®
OPEN a ACCESS Universitit Augsburg
OPUS AUGSBURG w k Universititsbibliothek

Multi-scale analysis of SPDEs with degenerate additive
noise

Wael W. Mohammed, Dirk Blomker, Konrad Klepel

Angaben zur Veroéffentlichung / Publication details:

Mohammed, Wael W., Dirk Blémker, and Konrad Klepel. 2014. “Multi-scale analysis of
SPDEs with degenerate additive noise.” Journal of Evolution Equations 14 (2): 273-98.
https://doi.org/10.1007/s00028-013-0213-3.

Nutzungsbedingungen / Terms of use: licgercopyright
Dieses Dokument wird unter folgenden Bedingungen zur Verfiigung gestellt: / This document is made available under these conditions: 4\ >ﬁ
Deutsches Urheberrecht I %‘ | =
Weitere Informationen finden Sie unter: / For more information see: ) 5
https://www.uni-augsburg.de/de/organisation/bibliothek/publizieren-zitieren-archivieren/publiz/ & ,,{ &


https://doi.org/10.1007/s00028-013-0213-3
https://www.uni-augsburg.de/de/organisation/bibliothek/publizieren-zitieren-archivieren/publiz/

Multi-scale Analysis of SPDEs with Degenerate
Additive Noise

Wael W. Mohammed?!, Dirk Blomker? and Konrad Klepel?

"Department of Mathematics,
Faculty of Science,
Mansoura University, Egypt

E-mail: wael. mohammed@mans.edu.eg

Institut fiir Mathematik
Universitdat Augsburg, Germany
E-mail: dirk.bloemker@math.uni-augsburg.de and

konrad.klepel@math.uni-augsburg.de

November 5, 2013

Abstract

We consider a quite general class of SPDEs with quadratic and
cubic nonlinearities and derive rigorously amplitude equations, using
the natural separation of time-scales near a change of stability. We
show that degenerate additive noise has the potential to stabilize or
destabilize the dynamics of the dominant modes, due to additional
deterministic terms arising in averaging.

We focus on equations with quadratic and cubic nonlinearities and
give applications to the Burgers’ equation, the Ginzburg-Landau equa-
tion and generalized Swift-Hohenberg equation.

Keywords: Amplitude equation, multi-scale analysis, stabilization, stochas-
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1 Introduction

Stochastic partial differential equations (SPDEs) appear in several appli-
cations, for instance the stochastic Swift-Hohenberg equation, which was
first used as a toy model for the convective instability in Rayleigh-Bénard
problem (see [7] or [16]), and stochastic Burgers’ equation, which use in the
study of closure models for hydrodynamic turbulence [8].

Here we consider parabolic nonlinear SPDEs with additive forcing close
to a change of stability, where the order of the noise strength is comparable



to the order of the distance from the change of stability. Under appropriate
scaling close to bifurcation one can reduce the essential dynamics to a simpler
model for the amplitudes of the dominant bifurcating modes.

The general prototype of equations under consideration is an equation
of the type

du(t) = [Au(t) + 2 Lu(t) + B(u(t)) + F(u(t)] dt + o.dW(t), (1)

where A is non-positive operator with finite dimensional kernel, £2Lu is
a small deterministic perturbation, B(u) is a quadratic nonlinearity, F is a
cubic nonlinearity, and W is finite dimensional noise for simplicity.

Near a change of stability, we can rely on the natural separation of time-
scales, in order to derive simpler equations for the evolution of the dominant
modes or pattern that change stability. As these equations describe the
amplitude of these pattern, they are referred to as amplitude equations. As
we are forcing only non-dominant modes, if the noise is too small there is no
direct impact on the amplitude equation. But as soon as the distance to the
change of stability is comparable to the order of the squared noise strength,
we will see additional terms in the amplitude equation induced by the noise.
This is due to the fact that the degenerate additive noise is transported via
nonlinear interaction to the dominant pattern. Other examples of this effect
are [2, 4, 13, 14, 15, 21, 22]. Related works in this direction are [19, 23].

The aim of this paper is to derive rigorously the amplitude equation
for a quite general class of SPDEs (cf. (1)) and investigate whether additive
degenerate noise (i.e. noise that does not act directly on the dominant mode)
can lead to stabilization of the solution of the SPDE (1). We could easily
treat even higher order terms like, for instance, quartic or quintic, but they
do not have any impact on the final result. Thus we can think of B and F as
the lowest order terms in a Taylor expansion of a more general nonlinearity.

Interesting effects appear due the appearance of additional deterministic
terms in the amplitude equation due to stochastic averaging. These terms
can change the nature of stability of the dominant modes. Here we present
two cases. In the first one due to noise and nonlinear interaction deter-
ministic linear terms appear in the amplitude equation. In the second one
a deterministic constant forcing term appears, and stabilizes the dominant
pattern, as the dominant mode is driven away from zero. To our knowledge,
this was not observed before.

In all our examples the noise strength o. scales with the distance from
bifurcation. In experiments o. is usually fixed, while one is free to vary
the distance from bifurcation given by €. Nevertheless, here we take the
equivalent viewpoint with €2 small but fixed, and consider different scalings
of the small noise strength o..

The case of 0. = 2 was treated in [1] for cubic nonlinearities like Swift-
Hohenberg and in [3] for quadratic nonlinearities like Burgers equation. Here



the dominant behavior is given by an SDE, called the amplitude equation,
where the noise only acts directly on the dominant modes.

The case 0. = ¢ is treated in [4] for cubic nonlinearities and in [2] for
quadratic nonlinearities like Burgers equation, where only noise not acting
directly on the dominant modes influences the final result. Due to averag-
ing additional linear deterministic terms appear that have the potential to
stabilize or destabilize the dominant behavior. In [17] a generalized Swift-
Hohenberg equation was studied with polynomial nonlinearity containing
cubic and quadratic terms.

Here we revisit the case o. = € and generalize the previously obtained
results in [2, 4, 17] in a unified framework. The new interesting case of noise
strength o, = £%/2 with noise not acting directly on the dominant modes
leads to deterministic constant forcing in the amplitude equations. This was
to our knowledge not studied before.

