ω, x, z) � κg.

(B4) For every (t, ω) ∈ R+ ×Ω and k ∈ N, σk(t, ω, ·, ·) ∈ C∞(R2), and for each n ∈ N0 and m ∈ N, there
exist pnm � 0, pn � 1, κσ

nm, κσ
n > 0 and hσ

n ∈ L1(R) such that for all (t, ω, x, z) ∈ R+ × Ω × R × R,
∑

k

|∂n
x ∂m

z σk(t, ω, x, z)|2 � κσ
nm · (|z|pnm + 1),

∑

k

|∂n
x σk(t, ω, x, z)|2 � κσ

n · |z|2pn + hσ
n(x),

where p01 = 0 and 1 � p1 < 5.

Remark 5.1. The growth requirements in (B2)–(B4) are mainly due to the Sobolev embedding. The
condition ∂zg(t, ω, x, z) � κg implies that

z · g(t, ω, x, z) � κg · z2 + g(t, ω, x, 0) · |z|, ∀z ∈ R.

In particular, f(z) = z2 and g(z) = z − z2n−1 for some n ∈ N satisfy (B2) and (B3).
Let W

m
2 (R) be the usual Sobolev spaces on R. We need the following Gagliardo-Nirenberg inequality:

for any p ∈ [2, +∞], m ∈ N and u ∈ W
m
2 (R) (cf. [5, p. 24, Theorem 9.3]),

‖u‖Lp � C‖u‖
p−2
2mp
m ‖u‖

2mp−p+2
2mp

0 � C‖u‖m. (5.1)

Below, we take H
m = W

m
2 (R) and L = ∂2

x, and define for u ∈ L2(R),

F (t, ω, u) := ∂xf(t, ω, u(·)) + g(t, ω, ·, u(·)), (5.2)

Bk(t, ω, u) := σk(t, ω, ·, u(·)), k ∈ N. (5.3)

As in the previous section, the variables t and ω will be dropped below. We have

Lemma 5.2. Assume (B1)–(B4). Then F and B defined by (5.2) and (5.3) satisfy (H11).

Proof. Noting that (I − ∂2
x)−

1
2 ∂x and (I − ∂2

x)−
1
2 are bounded linear operators on L2(R) and the

following elementary formula

φ(u) − φ(v) = (u − v)
∫ 1

0

φ′(s(u − v) + v)ds, (5.4)

by (B2), (B3) and (5.1) we have for any u, v ∈ H
1,

‖F (u) − F (v)‖−1 � C‖f(u(·)) − f(v(·))‖0 + ‖g(·, u(·)) − g(·, v(·))‖0

� C(‖u‖q1∨l01
L∞ + ‖v‖q1∨l01

L∞ + 1) · ‖u − v‖0

� C(‖u‖q1∨l01
1 + ‖v‖q1∨l01

1 + 1) · ‖u − v‖0.
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It is obvious by (B4) with p01 = 0 and (5.4) that
∑

k

‖Bk(u) − Bk(v)‖2
0 � 2κσ

01 · ‖u − v‖2
0.

Moreover, by the integration by parts formula, we have for u ∈ H
1,

∫

R

u(x)∂xf(u(·))dx = −
∫

R

∂xu(x)f(u(x))dx = −
∫

R

∂x

( ∫ u(·)

0

f(r)dr

)

dx = 0.

By Remark 5.1, we have
∫

R

u(x)g(x, u(x))dx � C(‖u‖2
0 + 1).

Hence,
〈u, F (u)〉0 � C(‖u‖2

0 + 1).

On the other hand, as above, it is easy to see that for some p > 1,

‖F (u)‖0 � C‖u‖q1
L∞(‖u‖1 + 1) + C‖u‖l0−1

L∞ (‖u‖0 + 1) � C(‖u‖p
1 + 1)

and
∑

k

‖Bk(u)‖2
0 � C(‖u‖2

0 + 1).

