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THE EFFECT OF NOISE ON THE CHAFEE-INFANTE
EQUATION: A NONLINEAR CASE STUDY

TOMAS CARABALLO, HANS CRAUEL, JOSE A. LANGA, AND JAMES C. ROBINSON

ABSTRACT. We investigate the effect of perturbing the Chafee-Infante scalar
reaction diffusion equation, us — Au = Su—u?, by noise. While a single multi-
plicative It6 noise of sufficient intensity will stabilise the origin, its Stratonovich
counterpart leaves the dimension of the attractor essentially unchanged. We
then show that a collection of multiplicative Stratonovich terms can make the
origin exponentially stable, while an additive noise of sufficient richness reduces
the random attractor to a single point.

1. INTRODUCTION

In this paper we investigate the effect of noise on the Chafee-Infante scalar reaction
diffusion equation

(1.1) ug — Au = fu —u? for x €D, with ulap =0,

where D is a smooth bounded domain in R". We show that the effect of the noise
is highly dependent on the precise way in which it is included in the model.

We choose the Chafee-Infante equation since it is the canonical example of those
infinite-dimensional gradient systems in which the structure of the global attractor
can be fully described, and we recall this theory very briefly in Section 2.

We then consider the effect of adding a single multiplicative noise: in Section 3 we
show that an It noise +ou dW; of sufficient intensity will stabilise the origin, while
in Section 4 we show that a Stratonovich noise +ou o dW; leaves the complexity of
the system, as measured by the dimension of its attractor, essentially unchanged
whatever the value of o.

The order-preserving property of the deterministic model is retained by its sto-
chastic counterparts, and this is the key to the two new results presented here:
in Section 5 we adapt the linear result of Caraballo & Robinson [9] to show that
the zero solution can be made exponentially stable by the addition of a number of
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multiplicative noise terms (in the Stratonovich sense) and in Section 6 we give a
simple proof that the addition of a rich enough additive noise reduces the random
attractor to a single random point (cf. Chueshov & Scheutzow [10]).

2. THE DETERMINISTIC CHAFEE-INFANTE EQUATION

The Chafee-Infante equation is probably the best understood deterministic par-
abolic PDE, and one of the few for which we have a full understanding of the
structure of its attractor (see Hale [22] and Henry [24], for example).

Existence and uniqueness results for the deterministic equation are proved in Mar-
ion [28] and Robinson [30]: given an initial condition ug € L?(D) there exists a
unique weak solution u(¢;ug) such that for any T > 0

u(t;uo) € L*(0,T; Ho (D)) N L*((0,T) x D) N C([0, T]; L*(D)),
which we can use to define a semigroup S(t) on L?(D), via S(t)ug = u(t; uo).
It is shown in both of the above references (and Temam [32]) that the equation also

enjoys the existence of a global attractor 4, that is, a compact invariant set that
attracts the orbits of all bounded sets, i.e. S(t).A = A for all t € R and

dist(S(t)B,A) -0 as t— o0

where B is any bounded subset of L?(D) and dist(4, B) is the Hausdorff semidis-
tance between A and B,

dist(A, B) = sup inf |a — b].
ist(A, B) itelgblgBla |

Since the equation defines a gradient system the attractor consists of the collection
of all the stationary points and their unstable manifolds (see [22], [30], or [32]).

For the case of a one-dimensional domain it is known that as 3 passes through each
successive eigenvalue of the Laplacian on [0, L] another direction becomes unstable
and two new stationary points appear in a pitchfork bifurcation. It follows that for
An < B < Ang1 the dimension of the attractor is n. Since A, ~ n?, it follows that
d(A) ~ 3'/2. (Here we use the upper box-counting or ‘fractal’ dimension.)

In a smooth m-dimensional smooth domain D a similar result is valid for the
dimension of the attractor, namely that d(A) ~ $™/2: see Temam [32] for the
upper bound and Babin & Vishik [5] for the lower bound.

3. LINEAR STABILISATION VIA A MULTIPLICATIVE ITO NOISE

The effect of perturbing the equation by a multiplicative noise in the It6 sense,
(3.1) du = [Au + Bu — u3]dt + oudW,

is to introduce a somewhat ‘artificial’ stabilising effect. This is most easily seen by
considering the equivalent Stratonovich equation

(3.2) du =[Au+ (6 — %Jz)u —u®|dt + ou o AW,
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where the linear stability has clearly been enhanced by the new 7%02u term. Mak-

ing the change of variable v = ue=?"* produces a family of non-autonomous equa-
tions parametrised by w:
1
ve=Av+ (08— 502)11 — e2TWi(w)y)3,
Taking the inner product of this equation with v in L?(D) we obtain

1
sqllt = D+ (B = So?)uf? = e vl

IN

1
“Mfol? + (8~ o)l
It follows that we have
pOF < ()P where 7 =2(A — B) + o
and hence
u(t)]* < Ju(0)[?e*Wee ",
Since P-almost surely (P-a.s.)

lim % =0,

t—oo

2

it follows that for o® > 2(8 — A1) the origin becomes (pathwise) exponentially

stable.