The rest of this paper is organized as follows. In Section 2 we state the
precise setting for equation (1) and the assumptions that we need. In Section
3 we discuss the first reduction steps and state the main theorem. Section 4
gives bounds for high non-dominant modes. In Section 5 we give the proof
of the approximation Theorem I and some applications like the Burgers’
equation (treated also in [2]) the Ginzburg-Landau Equation (treated also
in [4]) and the generalized Swift-Hohenberg equation (also treated in [17]).
Finally, we prove the the approximation Theorem II and apply this result
to the generalized Swift-Hohenberg equation.

2 Setting & Assumptions

This section states the precise setting for (1) and summarizes all assumptions
that are necessary for our results. For the analysis we will work in some
separable Hilbert space H equipped with scalar product (-, -) and norm || - ||
For the linear operator A we assume the following:

Assumption 1 (Linear operator A) Suppose A is a non-positive self-
adjoint operator on H with real eigenvalues —\y, such that

0=M= .= A< As1 <... <A\ <... and \g>Ck™

for all sufficiently large k and one m > 0. The corresponding eigenfunctions
{er}2, form a complete orthonormal system in H such that Aey, = —Aey,.

From the assumption, we know that A := ker A has finite dimension
n with basis (e1,...,e,). Note that the growth rate of the eigenvalues A\
depends on the dimension. If A is a differential operator on functions on a
bounded interval, as in our examples, then m corresponds with the order of
the operator.



Define by S = Nt the orthogonal complement of A" in H, and by P, the
orthogonal projection onto A. Define the projection onto the orthogonal
complement by P :=Z — P,, where Z is the identity operator on .

For a € R, we define the space H® by Fourier series:

0 %) o , -
HE = {nykek : E k2a%§ < oo} with norm H E ’YkekH — E :km,yg .
e
k=0 k=1 P —

Note that in our examples, with A being a polynomial of the Laplacian on
an interval, the space H® coincides with the usual Sobolev space H®. If we
also have an upper bound on the eigenvalues (i.e., A\ ~ k™), then H* can
be seen as a fractional interpolation space.

The operator A given by Assumption 1 generates an analytic semigroup
{e"}4>0, (cf. Dan Henry [12] or Pazy [18]), on any space H® defined by

00 00
€At(zykek) = Ze_)‘kt’ykek Vit>0,
k=1 k=1

and has the following property for all t > 0, 8 > a, A\, < w < A\p41 and all
u e HP

[e3

HetAPsuHa < Mt*%e*“t HPS’U,HB , (2)

where M depends only on the constants a, m, £, and w.

Assumption 2 (Operator £) Let £ : H® — H*P for some a € R and
some [ € [0,m) be a linear continuous mapping that commutes with P. and
P;.

The Assumption on £ basically states that the operator is a compact
perturbation of the operator A : H* — H®. For details see Pazy [18]
or Henry [12]. In the example of differential operators one can think of
operators of lower order.

For the quadratic nonlinearity B we make two assumptions. The first
one was crucial in [2] and is satisfied for equations like the Burgers equation.
It basically guarantees that a single mode cannot map back via the quadratic
nonlinearity to the dominant mode.

Assumption 3 (Bilinear Operator B - I) With a and 5 from Assump-
tion 2 let B be a bounded symmetric bilinear mapping from H® x H* to
HB. Suppose that P.B(ey,e) =0 for all k € N.

The second assumption relaxes the first one, as it allows single non-
dominant modes to map back to the dominant ones. But dominant modes
still cannot map back to the dominant mode. This is crucial, in order to
study both cubic and quadratic nonlinearities with only cubic nonlinearities
appearing in the Amplitude equation.



Assumption 4 (Bilinear Operator B - II) With o and 8 from Assump-
tion 2 let B be a bounded symmetric bilinear mapping from H xH® to H*F.
Suppose that P.B(ex,er) =0 for k € {1,2,.....n}, where n is the dimension
of the null-space of A.

For the cubic nonlinearity F we assume that:

Assumption 5 Assume that F : (H*)3 — H*™8 with B as in Assumption
2 is trilinear, symmetric and bounded. Thus for some C > 0

1F (u, v, 0)ll0—p < Cllully [0l lwllg ¥V u,v,w e H, (3)

The assumption that B and F are symmetric is without loss of generality.
As they are quadratic and cubic we can always define them in a symmetric
way.

Denote B(u) = B(u,u) and F(u) = F(u,u,u) for short. Moreover, we
denote the projections by indices. This means F, = P.F or Fs = P, F. We
define By, B¢, and L. in a similar way.

For the noise we suppose:

Assumption 6 Let W be a finite dimensional Wiener process on H, such
that fort >0,

W(t) = Z arBr(t)er  for finitely many k > n + 1,
K

where (B are independent, standard Brownian motions in R and (oy),
are real numbers.

The assumption of finiteness on the noise is mainly for simplicity of
presentation. We could handle infinite sums, but would need in this case
several conditions for series to converge. Moreover, the fact that the noise
is given as a Fourier series with respect to the e; is not important. But it is
a key assumption, that the noise is degenerate, i.e., that P,W = 0.

The following assumption is crucial in order to obtain long-time results
and global existence for the amplitude equation.

Assumption 7 Define the cubic nonlinearity F : N — N via
F(a) = —2B.(a, A; ' Bs(a,a)) + Fe(a). (4)

Assume there is a constant ¢y > 0 and a constant C' > 0 such that for all

a,b,Re N
(Fla+b+ R) — F(b),a) < —colal* + C|R[* + C|R)?|b|? .

Setting b = 0 = R we immediately obtain:



Corollary 8 Under Assumption 7 for all a € N
(F(a),a) < —colal* .

Example 9 For the standard cubic nonlinearity F(a) = —|al?a Assumption
7 is true with positive co > 0. Note that here 3F(a,b,d) = —(a - b)d — (a -
d)b— (d-b)a.

To give a meaning to (1) we always consider mild solutions.

Definition 10 (Local mild solution) An H*-valued process {u(t)}c(o 7y
is a local mild solution of (1) if for some stopping time 19 we have on a set
of probability 1 that 7o > 0 and u € C°([0, 7], H®) such that

t
u(t) = Myt / VAL Lo B(u) 4 F(w)ds+o Wat), Vie (0,m), Peas,
0
(5)

where W 4 is the stochastic convolution defined as

Wa(t) = /0 t eU=AqW (s).