The proof is complete.
To verify (H2K), we need the following elementary differential formula, which can be proved by induc-

tion.

Lemma 5.3. Let φ ∈ C∞(R2). For m � 3 and u ∈ H
m, we have

∂m
x φ(·, u) = (∂uφ)(·, u)∂m

x u + m[(∂2
uφ)(·, u)∂xu + (∂x∂uφ)(·, u)] · ∂m−1

x u

+ P (∂m−2
x u, . . . , ∂xu) + (∂m

x φ)(·, u),

where P is a polynomial function.

Lemma 5.4. For any m ∈ N and u ∈ H
m, we have for some αm � 1,

〈∂m
x u, ∂m

x g(·, u)〉0 + ‖∂m
x f(u)‖2

0 � 1
4
‖u‖2

m+1 + C(‖u‖αm
m−1 + 1).

Proof. For m = 1, by (B3) and (5.1), we have

〈∂xu, ∂xg(·, u)〉0 = 〈∂xu, (∂xg)(x, u)〉0 + 〈∂xu, (∂ug)(x, u)∂xu〉0
� ‖∂xu‖0 · (κg

1 · ‖|u|l1‖0 + ‖hg
1‖0) + κg · ‖∂xu‖2

0

� C(‖u‖2
1 + 1) + κg

1 · ‖u‖1 · ‖u‖l1
L2l1

� C · (‖u‖2 · ‖u‖0 + 1) + C‖u‖
l1+1

4
2 · ‖u‖

3l1+3
4

0 ,

and by (B2),

‖∂xf(u)‖2
0 � (κf

1 )2 ·
∫

R

(|u|q1 + 1)2 · |∂xu|2dx

� (κf
1 )2 · (‖u‖2q1

L∞ + 1) · ‖u‖2
1

� C‖u‖
q1
2 +1

2 ‖u‖
3q1
2 +1

0 + C · ‖u‖2 · ‖u‖0.

Since l1 < 7 and q1 < 2, by Young’s inequality, we get for some α1 > 1,

〈∂xu, ∂xg(u)〉0 + ‖∂xf(u)‖2
0 � 1

4
‖u‖2

2 + C(‖u‖α1
0 + 1).
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For m = 2, noticing that

∂2
xg(·, u) = (∂ug)(x, u)∂2

xu + (∂2
ug)(x, u)(∂xu)2 + 2(∂x∂ug)(x, u)∂xu + (∂2

xg)(x, u),

by (B3) and (5.1), we have

〈∂2
xu, ∂2

xg(·, u)〉0 � κg · ‖∂2
xu‖2

0 + ‖∂2
xu‖0 · [‖(∂2

ug)(·, u)(∂xu)2‖0

+ 2‖(∂x∂ug)(·, u)∂xu‖0 + ‖(∂2
xg)(·, u)‖0]

� κg · ‖u‖2
2 + ‖u‖2 · [κg

02(‖u‖l02
L∞ + 1)‖∂xu‖4

L4

+ 2κg
11(‖u‖l11

L∞ + 1)‖∂xu‖0 + κg
2‖u‖l2

L2l2 + ‖hg
2‖0]

� κg · ‖u‖2
2 + ‖u‖2 · [C(‖u‖l02

1 + 1)‖u‖2 · ‖u‖3
1

+ C(‖u‖l11
1 + 1)‖u‖1 + κg

2‖u‖l2
1 + ‖hg

2‖0],

� C‖u‖3 · ‖u‖1 · [1 + C(‖u‖l02
1 + 1) · ‖u‖3

1]

+ C(‖u‖2(l11+1)
1 + ‖u‖2l2

1 + 1),

and by (B2),

‖∂2
xf(u)‖2

0 � 2
∫

R

|(∂uf)(u)∂2
xu|2dx + 2

∫

R

|(∂2
uf)(u)(∂xu)2|2dx

� C(‖u‖q1
L∞ + 1) · ‖∂2

xu‖2
0 + C(‖u‖q2

L∞ + 1) · ‖∂xu‖4
L4

� C(‖u‖q1+1
1 + 1) · ‖u‖3 + C(‖u‖q2+7/2

1 + 1) · ‖u‖1/2
3 .