4. A SINGLE MULTIPLICATIVE STRATONOVICH NOISE

The above observation that an It6 noise produces a somewhat artificial stabilising
effect led us to study the effect of a single multiplicative Stratonovich term on the
Chafee-Infante equation,

(4.1) du = [Au + Bu — u?] dt + ou o AW,

(W} is a two-sided one-dimensional Brownian motion) using the framework of ran-
dom dynamical systems, which we now recall.

4.1. Random dynamical systems and random attractors. In the interest
of brevity we only state the definitions here: for more background on random
dynamical systems see Arnold [2].

Let (Q,.%,P) be a probability space and {¢; : Q@ — Q, t € R} a family of measure
preserving transformations such that (¢,w) — ¥w is measurable, ¥y = id, and
Drys = Vg for all s,¢t € R. The flow 9; together with the corresponding probability
space,

(Qv fﬂ ]Pv (ﬁt)tGR)

is called a (measurable) dynamical system.

A continuous random dynamical system (RDS) on a Polish space (X, d) with Borel
o-algebra B over ¥ on (2, F,P) is a measurable map
P:RPxOxX — X
(twz) — otwe
such that P-a.s.
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i) ¢(0,w) =1id on X
i) ot +s,w) =p(t,9sw)op(s,w) forall ¢ seRT (cocycle property)
iii) ¢(t,w): X — X is continuous.
A random attractor for an RDS ¢ is a random set w +— A(w) such that

(i) A is a random compact set, that is, P-a.s., A(w) is compact, and for all
r € X the map w +— dist (x, .A(w)) is measurable with respect to 7.

(i) P-a.s. ¢(t,w)A(w) = A(Yw) for all ¢ > 0, and
(iii) for every D C H bounded, P-a.s.,
tlim dist (¢ (¢, 9_w)D, A(w)) = 0.

4.2. Our equation as a random dynamical system, and its attractor. In
order to cast our equation as a random dynamical system we let (2,.%#,P) denote
the probability space generating the two-sided Wiener process Wy, and define a
shift 9J; on Q by

Wi(Psw) = Wips(w) = Wi(w),

the additional subtracted term ensuring that W.(Jsw) is still a Brownian motion.

Existence and uniqueness results due to Pardoux [29] guarantee that for each initial
condition ug € L?(D) and T > 0, there exists a unique strong solution

u(t;ug) € L*(Q x (0,T); HY (D)) N L*(Q x (0,T) x D) N L*(Q;C(0,T; L*(D)).

We can use the resulting solution to define a random dynamical system ¢ on the
phase space L?(D) by setting ¢(t,w)ug = u(t; ug).

The computations presented in Caraballo et al. [7], which are relatively standard,
show that (4.1) has a random attractor. We then used the stochastic extension
of the deterministic theory (due to Debussche [19]) to show that the Hausdorff
dimension of the attractor (which is P-a.s. constant, see Crauel & Flandoli [15]) is

bounded by d when
d
1
B<=D
j=1

where \; are the eigenvalues of the Laplacian arranged in increasing order. It follows
from recent work of Langa & Robinson [26] that these calculations also provide the
same upper bound on the upper box-counting dimension of the attractor (which is
also constant P-a.s. [26]). Since \,, ~ n?/™ this implies that d(A) < ¢f™/2.

In a subsequent paper [8] we adapted a proof of Da Prato & Debussche [16] to
show that provided m < 5 (a technical condition) the unstable manifold near the
origin has dimension at least d when 3 > A\;. This leads to a lower bound on the
dimension of the same order as the upper bound, and hence together show that
the dimension of the random attractor is of the same order as its deterministic
counterpart, namely
d(A(w)) ~ ™2,

In this sense the addition of a single multiplicative Stratonovich noise has no effect
on the asymptotic complexity of the dynamics.
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5. EXPONENTIAL STABILITY OF THE ZERO SOLUTION VIA A NUMBER OF
STRATONOVICH MULTIPLICATIVE NOISE TERMS

Generalising the finite-dimensional result of Arnold, Crauel, & Wihstutz [4], Cara-
ballo and Robinson [9] recently showed that a linear PDE u; = Au can be stabilised
by a collection of multiplicative Stratonovich noisy terms if and only if the trace of
the linear partial differential operator A is negative.