The existence and uniqueness of local solutions in the sense of the previous
definition is standard, as we consider locally Lipschitz-continuous nonlinear-
ities. See, e.g., [9] or [20] for many examples. Moreover, path-wise for each
realization of randomness, the deterministic theory based on Banach’s fixed
point theorem can be applied (see [12], for example). It it is a well-known
result, both in the deterministic and completely analogous in the stochastic
case, that the solution v and the stopping time 7y can be extended such that
u € C°([0,7), H*) and either 79 = oo or ||u(t)|la — oo for t — 9. See for
example Theorem 2.2 of [5].

Let us also remark that in the definition 79 could only be a random time,
but here we focus on stopping times with respect to the canonical filtration
induced by W.

For our result we rely on a cut off argument. First we consider only
solutions u that are not too large, as given by the stopping time below. Thus
we can always control the Lipschitz-constants of the nonlinear terms and
higher moments of the nonlinearity. Later, we use the amplitude equations,
in order to show that the stopping time is actually large, at least with high
probability.

Definition 11 For a mild solution u of (1) we define, for some fized Ty > 0

and small k € (0, %8), the stopping time T, with respect to the canonical

filtration induced by W, by

=Ty Ainf {T >0 [[u(Te?)]la > "} (6)



Definition 12 For a real-valued family of processes {Xc(t)},>o we say
Xe = O(f2), if for every p > 1 there ezists a constant C), such that

E sup [X() < Cpft. @
te[0,7*]

We use also the analogous notation for time-independent random variables.

3 Derivation and Main Results

In this section we present the first reduction step and state the main re-
sults. We are interested here in studying behavior of solution to (1) on
the long time-scale of order =2 induced by the distance from bifurcation.
Furthermore, due to the noise-strength and the distance from bifurcation,
we cannot expect solutions to be too large. Finally, our aim is to obtain a
reduced equation for the evolution of the dominant modes.

Thus we rescale and split the solution u into

u(t) = ea(e®t) + e (), (8)

where a is an N -valued and ¢ an S-valued process. By the definition (6) of
7* we have that

la(T)|lo <e™® and ||[Y(T)|ja <" for all T < 7% .

After rescaling to the slow time-scale T' = €%, we obtain the following system
of equations:

da = [Lea+2e7 " Be(a, ) + e ' Be(v) + Fela + )] dT, (9)
and
dp = [e 2 A + Lo + &' By(a + ) + Fy(a+ )] dT + oee2dW, (10)

where W (T') := eW (¢~2T) is a rescaled version of the Wiener process.

Equation (9) reads in the integrated form

T T T
a(T) = a(0)+/ Ecad7'+£1/ Bc(2a+1/1,w)d7'+/ Fela+)dr. (11)
0 0 0

In order to obtain the amplitude equation in a only, we need two steps. As a
first step, we have to remove all terms explicitly depending on ¢!, as these
might not be small. In a second step, we use stochastic averaging in order
to get rid of all the ¢ from Equation (9).

As the first step, we start with removing the e~1. This can be achieved

by It&’s formula applied to B.(a, A; 1) and to B.(ex,ee)wr1pe. Recall that
A1 is well defined on PyH. We obtain for the first term



T
= [ Bulaw)dr = <BalT), A 0(T)) — <Ba(0). A, 0(0))
0
T
—g/ (Lea, A7 1) dT—/ Be(Be(2a + 1, 1), A 1)dr
0
T
—/ c(a, A7 Bs(a,a + 21) dT—E/ Bo(Fe(a+ 1), A )dr
0T T _
—/ B.(a, A;IBS(¢,¢))dT—055_1/ Be(a, A;1dWy)
0 . . 0
—z-:/ B.(a, A7 Lotp)dr — 5/ Be(a, A7  Fy(a +1))dr, (12)
0 0
and for the second (assuming all sums run over the forced modes k, ¢ > n+1)

T T
= /0 Bc<¢,¢)dfzs—1%36<ek,eg) /0 Viedr

- % Sl (T)0u(T) — 1 0)6(0)

T
+EZ )\k j_k;\je /0 < swae£>+}_f(a+¢)]1/1kd7'

QBc(ek,ez) 1 r - T
+27(/\k+)\€) oee ak/o ¢edﬂk+/() By(a+ )rdr

0.k

1 _ a2
+ZU§€ 327:36(61“619)1—1. (13)
k

Here By(w) = (B(w),er). Substituting from (12) and (13) into (11) we
obtain

1) = a0)+ [ 1ot Fla) ~ 2B (B0 0), AT )i
_ /OT[4BC(Bc(a, ), A71)) + 4Be(a, A7 By(a, )] dr
_ /0 (2B, AT Bu(. ) — 30,0 0)]dr
+ /0 BE0,8) + Ful)]dr — 202 /0 Do, AT )
3 W oy /OT YedBr + /OT By(a + y)yrdr

0k



ml\)

ek,ek T+O( 1= 4“), (14)

>’\M

R

where the cubic term F(a) is given by (4).

pM»—k

3.1 The scaling 0. = ¢.

The first main result of this paper is the rigorous derivation of an amplitude
equation in the case of 0. = . For simplicity we assume that the noise is
forcing only one mode called k. If not, we get all terms we have with sums
and several additional terms (see Remark 14 below). In the single mode
case the amplitude equation reads

5 .2 -
Orb = L:b+ F(b) + Gb + %Bc(b) k)01 B, (15)
k

with a linear map G : N' — A given by

~ 302 a?

Gh = ﬁmb,ek,ek)—T’CBAb,A;lBs(ekvek))
20% 202 B@ b, ek
Bo(Bu(b, > S ) Belewer), (16
5 (Be(b,er), ex) +€#k O 1 2p) Deleerex)s (16)

where By = P;B with projection Py : H* — R defined by Py(>_ axer) = ay.
k

We show in our main Theorem I that near a change of stability on a
time-scale of order e~2 the solution of (1) is well estimated by

u(t) =~ eb(e%t) + e Zp(*t)er, + O(%7) (17)

where b is the solution of the amplitude equation (17) and the fast real-
valued OU process Z(T) is defined by

T
Z(T) == et / es I a8, (1), (18)
0
with S (T) := eB(e2T) being a rescaled version of the Brownian motion.
The main result in this case is:

Theorem 13 (Approximation I) Let Assumptions 1, 2, 3, 5, 6, and 7 be
true, where only one mode k is forced. Let u be a solution of (1) defined in
(8) with the initial condition u(0) of order ¢ and split u(0) = £a(0) 4 € (0)
with a(0) € N and 1(0) € S where a(0) and ¥ (0) are of order one. Suppose
b is a solution of (15) with b(0) = a(0). Then for allp > 1 and Tp > 0 and
all k € (0,3), there exists C > 0 such that

]P’( sup
t€[0,€72To}

u(t) — eb(e?t) — e p(0) — eZ1(e2t)ey,

‘ > 62—13,%) < C«Sp,
o

(19)
where 2y, defined in (18).