Hence, for some α2 > 1,

〈∂2
xu, ∂2

xg(·, u)〉0 + ‖∂2
xf(u)‖2

0 � 1
4
‖u‖2

3 + C(‖u‖α2
1 + 1).

The higher derivatives can be estimated similarly by Lemma 5.3.

Lemma 5.5. Under (B1)–(B4), F and B defined by (5.2) and (5.3) satisfy (H2K) for any K ∈ N.

Proof. For any m ∈ N, we have by Lemma 5.4,

〈u, F (u)〉m = 〈u, F (u)〉0 + 〈∂m
x u, ∂m

x F (u)〉0
� C(‖u‖2

0 + 1) + 〈∂m
x u, ∂m+1

x f(u)〉0 + 〈∂m
x u, ∂m

x g(·, u)〉0
� C(‖u‖2

0 + 1) +
1
4
‖u‖2

m+1 + ‖∂m
x f(u)‖2

0 + 〈∂m
x u, ∂m

x g(·, u)〉0
� 1

2
‖u‖2

m+1 + C(‖u‖αm
m−1 + 1).

Similar to the proof of Lemma 5.4, we also have that for any δ > 0 and some βm � 1,
∑

k

‖Bk(u)‖2
m � δ‖u‖2

m+1 + C(‖u‖βm

m−1 + 1).

The proof is complete.
Summarizing the above calculations, by Theorem 2.2 we obtain

Theorem 5.6. Under (B1)–(B4), for any u0 ∈ H
∞, there exists a unique process u(t) ∈ H

∞ such that
(i) for any m ∈ N, the process t �→ u(t) ∈ H

m is (Ft)-adapted and continuous, and for any T > 0 and
p � 2,

E

(
sup

s∈[0,T ]

‖u(s)‖p
m

)
< +∞;

(ii) for almost all ω and all t � 0, x ∈ R,

u(t, x) = u0(x) +
∫ t

0

[∂2
xu(s, x) + ∂xf(s, u(s, x)) + g(s, x, u(s, x))]ds

+
∑

k

∫ t

0

σk(s, x, u(s, x))dW k(s).
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6 Stochastic tamed 3D Navier-Stokes equations in R
3

In this and next sections, we shall use bold-face letters u = (u1, u2, u3), . . . to denote the velocity fields
in R

3 (or R
2).

Consider the following stochastic tamed 3D Navier-Stokes equation with viscosity constant ν = 1 in R
3:

du(t) = [Δu(t) − (u(t) · ∇)u(t) + ∇p(t) − gN(|u(t)|2)u(t)]dt

+
∞∑

k=1

[∇p̃k(t) + hk(t, ω, x,u(t))]dW k
t (6.1)

subject to the incompressibility condition

div(u(t)) = 0, (6.2)

and the initial condition

u(0) = u0, (6.3)

where p(t, x) and p̃k(t, x) are unknown scalar functions, N > 0 and the taming function gN : R
+ → R

+

is a smooth function with
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

gN (r) := 0, r ∈ [0, N ],

gN (r) := r − N, r � N + 2,

0 � g′N (r) � C, r � 0,

|g(k)
N (r)| � Ck, r � 0, k ∈ N,

(6.4)

and hk, k ∈ N satisfy that
(C1) for each k ∈ N and t � 0, x, z ∈ R

3, hk(t, ·, x, z) are Ft-measurable;
(C2) for every (t, ω) ∈ R+ × Ω and k ∈ N, hk(t, ω, ·, ·) ∈ C∞(R3 × R

3; R3), and for each n ∈ N0 and
m ∈ N, there exist κnm, κn > 0 and bn ∈ L1(R3) such that for all (t, ω, x, z) ∈ R+ × Ω × R

3 × R
3,

∑

k

|∂n
x ∂m

z hk(t, ω, x, z)|2 � κnm

and ∑

k

|∂n
xhk(t, ω, x, z)|2 � κn · |z|2 + bn(x).