In this section we show that the nonlinear equation (1.1) can be stabilised by adding
a similar collection of noisy terms:
d
(5.1) du = [Au + Bu — u?] dt—&—ZBiuothi.
i=1
Essentially we show that solutions of (5.1) can be bounded using appropriate posi-
tive solutions of the linear equation
d
(5.2) du = [Au+ Bu]dt + > Bjuo dW;.
i=1
Since (5.2) can be stabilised via a suitable choice of {B;}, so can (5.1). The proof
makes essential and continual use of the order-preserving properties of (5.1).

To begin with we recall the stabilisation result for linear equations given in [9]:
we suppose that A is a linear operator with a sequences of eigenvalues p; with
corresponding eigenfunctions e; that form an orthonormal basis of a Hilbert space
H. We also assume that the eigenvalues j; are bounded above, and order them so
that H1 ZILLQ Z

Theorem 5.1. If the trace of A is negative then there exist bounded linear operators
B.:H— H,k=1,...,d, such that the zero solution of
d
du = Audt+ Y Bruo dWj
j=1

is exponentially stable with probability one.

The proof is simple: choose N such that Zf;l p; < 0, and consider the projection

of uy = Au onto the two complementary subspaces P and @) spanned by {e; }j\;l and
{e; }]O‘; ~41 respectively. The @) components of the equation converge exponentially
to zero, while the solutions of the finite-dimensional ODE p = —Ap (where p denotes
the orthogonal projection of u onto P) can be stabilised [4] by adding a collection
of noisy terms +Bygp o dWy, where the B are N x N skew-symmetric matrices.
These matrices correspond to linear operators By : H — H.

In our case we will choose H = L?(D); we will also denote by —A the linear
operator in H associated to the Laplacian. We then take A = A+ 31, which clearly
satisfies the conditions of Theorem 5.1, and let IV be the smallest integer such that
Z;V:l(ﬂ —Aj) < 0. It follows that there exist linear operators By : H — H such
that the zero solution of

d
(5.3) du = [~Au+ Bu]dt + Y Bruo dWf

Jj=1
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is exponentially stable with probability one.

We now show how to use this to deduce stabilisation of the nonlinear equation via
the addition of the same noisy terms.

Theorem 5.2. There exist bounded linear operators By, : H — H, and independent
real Wiener processes WF | k =1,...d, such that the zero solution of

d
(5.4) du = (—Au + Bu —u?) dt + Z Byu o dWF

Jj=1

is exponentially stable with probability one.

Before giving the proof, we note that by considering the equivalent It6 form of (5.4)
it follows from results of Pardoux [29] that for each ug € L?(D) and T > 0, there
exists a unique strong solution satisfying

u(t;ug) € L*(Q x (0,T); HY (D)) N L*(Q;C(0,T; L*(D))).

Proof. The stabilisation of the zero solution follows once we show that solutions of
(5.4) can be bounded by appropriate solutions of the linear equation (5.3).

The key observation is that we can bound from above an arbitrary solution of
(5.4) pointwise by a positive solution of the same equation (and from below by a
negative one). Indeed, if ug(z) < Up(z) then the order-preserving property of (5.4)
(see Kotelenez [25] or Chueshov & Vuillermot [11]) guarantees that

(5.5) u(t,z,w;up) < u(t,z,w;Up) for almost all (¢, z,w) € [0,400) %[0, L] X2,

where with the obvious notation u(t,x,w;ug) denotes the solution of (5.4) with
(0, 2) = up(x) and noise w. It follows that

u(t, x,w; —|ugl) < u(t,z,w;ug) < u(t,x,w;|ugl).
Now, positive solutions of the nonlinear equation enjoy a comparison principle with
those of the linear equation: if ug > 0 then
’U/(t, T,w; UO) S UL(t, T,w; UO),

where uy, (¢, z,w) is the solution of the corresponding linear stochastic PDE

d
du = (—Au + pu) dt + Z Bju o dW}.
j=1

It follows that
ur (t, z,w; —|ug|) < u(t, z,w;ug) < ur(t, z,w;|ugl),
which can be rewritten, since uy, solves a linear equation, as
|u(t, x, w;ug)| < ur(t,z,w;|ug|).