Remark 14 For simplicity we forced the noise in the above theorem in one
mode only. If we force the noise in many modes we will have nonlinear
interactions leading to a martingale term. One example are integrals of the
type fOT ZydBy. In order to approximate this martingale term, we need to
use Lemma 6.1 from [2], which is strictly only for one-dimensional N, as it
1s based on Levy representation and the martingale representation theorem.
For more related results in this direction, see for instance [4].

Remark 15 Let us comment on the case, when Assumption 7 fails to be
true. In that case we do mot obtain control on the stopping time 7*. FEs-
pecially, ™ = Ty might have very small probability due to blow up in finite
time of the amplitude equation. Nevertheless in the proof we still establish
a bound like:

"< cer-120) (9

«a

E sup
te[0,e—27*]

‘u(t) — eb(e%t) — et 1h(0) — e Z5(e%t)ey,

To illustrate our approximation result of Theorem 13 we consider here
the setting of [17], which is a stochastic Swift-Hohenberg equation with
respect to periodic boundary conditions on [0,27] and forced by spatially
constant noise:

1
O = —(1 + 02)%u + ve®u + yu? — u® + ——e0 ;. 21
= —(1+32) . oeeds (@)
The approximation theorem in this case states that the solution of (21)
is of the type
u(t) = ev(e?t),
with
v(T) = by (T) sin +b_1(T) cos +0Zy + O('7),
where the fast OU-process Zy ~ 813 (T') is well approximated by noise, and
b1 and b_q are the solutions of the amplitude equation

db; = [(v — 302 + 3027%)b; + 3(384% — 1)b; (b7 + b2,)] dT+2y0b;dBy for i = +1.

Here we have to assume that g—g > ~2. Otherwise the nonlinearity is not

stable, and Assumption 7 fails to be true. In that case we cannot apply our
theorems directly. In case % < 7?2 the result would only hold up to a possible
blow-up time of the amplitude equation. An interesting scaling is the case
% = 2. Here the amplitude equation is linear, and we could consider larger
solutions, and still obtain a meaningful result. The amplitude equation in
that case will have quintic nonlinearities. This case was studied by [6] for
the deterministic equation.

If we choose v < % and o2 > %”, then the constant (v — %(72 +302%7?) in
front of the linear term is negative. In this case we can say that degenerate
additive noise has the potential to stabilize the dynamics of the dominant

modes.

10



3.2 The scaling 0. = £%/2

The se(;ond approximation result of this paper considers the case where
0. = €2. Here we allow for many modes being forced, and for nonlinear
interaction of the noise terms. The first approximation result still holds,
as the noise strength is an order £'/2 smaller than before. But we will
loose all the impact of the noise in the amplitude equation. Thus we allow
for a different assumption on the nonlinearity (i.e., B.(eg,er) # 0 for non-
dominant and forced modes k.

The general result is the same as in the previous scaling, but the ampli-
tude now takes the form

db(T) = |Lb+F(b) + 1> i"EBC(ek, ek)} dT . (22)
k

It is an interesting feature, that despite of the presence of noise, the ampli-
tude equation is deterministic. Nevertheless, induced by the noise there is
an additional constant forcing term, that will always drive solutions away
from 0. Thus already a little bit of noise will stabilize the dominant pattern,
and prevents it from disappearing.

We prove the following theorem:

Theorem 16 (Approximation II) Under Assumptions 1, 2, 4, 5, 6, and
7, let u be a solution of (1) defined in (8) with the initial condition u(0) =
ea(0) + e (0) with a(0) € N and 1(0) € S where a(0) and ¥ (0) are of order
one, and b is a solution of (22) with b(0) = a(0). Then for allp > 1 and
To > 0 and all k € (0, Tls)’ there exists C > 0 such that

IP’( sup
te [O,E_QT()}

u(t) — eb(e2t) — setASz,Z)(O)H > 53/2—10“) <. (23)

We see that the part depending on ¥ (0) decays exponentially fast on
time-scales of order O(g?). Theorem 16 states that the solution of Equation
(1) is well approximated by

u(t) ~ eb(’t) + O(%?7), (24)

where b is the solution of the amplitude equation in (22).

To illustrate our result, let us give an example of Theorem 16. Consider
again the stochastic generalized Swift-Hohenberg equation with respect to
periodic boundary conditions on [0, 27]

Oru = —(4 + 02)%u + vetu + yu? — ud + oe3/29,8 cos(z). (25)

Thus the dominant modes are N' = span(sin(2x), cos(2x)). Obviously, the
forced mode cos(z) is mapped via u? into N.

11



Our main theorem in this case states that the solution
u(t) = ev(e?t),
of (25) is given by
0(T, x) ~ by(T) sin(2x) + b_o(T) cos(2z) + O(e'/?7),
where by and b_y are the solution of the amplitude equation

2
by = wby— (3 — 25 )bo(b3 + b2y),

2

Wy = wvboo— (3 — 2 )b_o(b +b2,) +

ot N

o®
72

In this case it is essential that we choose 72 < %, in order to have

the coefficient in front of the cubic term negative. Otherwise our stability
condition on F would not be satisfied, and Assumption 7 fails to be true.
See also the previous section for a similar discussion.

4 Bounds for the high modes

In this section we show that the non-dominant modes are already given by
an OU-process and a contribution from the initial condition that dies out
very fast.

Lemma 17 Under Assumptions 1, 2, 3 and 5, there is a constant C > 0
such that, for k > 0 from the definition of T™* and p > 1,

E sup [[w(T) - Q)| <ceriem, (26)
T€[0,7%] @
where Q(T) is defined as
Q(T) = & TA(0) + o.e ' Z(T) (27)
Proof. Define
Z(T) = Zp(T)ex, (28)
k

where Zj(T') is defined in (18), where the sum runs over all forced modes.
The mild solution of (10) is

T
wT) = A0+ [ eIy b B )
0

T
—I—/ e€72(T_T)A3]-"S(a + )|dr 4+ o.e L Z(T).
0

12



Using triangle inequality

T
H/ ee_zAS(TfT)Eslb (1) dTHa

@ 0

o) - am)|

IN

T
+et H / eE_ZA‘S(T_T)Bs(a + @D)dTH
0 (e}

T
+ / e AT (a4 p)ar|
0
= L+L+1I5.