For m ∈ N0, set

H
m := {u ∈ W

m
2 (R3)3 : div(u) = 0}, (6.5)

where div is taken in the sense of Schwartz distributions. The following Gagliardo-Nirenberg inequality
will be used frequently below (cf. [5, p. 24, Theorem 9.3]): for r ∈ [2, +∞] and 3(1

2 − 1
r ) � m ∈ N,

‖u‖r
Lr � C‖u‖

3(r−2)
2m

m ‖u‖r−3(r−2)
2m

0 . (6.6)

Let P be the orthogonal projection operator from L2(R3)3 to H
0. It is well-known that P can be

restricted to a bounded linear operator from W
m
2 (R3)3 to H

m, and that P commutes with the derivative
operators (cf. [13]). For any u ∈ H

0 and v ∈ L2(R3)3, we have

〈u,v〉
H0 := 〈u, Pv〉

H0 = 〈u,v〉L2 .

For u ∈ H
2, define

Lu := PΔu = Δu, (6.7)
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F (u) := −P((u · ∇)u) − P(gN (|u|2)u), (6.8)

Bk(t, ω,u) := P(hk(t, ω, ·,u)). (6.9)

Using P to act on both sides of (6.1), we may consider the following equivalent equation of (6.1)–(6.3):

du(t) = [Lu(t) + F (u(t))]dt +
∞∑

k=1

Bk(t,u(t))dW k
t , u(0) = u0.

Lemma 6.1. Under (C2), the operators F and B defined by (6.8) and (6.9) satisfy (H12).

Proof. Noting that (I − L)−
1
2∇P and (I − L)−

1
2 P are bounded linear operators on H

0 and

P((u · ∇)u) =
3∑

i=1

∂xiP(ui · u),

we have by (6.6),

‖F (u) − F (v)‖−1 � C‖u⊗ u − v ⊗ v‖0 + C‖gN(|u|2)u − gN(|v|2)v‖0

� C(‖u‖L∞ + ‖v‖L∞)‖u − v‖0 + C(‖u‖2
L∞ + ‖v‖2

L∞)‖u− v‖0

� C(‖u‖2
2 + ‖v‖2

2 + 1)‖u− v‖0.

Moreover, it is easy to see by (C2) that
∑

k

‖Bk(t,u) − Bk(t,u)‖2
0 � C‖u − v‖2

0

and ∑

k

‖Bk(t,u)‖2
0 � C(‖u‖2

0 + 1).

On the other hand, observing that

〈u, (u · ∇)u〉0 =
1
2
〈u,∇|u|2〉0 = 0

and
〈u, gN (|u|2)u〉0 � 0,

we have

〈u, F (u)〉0 � 0. (6.10)

Last, by (6.6) we also have

‖F (u)‖0 � ‖u‖L∞‖u‖1 + ‖u‖3
L6

� C‖u‖3/4
2 · ‖u‖1/4

0 · ‖u‖1 + C‖u‖3
1

� C(‖u‖2 + ‖u‖5
1 + 1).

The proof is complete.
In order to check (H2K), we need the following Moser-type calculus inequality (cf. [24, p. 294, Propo-

sition 21.77]):

Lemma 6.2. For any m ∈ N0, there exists Cm > 0 such that for any u,v ∈ L∞ ∩ H
m,

‖u · v‖m � Cm[‖u‖L∞ · ‖v‖m + ‖v‖L∞ · ‖u‖m]. (6.11)

We now prove the following key estimate.
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Lemma 6.3. Under (C2), the operators F and B defined by (6.8) and (6.9) satisfy (H2K) for any
K ∈ N.