«

We now bound these three terms separately. For the first term, we obtain
by using (2) and Assumption 2 for all 7' < 7*

28 T _2 B8
I, < o2 / e~ =TT — ) |lyp(r)||,, dr
0
-2

e “wT

_py _B

< Cé&® sup mella/ ey~ mdn
T€E[0,7*] 0

< Cer,

where we used the definition of 7*. For the second term, we obtain com-
pletely similar by using (2) and Assumption 3 for all 7" < 7*

2y [T —e~2w(T—7) - 2
I, < Cem e (T —7)"m ||a+v||, dr
0

5 e 2wT 3

< Ce sup Ha+¢Ha/ e " mdn
T€[0,7%] 0

< Cel=2x,

Analogously, for the third term. We obtain by using (2) and Assumption 5
that for all T' < 7*

Combining all results, yields (26). O

Lemma 18 Under Assumption 1 and 6, for every kg > 0 and p > 1, there
is a constant C, depending on p, ap, Mg, ko and Ty, such that

E sup |Zu(T)P < Ce,
T€[0,T0]

and

E sup [[Z(T)|g < Ce™,
T€[0,To]

where 2y, is defined in (18) and the finite sum Z in (28).
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Proof. This is a straightforward bound on fast OU-processes. See for
instance the proof of Lemma 14 in [4]. With some more effort the bound
should be logarithmic in €. U

The following Corollary states that ¢(7") is with high probability much
smaller than ™" as asserted by the Definition 11 for 7" < 7*. We use this
later in order to show that 7* > T with high probability (cf. Proof of
Theorem 13).

Corollary 19 Under the assumptions of Lemmas 17 and 18, if ¥(0) =
O(1), then for p > 0 and for all kg > 0 there exist a constant C > 0 such
that

E sup [[¢(T)|F <Ce™™. (29)

T€[0,7*]
Proof. We use
[01P < Cll = QIIP + C (o= ") I1ZIP + Clle AP
By Lemmas 17 and 18, we obtain, for kg < &,

Esup [|[¢f, < C+C (oce™t)’e7r0 4 CeP™3rp
[O’T*]

< eM[C + Coe™t + Cel 3R,

If 0. =¢ (or o, = E%), then as k < % we obtain (29). O
Let us now state a result similar to the averaging, but where we integrate
over the contribution of the initial condition in . This always leads to terms

of order O(g?).

Lemma 20 If Assumption 1 hold and ¥ (0) = O(1), then for ¢ > 1 there
exist a constant C' > 0 such that

T
sup /
7>0Jo

Proof. Using (2) we obtain

r

e " Aap(0)

q 2
‘ dr < Ce*.
(07

e 2 AT g T —qe 2wt q g2 q
Ay )| dr < e / ¢ WO dr < = WO

«
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5 Proof of the Approximation Theorem I

This section is devoted to prove the Theorem 13 for the approximation given
(17) of the solution u of the SPDE (1). Before we prove our Theorem 13,
let us state without proof the averaging Lemma 5.1 from [4] over the fast
OU process Zj. This lemma show that the integrals over the OU-process
containing odd powers like Z; or Zg’, are small. Even mixed powers like
ZZy or Z]%Zg do not contribute. Only even powers like Z,f, Zﬁ, and Z,?ZZ2
have a contribution, which is a constant of order one.

Lemma 21 For all € let X be a real valued stochastic process such that for
some r > 0 we have X(0) = O(e™") and dX = GdT with G = O(e™").

Fiz any kg > 0. Then for any nonnegative integers ni ,nge ,n3 not all
zero and for all triples of different indices k1, ko, ks € N, we obtain

3 n; (n, —

XZm Z”2Z"3d = XZn12"22"32_2d
/ " Z (nl/\lﬂ + n2/\k2 + ng)\kg / ki Cks ks k; 4T

=1
+O(€1fr7(n1+n2+n3)no)

where the fast OU-process Zy, is defined in (18).

Note that in the previous Lemma X might depend on €. Especially in
the applications G will depend on . The dependence of X (0) on & does not
change the result. Thus here we allow for e-dependent initial conditions of
order O(e™").

Lemma 22 [f Assumptions 1, 2, 8, 5 and 6 with only the mode k forced
hold and ¥(0) = O(1), then
T ~
oT) = a(0)+ [ Lealr) + Fla(r)) + Ga(r)dr
0

20y, T ~
+T BC(CL, ek)dﬂk + R(T)a (31)
k Jo

where

R=0('1), (32)
for k>0 from the definition of 7.

Proof. From the mild solution of equation (10) and Lemma 17 we obtain
(recall that in this case Z = Ziey)

W(T) = ye(T) + 2(T) + O(' ), (33)

where

ye(T) = e TAs)(0).

15
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Substituting from (33) into (14) and using Assumptions 3 and 5 to obtain
T ~
a(T) = a(0)+ / [Lea+ F(a) — 2B.(Be(Z, 2), A; 1 2)]dr
0
T
—/ [4Z%B.(Bc(a,er), A; ter) + 42, Be(a, A7 Bg(a, ey,))]dr
0
T
—/ [222B.(a, A;*Bs(eg, ex)) — 321 Fe(a, a, ep,)|dr
0
T T
—i—/ 322 F.(a,ex, er) + 23 Feley)|dr — 2/ Be(a, Ay ex)dB
0 0

2B, (ex; er) /T 2
+ E —_— 2Z:By(a,er)dr + Ry, 34

where we do not state the lengthy expression for R; explicitly, but using
Lemma 20 it is straightforward to prove that

Ry = O(e1712%), (35)
Applying finally Lemma 21 to (34), yields (31). O
Lemma 23 Let Assumptions 1, 2, 3, 5 and 7, hold. Define b(t) in N as

the solution of (15). If the initial condition satisfies E|b(0)[*? < C' for some
p > 1, then there exists another constant C' such that

E sup [b(T)|* <C. (36)
T€[0,To]

Proof. Applying Itd’s formula we first see that |b(T)[* is a real-valued
diffusion process. Thus again by It&’s formula applied to (|6(T)|?)P we derive