Proof. Let us first verify (2.8) for m = 1. By Young’s inequality, we have

−〈u, P((u · ∇)u)〉1 � 1
4
‖u‖2

2 + ‖(u · ∇)u‖2
0 � 1

4
‖u‖2

2 + ‖|u| · |∇u|‖2
0,

where

|u|2 =
3∑

k=1

|uk|2, |∇u|2 =
3∑

k,i=1

|∂xiuk|2.

From the expression of gN , we also have

−〈u, P(gN (|u|2)u)〉1 = −〈∇(gN (|u|2)u),∇u〉0 − 〈gN (|u|2)u,u〉0

= −
3∑

k,i=1

∫

R3
∂xiuk · ∂xi(gN (|u|2)uk)dx −

∫

R3
|u|2 · gN (|u|2)dx

� −
3∑

k,i=1

∫

R3
∂xiuk · (gN (|u|2) · ∂xiuk − g′N(|u|2)∂xi |u|2 · uk)dx

= −
∫

R3
|∇u|2 · gN (|u|2)dx − 1

2

∫

R3
g′N (|u|2)|∇|u|2|2dx

� −
∫

R3
|∇u|2 · |u|2dx + N‖∇u‖2

0.

Hence,

〈u, F (u)〉1 � 1
4
‖u‖2

2 + N‖u‖2
1 � 1

2
‖u‖2

2 + CN‖u‖2
0. (6.12)

For m � 2, by calculus inequality (6.11),

−〈u, P((u · ∇)u)〉m = −〈(I − Δ)m/2u, (I − Δ)m/2((u · ∇)u)〉0
� 1

8
‖u‖2

m+1 + 2‖(u · ∇)u‖2
m−1

� 1
8
‖u‖2

m+1 + Cm(‖u‖2
L∞‖u‖2

m + ‖∇u‖2
L∞‖u‖2

m−1).

Noting that by Agmon’s inequality (cf. [8]),

‖u‖2
L∞ � C‖u‖2 · ‖u‖1,

we have

‖u‖2
L∞‖u‖2

m � C‖u‖3
m · ‖u‖1 � Cm‖u‖ 3

2
m+1 · ‖u‖

3
2
m−1 · ‖u‖1

and

‖∇u‖2
L∞‖u‖2

m−1 � C‖u‖3 · ‖u‖2 · ‖u‖2
m−1 � C‖u‖ 3

2
3 · ‖u‖ 1

2
1 · ‖u‖2

m−1 � C‖u‖ 3
2
m+1 · ‖u‖

5
2
m−1.

Thus, by Young’s inequality, we get

−〈u, P((u · ∇)u)〉m � 1
4
‖u‖2

m+1 + Cm‖u‖10
m−1.

Let us now look at the term −〈u, P(gN(|u|2)u)〉m. By the calculus inequality (6.11) again, we have

‖gN(|u|2)u‖2
m−1 � Cm(‖gN(|u|2)‖2

L∞ · ‖u‖2
m−1 + ‖gN(|u|2)‖2

m−1 · ‖u‖2
L∞)



2968 ZHANG XiCheng Sci China Math November 2010 Vol. 53 No. 11

and

‖|u|2‖2
m−1 � Cm‖u‖2

m−1 · ‖u‖2
L∞ .

Noting that for any k � 2,
|g(k)

N (r)| = 0 on r < N and r > N + 2,

we have
‖gN(|u|2)‖m−1 � Cm‖|u|2‖m−1 + CN,m(‖u‖γm

m−2 + 1), γm > 2.

As above, we obtain

−〈u, P(gN (|u|2)u)〉m � 1
8
‖u‖2

m+1 + 2‖gN(|u|2)u‖2
m−1

� 1
8
‖u‖2

m+1 + Cm‖u‖4
L∞ · ‖u‖2

m−1 + CN,m‖u‖2
L∞ · (‖u‖γm

m−2 + 1)

� 1
4
‖u‖2

m+1 + Cm(‖u‖γm

m−1 + 1), γm > 2.

Combining the above calculations yields that for some αm � 1,

〈u, F (u)〉m � 1
2
‖u‖2

m+1 + Cm(‖u‖αm
m−1 + 1).

We now check (2.9). For m = 1, by (C2) and (2.1), we have
∞∑

k=1

‖∇Bk(t,u)‖2
0 �

∞∑

k=1

‖(∇xhk)(t,u)‖2
0 +

∞∑

k=1

‖(∂uhk)(t,u)∇u‖2
0

� C(‖u‖2
0 + 1) + C‖∇u‖2

0

� C(‖u‖2
0 + 1) + C‖u‖2 · ‖u‖0

� δ‖u‖2
2 + C(‖u‖2

0 + 1). (6.13)

The higher derivatives can be calculated similarly. The proof is complete.

Thus, we obtain the following main result in this section.

Theorem 6.4. Under (C1) and (C2), for any u0 ∈ H
∞ there exists a unique solution u(t) ∈ H

∞ to
(6.1) such that

(i) for any m ∈ N, the process t �→ u(t) ∈ H
m is (Ft)-adapted and continuous, and for any T > 0 and

p � 2,
E

(
sup

s∈[0,T ]

‖u(s)‖p
m

)
< +∞;

(ii) for almost all ω and all t � 0,

u(t) = u0 +
∫ t

0

[Δu(s) − P((u(s) · ∇)u(s))]ds

−
∫ t

0

P(gN (|u(s)|2)u(s))ds +
∑

k

∫ t

0

P(hk(s,u(s)))dW k(s).

Remark 6.5. Below, the solution in Theorem 2.2 corresponding to the taming function gN will be
denoted by uN (t). Set

τN := inf
{

t � 0 : sup
x∈R3

|uN (t, x)| �
√

N
}

.

By the definition of gN , it is clear that uN satisfies the classical SNSE on [0, τN ]. Moreover, it is easy to
see by the uniqueness that

uN+1 = uN on [0, τN ], P-a.s.

Thus, we have τN � τN+1, P-a.s. Define τ := limN→∞ τN and u(t) = uN (t), t � τN . Then (u, τ) is the
unique maximal smooth solution of the classical 3D SNSE. Here, the maximal smooth solution means
that u(t, ·) ∈ H

∞ for any t < τ and
lim
t↑τ

sup
x∈R3

|u(t, x)| = +∞.
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7 Stochastic 2D Navier-Stokes equations in R
2

Consider the following stochastic 2D Navier-Stokes equation in R
2:

du(t) = [Δu(t) − (u(t) · ∇)u(t) + ∇p(t)]dt +
∞∑

k=1

[∇p̃k(t) + hk(t, ω, x,u(t))]dW k
t , (7.1)

subject to the incompressibility condition div(u(t)) = 0, and the initial condition u(0) = u0. As in
Section 6, the functions p(t, x) and p̃k(t, x) are unknown scalar functions, u(t, x) is the velocity field in
R

2, and hk, k ∈ N satisfy (C1) and (C2) in Section 6.
For m ∈ N0, set

H
m := {u ∈ W

m
2 (R2)2 : div(u) = 0}.

We also have the projection operator P from L2(R2)2 to H
0.

Our main result in this section is

Theorem 7.1. Assume (C1) and (C2). For any u0 ∈ H
∞, there exists a unique solution u(t) ∈ H

∞ to
(7.1) such that

(i) for any m ∈ N, the process t �→ u(t) ∈ H
m is (Ft)-adapted and continuous, and there exists a

sequence of stopping times τn ↑ ∞ such that for any T > 0, p � 2 and m ∈ N,

E

(
sup

s∈[0,T∧τn]

‖u(s)‖p
m

)
� Cn,m,p,T ;

(ii) for almost all ω and all t � 0,

u(t) = u0 +
∫ t

0

[Δu(s) − P((u(s) · ∇)u(s))]ds +
∑

k

∫ t

0

P(hk(s,u(s)))dW k(s).