T
BT = b)) + 2p /0 1b(s)2®~D (b(s), db(s))
T
+p /0 Ib(s)[2®=D) (db(s), db(s))
T
Lop(p— 1) / Ib(s)[272) (b(s), db(s))?.
0
From (15) we have
T ~ ~
BT = b)) + 2 / b(s)P7~2 {b(s). Leb(s) + F(b(s)) + Cb(s) ) ds
0

T ~
+Cy /0 |b(5)|?P~2 (b, Be(b, ex)) dpBy

16



T
+C5/0 |b(5)[*P~2 (Be(b, e), Be(b, ex)) ds

T
+Cy / 1b(5)[2P=* (b, Bu(b, ex))? ds.
0

Using Cauchy-Schwarz inequality and Assumption 5, together with Corol-
lary 8 or Assumption 7, we obtain (¢ > 0)

T
1b(T)|?P = |b(0)|** + C / (5)|*ds — ¢ / b(s)|>P+2ds
0

e / 16(5) 22 (b, Bo(b, ex) B

0

(37)

Taking the expectations on both sides, yields
T
E[b(T)|? < E[b(0)|? + C/ E|b(s)|?Pds,
0

where we used we used that stochastic integrals have 0 expectation. Apply-
ing now Gronwall’s lemma to obtain

sup E[b(T)|* < C. (38)
TG[O,T()]

With 2p instead of p we have

sup E|b(T)|* < C. (39)
T€[0,To)

Taking expectation after supremum on both sides of (37)

T
E sup |b(T)|** < E|b0)|*’ + CE sup / |b(s)|*Pds
TG[O,T()] TG[O,T()] 0

T ~
+CE sup [ b Bulbe) i
T€[0,To]

Using Burkholder-Davis-Gundy inequality (cf. [10] or [11])

To To
E sup ]b(T)|2p§E|b(0)|2”+C’/O E|b(s)|2pds+CIE</0 b(s)"ds)

T€[0,7T0]
Using our first bounds on b from (38) and (39) after Holder, yields (36). O

Theorem 24 Assume that Assumptions 1, 2, 3, 5, 6 and 7 hold, and sup-
pose a(0) = O(1) and ¥(0) = O(1). Let b be a solution of (15) and a as
defined in (8). If the initial conditions satisfy a(0) = b(0), then for k < 35
we obtain

E sup |a(T)—b(T)|?P < Ce?P(-12x), (40)
Tel0,7%]
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Proof. Subtracting (15) from (31) and defining h := a — b, we obtain
T ~ ~ ~
WT) = / [Loh+ F(h+b) — F) + Gh] dr
0

T 20ék ~
+ |~ Belh,ex)dBy + R(T) .
Y

In order to apply Ito-formula, we define h = h — R. Thus,

20y,

 Be(h, ex)dB
k

dh = [Loh+ F(h+b) — F(b) + éh} dT +
Now Ito-formula yields
1 - - - - - - - - -
%dmy% = |h|*2(h,dh) + |h|**~%(dh,dh) + |h|*’~*(h, dh)? .
For the nonlinear term we use Assumption 7:
(F(h+b+ R) — F(b),h) < —c|h|* + C|R|* + C|R[*|b]* .
for some ¢ > 0. Thus (note that we keep some of the b = h + R)
1 - . - _ 9 _
—d|B[*? + e[+ 2dT — |B|%~2(h, S Bo(h, ex)dy)
2p Ak
< CA*~2[|R)* + |RI2|b|2dT + C|h|**~2|h|?dT + C|h|*~4|h[*dT
< C|h)*72(|R|* + |R|* + |R*|b|?)dT + C|h|?PdT + C|h|*~4|R|*dT
< C|h?PdT + C[|R[* + |R|* + |R|?P|b|*]dT ,

where we used Young’s inequality frequently. For example, 227~ fy¢ < Ca?+
Cy?". Now consider for an appropriate constant Cy > 0

- - ~ ) _
dle=CoT |R(T)|2] + 2pc e~ CoT |R2P+24T — 2p e~ COT |1 2P=2 (], TO"“ Beo(h, ex)dBs)
k

< CeOT(|R(T)|* + |R(T)|* + | R(T)|*|b(T)[>")dT

Integration up to TA7* and taking expectation (recall that h(0) = R(0) = 0)

N TNT*
BT AT <E [ (R B R
< Ca(l—lQn)Qp

where we used Holder, 7% < T, together with Lemma 23 and 22.
Taking a step back, recall that we had for T' < 7*

L5 2p T 92,7 2% 3
Wﬂ|§/|m (R 2% B (h, ex)d )
2p 0 Ak
T T
+c/ h|2pds+c/ (R + (R[22 + |RP[b2"]ds
0 0

18



In order to avoid problems with & being defined only up to the stopping
time 7%, we define the stopped process h,«(s) = h(s A 7*). Thus

1 - T .2 - .
— sup [W(T)* < sup / e [2272 (Bipe, “E BBy, ) d i)
2p 1ef0,7] Telo,7]Jo Ak

T op—2/7  20% 7 3
+ sup / ’h’r*| P <hT*77BC(hT*7ek)d/8k>
Tefo,] Jo Ak
0

+C [ |he

s + C/ [|R|* + |R|*” + |R|?P|b|?P)ds
0

Now we can take suprema up to Ty on the right hand side. Taking now
expectation, Burkholder-Davis-Gundy together with (32) and (41) yields

E sup |B(T)|2p < 0e(1-126)2p (42)
Tel0,7%]

Finally, using

E sup |a — b|?” = E sup |h|* < CE sup |h|*® + CE sup |R|? (43)
[0,7%] [0,7%] [0,7%] [0,7%]

yields the result together with Lemma 22 and (42). O
Now, we can use the results obtained in the previous proofs to verify the
main result of Theorem 13.
Proof of Theorem 13. First we show that 7* = T with high proba-
bility. Note that

Q> {T* = To}
D {sup [[u(Te™?)la < 3"}
[O’TO]
D {sup [lafla < 367, sup [[¢[la < 3&7}
[OvTO] [OvTO]

S {sup fla = blla < 2, sup [blla < 27, sup []la < 1)
[OvTU] [OvTO] [OvTU]

=: Q..
Hence

P{r* < Ty} =1 - P{r* = Ty} <1 P{Q.} = P{(2.)°}
< P{sup [la —blla = 17} + P{sup [blla > L7}