Here, one cannot directly use Theorem 2.2 to prove this result because H
1 does not embed in L∞(R2)2.

However, we can first consider the modified equation like (6.1), and then use the stopping time technique
to obtain the existence of smooth solutions for equation (7.1).

Note that the result in Section 6 also holds for 2D Navier-Stokes equation. In what follows, we shall
use the same notations as in Section 6. As in Remark 6.5, set

τN := inf
{

t � 0 : sup
x∈R2

|uN (t, x)| �
√

N
}

. (7.2)

Then τN is increasing. For proving Theorem 7.1, it suffices to prove that

τN ↑ ∞, P-a.s.

In particular, τN is the desired stopping time sequence in (i) of Theorem 7.1.
We first prepare the following lemma.

Lemma 7.2. There exists a constant C > 0 independent of N such that for any u ∈ H
3,

2〈u, F (u)〉2 +
∑

k

‖Bk(s,u)‖2
2 � ‖u‖2

3 + C‖u‖2
2 · (1 + ‖u‖2

1) · (1 + ‖u‖2
0) + C.

Proof. By Young’s inequality, we have

〈u, F (u)〉2 � 1
4
‖u‖2

3 + 2‖(u · ∇)u‖2
1 + 2‖gN(|u|2)u‖2

1.

Noticing that
‖u‖4

L4 � C‖u‖2
1 · ‖u‖2

0, ‖u‖4
L∞ � C‖u‖2

2 · ‖u‖2
0,

we have

‖∇((u · ∇)u)‖2
0 � 2‖|u| · |∇2u|‖2

0 + 2‖∇u‖4
L4
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� 2‖u‖2
L4 · ‖∇2u‖2

L4 + C‖u‖2
2 · ‖u‖2

1

� C‖u‖0 · ‖u‖1 · ‖u‖2 · ‖u‖3 + C‖u‖2
2 · ‖u‖2

1

� 1
4
‖u‖2

3 + C‖u‖2
2 · ‖u‖2

1 · (1 + ‖u‖2
0)

and
‖∇(gN (|u|2)u)‖2

0 � C‖u‖4
L∞ · ‖u‖2

1 � C‖u‖2
2 · ‖u‖2

0 · ‖u‖2
1.

Moreover, it is easy to see by (C2) that
∑

k

‖Bk(s,u)‖2
2 � C‖u‖2

2 · (‖u‖2
1 + 1) + C.

The desired estimate now follows.
Now we can give the proof of Theorem 7.1.

Proof of Theorem 7.1. By Ito’s formula, we have for any p � 1,

‖uN (t)‖2p
m = ‖u0‖2p

m +
5∑

j=1

I
(p)
mj (t), (7.3)

where

I
(p)
m1(t) := 2p

∫ t

0

‖uN (s)‖2(p−1)
m 〈uN (s), ΔuN (s)〉mds,

I
(p)
m2(t) := 2p

∫ t

0

‖uN (s)‖2(p−1)
m 〈uN (s), F (uN (s))〉mds,

I
(p)
m3(t) := p

∑

k

∫ t

0

‖uN (s)‖2(p−1)
m ‖Bk(s,uN (s))‖2

mds,

I
(p)
m4(t) := 2p

∞∑

k=1

∫ t

0

‖uN(s)‖2(p−1)
m 〈uN (s), Bk(s,uN (s))〉mdW k

s ,

I
(p)
m5(t) := 2p(p − 1)

∞∑

k=1

∫ t

0

‖uN (s)‖2(p−2)
m |〈uN (s), Bk(s,uN (s))〉m|2ds.

For m = 0, by (6.10) and taking expectations for (7.3), it is easy to see that for any T > 0 and p � 1,

sup
t∈[0,T ]

E‖uN (t)‖2p
0 +

∫ T

0

E(‖uN (s)‖2(p−1)
0 · ‖uN (s)‖2

1)ds � CT,p. (7.4)

Here and after, the constant CT,p is independent of N .
Define

λN (t) :=
∫ t

0

(1 + ‖uN (s)‖2
1) · (1 + ‖uN (s)‖2

0)ds

and the stopping times
θN

t := inf{s � 0 : λN (s) � t}.
Then λ−1

N (t) = θN
t and θN

t � t. Moreover, by (7.4) we have for any M > 0,

lim
t→∞ sup

N
P(θN

t < M) = 0. (7.5)

From (7.3) and using Lemma 7.2, we have for m = 2 and p = 1,

‖uN (θN
t )‖2

2 � ‖u0‖2
2 −

∫ θN
t

0

‖uN (s)‖2
3ds + C

∫ θN
t

0

‖uN (s)‖2
2 dλN (s) + CθN

t + I
(1)
24 (θN

t )
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� ‖u0‖2
2 −

∫ θN
t

0

‖uN (s)‖2
3ds + C

∫ t

0

‖uN(θN
s )‖2

2 ds + Ct + I
(1)
24 (θN

t ).

Taking expectations and using Gronwall’s inequality, we find that for any T > 0,

sup
t∈[0,T ]

E‖uN (θN
t )‖2

2 + E

( ∫ θN
T

0

‖uN (s)‖2
3ds

)

� CT (‖u0‖2
2 + 1).

Using the same trick as in proving (3.2), we further have

E

(
sup

t∈[0,θN
T ]

‖uN (t)‖2
2

)
= E

(
sup

t∈[0,T ]

‖uN (θN
t )‖2

2

)
� CT (‖u0‖2

2 + 1).

Hence, by (7.2) and Sobolev embedding theorem, we have for any T > 0,

lim
N→∞

P(τN � θN
T ) = lim

N→∞
P

(
sup

t∈[0,θN
T ]

sup
x∈R2

|uN (t, x)| �
√

N
)

� lim
N→∞

P

(
C sup

t∈[0,θN
T ]

‖uN (t)‖2 �
√

N
)

� lim
N→∞

CE

(
sup

t∈[0,θN
T ]

‖uN(t)‖2
2

)
/N

� lim
N→∞

CT (‖u0‖2
2 + 1)/N = 0. (7.6)

Noting that for any M, N, T > 0,

P(τN < M) = P(τN < M ; θN
T < M) + P(τN < M ; θN

T � M) � P(θN
T < M) + P(τN � θN

T ),

by (7.5) and (7.6), letting N → ∞ and T → ∞ one finds limN→∞ P(τN < M) = 0, which means that
limN→∞ τN = ∞, P-a.s. The whole proof is complete.
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19 Röckner M, Sobol Z. Kolmogorov equations in infinite dimensions: well-posedness and regularity of solutions, with

applications to stochastic generalized Burgers equations. Ann Probab, 2006, 34: 663–727
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21 Röckner M, Zhang X. Stochastic tamed 3D Navier-Stokes equations: existence, uniqueness and ergodicity. Probab

Theory Related Fields, 2009, 145: 211–267

22 Rozovskii B L. Stochastic Evolution Systems, Linear Theory and Applications to Non-linear Filtering. Dordrecht-

Boston-London: Kluwer Academic Publishers, 1990

23 Sell G R, You Y C. Dynamics of Evolutionary Equations. New York: Springer, 2002

24 Zeidler E. Nonlinear Functional Analysis and its Applications, Vol. II (A, B). New York: Springer-Verlag, 1990

25 Zhang X. Lp-theory of semi-linear SPDEs on general measure spaces and applications. J Funct Anal, 2006, 239:

44–75

26 Zhang X. Regularities for semilinear stochastic partial differential equations. J Funct Anal, 2007, 249: 454–476



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