[0,T0] [0,To]

+P{sup [[¢]la = 3677}

0,To

< Ce(l=1Rp o Cerp 4 Celrmrolp,

(44)
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where we used Chebychev’s inequality together with Theorems 24, 23, and
Corollary 19. If we choose k < 1—12 and kg from Corollary 19 sufficiently
small, we obtain that for all p > 1 there is a constant such that

P{r* < Ty} < CeP | (45)

Now let us turn to the approximation result. Using Theorem 24 and Lemma
17, yields

E sup |lu(e ?T) —eb(T) —eQ(T)|"
Tel0,7*]
< C¢E sup ||la — b||E + CeE sup ||[v — QB (46)

[0,7%] [0,7*]

< CePP128) o 0eP2738) < p(2-128)
Thus

]P’( sup  |Ju(t) — eb(e*t) — Q%) | o > 52*13”>
tE[O,E_zT()]

= IP’( sup  |ju(t) — eb(et) — eQ(e%t)||lq > 2713F, 7* = T0>
tG[O,EiZT()]

FB( sup fu(t) — cb(e) — Qo > 2T, 7 < Th)

t€[0,€_2T0]
< ]P’( sup  |lu(t) — eb(e*t) — eQ(e%t) |0 > 52713“) + IP’(T* < To)
tel0,e—27*]
< Cgfq(2713n)5q(2712n) + et

< Ce®,
where we used again Chebychev’s inequality and (45) and (46). If p = ¢k
we obtain our final result (19). O
5.1 Application of Approximation Theorem I

In the literature there are numerous examples of equations with quadratic
nonlinearities (Burgers’ equation) or with cubic nonlinearities (Ginzburg-
Landau / Allen-Cahn equation) or both (Swift-Hohenberg equation) where
our theory does apply.

5.1.1 Burgers’ Equation

The first example is the stochastic Burgers’ equation already studied in [2]
Opu = — (02 + 1V)u + ve?u — udyu + ;W (t),

on the interval [0, 7], with Dirichlet boundary conditions. We take
H = L*([0,7]), ex(x)= \/%sin(k:x) and N = span{sin}.
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Assumption 1 is true with m = 2 and limg_,,, A = 0o, where the eigenvalues
of —A = —0%—1are \y = k? — 1. If we fix P. to be the H-orthogonal
projection onto A, then both P, and Py commute with A.

Moreover, all conditions of Assumption 3 are satisfied for the operator

B(u,v) = 10, (uv),
as follows:
P.B(u,u) = P, [y*sin(z) cos(z)] =0 for u = ysin € N,
and for o = i and 8 = % < m we obtain

2[B(u, v)llgg=1 = (102 (uv)llgg—1 < fuvllp2 < Cllull, 1llvll, 3,

where we used Sobolev embedding of H'/4 into L*. If the noise acts on the
second mode (i.e., W(t,z) = o2(t) sin(2x)), then our main theorem states
that for

u(t) = ev(e%t),

we have o -
v(T) ~ b(T') sin —I—sgaTBQ(T) sin(2x),

where b is the solution of the amplitude equation of Stratonovic type
o2 1 o ~
b:[ — Ty — —b3]dT — Zbo dps.
b=-g -3 60 ° 4P

If 02 > 88v, then v— % is negative. In this case sufficiently strong degenerate
additive noise stabilizes the dynamics of the dominant modes.

5.1.2 Ginzburg-Landau / Allen-Cahn equation
The second example is the stochastic Ginzburg-Landau / Allen-Cahn equa-

tion

O = (02 + V)u + ve?u — u® + 0, W (1), (47)

subject to Dirichlet boundary conditions on the interval [0, 7]. We note that
A=02+1, L=vI, F(u)=—u’.

If we take H, eg, and AN as in the previous example, then Assumption 1
is again true. Moreover, it is easy to check that the condition (3) on the
nonlinearity is satisfied for « = 1 and 8 = 0. For the Assumption 6 on the
Wiener process, we consider here noise acting only on sin(2z).

The main theorem states that the solution u(t) = ev(e?t) of (47) is
approximated by

o(T) ~ b(T) sin +5%3T52(T) sin(2z),
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where b is the solution of the amplitude equation takes the form

2
/ g 3 3
=(v——)b—- 4
b (u - )b b (48)
where F. (u,eg, er) = —%u. Note that here the Amplitude equation is de-

terministic, and we have a stabilization of the dominant modes provided
02 > 4v. Here too much noise destroys the dominant pattern.

5.1.3 Generalized Swift-Hohenberg equation

The Swift-Hohenberg equation was defined in introduction (cf. (21)). It has
been used as a toy model for the convective instability in Rayleigh-Bénard
problem (see [7] or [16]). Now it is one of the celebrated models in the theory
of pattern formation. For this model we note that

A= —(L+ ), L=vI, Flw) = —v', Bluu) =y’

If we take

ﬁ sin(kz) if k>0,
ﬁ cos(kz) if k<0,
and

H = L*([0,2x]) and N = span{sin, cos},
then the eigenvalues of —A = (1 + 92)? are A\, = (1 — k?)? for k € Ny with

m =4, \g =1 > 0 and limg_,oc A\x = 00. Moreover, with « = 1 and 5 = 0,
it is easy to check that

1F (w0, w) |3 = [[muvwlizn < Cllullyg [[ollagn [w]ly -

For Assumption 6, we consider two cases:

First case. The noise is a constant in the space (i.e. W (t) = %ﬁo (t) =
00Po(t)). In this case our main theorem states that the solution w(t,x)
ev(e?t, z), of (21) approximated by

v(T,z) ~ by (T) sin(x) 4+ b_1(T) cos(x) + aodrLo(T) + O(7),
where b1 and b_1 are the solution of the amplitude equation
db; = [(v — 305 + 3037)bi + 3(B4% — 1)b;(b7 + b2,)] dT+2y00bidBy for i = £1.

Second case. If the noise acts on sin(2x) (or cos(2x)) , then the amplitude
equations are

Yo2

db; = [(v — 1503 + 15057)b; + (3842 — 1)b; (b7 + b24)] dT+Tb_id52 for i = 41,
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NG

Here the question of stabilization is not obvious to decide. In both cases
we need 72 < 27/38 in order to have a stable cubic, and to apply our main
result. After using the Ito-Stratonovic-correction, we have that for 42 < 2/3

in the first case and 72 < 1.46 in the second case, large noise will stabilize.

where o9 =

6 Proof of the Approximation Theorem II

In this section, we use many lemmas and ideas of the previous sections, as
the main ideas are similar.

Lemma 25 If Assumptions 1, 2, 4, 5 and 6 hold, together with 1(0) =
O(1), then

T
a(T) = a(O)—i—/O [Lea+ F(a) dT+4Z " Be(eg, e)T +O(e/279%) (49)

for > Kk > 0 from the definition of 7.

Proof. From the mild solution of equation (10) and Lemma 17, with
0. = €3/2, we obtain
(T) = ye(T) + e2Z(T) + O(' %)

= (T) + O/, o

where as before .
yg(T) _ 65_ TAS?/)(O).

Substituting from (50) into (14) and using Assumptions 4, 5 and using
Burkholder-Davis-Gundy inequality to obtain (49). Here we follow the lines

of the proof of our first theorem. The proof is a straightforward modification.
O

Lemma 26 Let Assumptions 1, 2, 4 and 5, hold. Define b(t) in N as the
solution of (22). If the initial condition satisfies E|b(0)|* < C for some
p > 1, then there exists a constant C > 0 such that

E sup [b(T)|* <C. (51)
TG[O,To]

Proof. Taking the scalar product (b,-) on both sides of (22), and using
Corollary 8, yields

1
SOrlb® < (b, Lcb+ F(b) Z ’“B (exex))
< Cb*+ .
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Using Gronwall’s lemma we obtain for 0 < T that
B(T)[2 < 2T Jb(0) 2 + C1e2CT.
We finish the proof by taking the expectation after supremum on [0, 7Tp]. O

Theorem 27 Assume that Assumptions 1, 2, 4, 5, 6 and 7 hold and suppose
a(0) = O(1) and ¥(0) = O(1). Let b be a solution of the amplitude equation
(22). Recall a was described in (49). If the initial conditions satisfy a(0) =
b(0), then for k < % we obtain that for all p > 1 there is a constant C > 0
such that )
E sup |a(T) —b(T)|P < Cela=9%p, (52)
Tel0,7*]
Proof. Subtracting (22) from (49) and defining
A(T) = a(T) — b(T), (53)
we obtain
T T _ T ~
hT) = / Lch(T)dT —|—/ F(h+b)dr — / F(b)dr + R(T), (54)
0 0 0
where the error R is bounded by
R = 0O(Y/?79%) (55)
In order to apply standard techniques, we define @) as
Q(T) := W(T) = R(T). (56)
From Equation (54) we obtain the random ODE
IrQ=LQ+LR+F(Q+R+b)— F(b).

Taking the scalar product (@, -) on both sides

LoD = (@£ + L)+ (QF@Q+ R+b) ~ F(1)).

Using Young and Cauchy-Schwartz inequalities and Assumption 7, we obtain
the following linear ordinary differential inequality

1 2 2 5, 2_ 4 5, 2 2
SR < ClRIT)P +CRT)| e |QT)* + C |RT)| (1)
< C]Q(T)\g+C’R(T)‘2+C’R(T)‘2\b(T)]Q.

Using Gronwall’s lemma, we obtain (as Q(0) = 0) for T < 7* <Tj

T
QT < C/O [R(s)P[L + [b(s)P]e*T)ds < C[ﬁup] [RI*[1+ [b]7]
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Taking £-th power, supremum, and finally the expectation yields

E sup Q| < CeP/2% |
[0,7%]

where we used (51) and (55). We finish the proof by using (53), (56) and

E sup |a — b[P = E sup |Q + R|” < E sup |Q|” + E sup |RJP.
[0,7%] (0,7%] (0,7%] (0,7%]
O
Now, we can use the results previously obtained to prove the main result
of Theorem 16 for the approximation of the solution (24) of the SPDE (1).

Proof of Theorem 16. We follow the same steps of the proof of
Theorem 13. U

6.1 Application of Approximation Theorem II

Note that for Burgers equation we can not apply our approximation The-
orem II because the condition B.(eg,er) # 0 for k € {n + 1,....N} is not
satisfied. In the case of Ginzburg-Landau equation, as this contains only
cubic nonlinearities, the noise does not effect the amplitude equation. thus
we do not treat this in detail here.

We apply our Theorem II to the generalized Swift-Hohenberg equation
and we study different cases depending on the type of the noise.

6.1.1 Generalized Swift-Hohenberg equation
We study the generalized stochastic Swift-Hohenberg equation given as
Ou = —(4 + %) %u + vetu + yu? — ud + 20,0 (57)
For this model we note that
A=—-4+0%2 L=vI, Flu)=—u® Bu,u)=~yu’.

Later we need that v2 < 54/5. Define as the orthonormal set of eigenfunc-

tions of A
L gin(kx) if k>0,

v .
er(x) = @ if k=0,
I cos(kx) ifk <O,

then
N = span{sin(2z), cos(2z)}, and X\ = (4 — k?)*.

For noise, we consider three different cases, but in all cases the main the-
orem gives that the solution u(t, z) = sv(e?t, z) of (57) is well approximated
by

o(T, ) = by(T) sin(2z) + b_o(T) cos(2z) + O(e'/?7),
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where by and b_5 are the solution of the amplitude equation
First case. If the noise takes the form W(t,x) = 00,0 cos(z), then

by = vby— (3 — 24)bo(b3 + b2,)
/ 3 5.2 2 2 702
b72 = Vb_2 — (Z — ﬁ7 )b_Q(b2 + b72) + ﬁ .
Second case. If the noise acts on sin(z), then
by = vby— (3 — 2o (b3 +b2,)
/ 3 5 2 2 2 70'2
by = vbo— (]~ 557 )ba(b3+b2,) — TR
Third case. If the noise takes the form
-N N
W(t,x) = Z a0 P cos(kx) + Z 010 Bk sin(kx),
k=—1k#£—2 k=1,k#2
then in this case
3 2
by = wvby— (3~ 2 )b (b5 + b7 y)
3 2
by = vboa— (5 — Zr)boa(bd +12) + %(oﬁ — 2

We note that if we choose 01 = Haq, then there is no effect of noise on the
solution.

Note that in the first two cases any little contribution of noise leads to a
pattern cos(2x), as the solution of the amplitude equation is always driven
out of 0.
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