Since solutions of (5.3) tend exponentially to zero with probability one, so do all
solutions of (5.4). O
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6. COLLAPSE OF THE RANDOM ATTRACTOR PRODUCED BY ADDITIVE NOISE

In this final section we show that the addition of a sufficiently rich additive white
noise will reduce the random attractor of the equation to a single (random) point.

Such behaviour was originally demonstrated for the one-dimensional ordinary dif-
ferential equation

dr = [ax — 2% dt + edW; with a>0

by Crauel & Flandoli [14], and has recently been shown by Robinson & Tearne [31]
for a general gradient ODE of the form

de = -VV(z) + edW;

where x € R™, W; is an m~-dimensional Brownian motion, and e is sufficiently small
(note that this is not in general an order-preserving system).

Here we prove a similar result for the equation
(6.1) du = [Au+ fu — w3 dt + VCdW;,  xe D=0, L],

where Wy, t € R, is a two-sided Q-cylindrical Wiener process on H = L?(D) and C
is a bounded linear operator with bounded inverse on H. Note that here we have
to restrict ourselves to a one-dimensional domain.

Our argument, which we will make precise below, could be generalised to treat
more abstract problems (cf. Chueshov & Scheutzow [10]) but the underlying idea
is simple: Results of Arnold & Chueshov [3] on the structure of random attractors
in order-preserving systems guarantee the existence of two random fixed points a
and @ that are contained in the attractor and are such that

a(w) <u < a(w) for all u € Aw).

Corresponding to these random fixed points there are invariant measures d4(.) and
a(w)- Since the noise in (6.1) is sufficiently rich to guarantee that the equation has
a unique invariant measure (e.g. Da Prato, Debussche, & Goldys [17]) it follows
that the laws of a(w) and @(w) must coincide. It is only a small step from this,
using the fact that a(w) < @(w), to the deduction that a(w) = @(w) = a(w), and
hence that A(w) = {a(w)}, i.e. the attractor is a single point.

We now recall the formal existence and uniqueness results for (6.1), and give a
rigorous proof that the random attractor is a point.

We take (92,.#,P) to be the probability space that generates the @-cylindrical
Wiener process W, and define a shift J; on Q by Wi(d,w) = Wiys(w) — Ws(w) as
in Section 4 .

Under these assumptions, it is known (Da Prato and Zabczyk [18]) that for each
up € L?(D) and T > 0 there exists a unique solution u(t; ug) for (6.1), with
u(tyug) € L*(Q x (0,T); Hy (D)) N L*(Q2 x (0,T) x D) N L*(Q;C(0,T; L*(D)).
It follows that the solutions of (6.1) generate a random dynamical system on L?(D)
if we define
o(t, w)ug = u(t;w,ug),
where u(t; w, ug) is the solution of (6.1) with noise w and initial condition u(0) = uo.
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Theorem 6.1. The random attractor for (6.1) consists of a single point, i.e. there
exists a random variable a : Q — H with

p(t,w)a(w) = a(Pw) for every t >0 P— a.s.
such that A(w) = {a(w)}.

Proof. The existence of a random attractor A(w) for (6.1) can be proved using
standard techniques, see, e.g., Allouba and Langa [1], Debussche [19] or Yuhong
Li [27]. From Theorem 3.3 in Crauel [12] we know that w — A(w) is measurable
with respect to the past %, which is the o-algebra

F-=c{wr (s, w)z:zeX, 0<s<t}.

Theorem 5.8 in Chueshov and Vuillermot [11] guarantees that the random dynam-
ical system associated with (6.1) is order-preserving., i.e. if u < v then P-a.s.,
for every t > 0, p(t,w)u < p(t,w) . As a consequence (Theorem 2 in Arnold &
Chueshov [3]) there exist equilibria ¢ and @ such that, P-a.s.,

a(w) <u < a(w) for all u € Aw).

We now wish to associate invariant measures with the two extremal equilibria. In
order to do this we first show that they are measurable with respect to the past % ~:
it will then follow from Crauel [13] that for each equilibrium a(w), p = E(d4(.) is
a Pj-invariant Markov measure, i.e. p € Pr(H) (it is a probability measure on H)
such that P,p = p for every ¢ > 0, where (P;)¢>¢ is the canonical Markov semigroup
on Pr(H) associated with .

Since A(w) is a closed random set which is measurable with respect to the past .7,
there exists a countable family {a,},en of F ~-measurable selections, such that
A(w) = cl{a, : n € N} a.s. We now define a sequence (by,)nen, which need not be
selections of A(w), by b1 = a1, and b, 1 = max{a,11, by}, or, more explicitly,

bss () = ant1(w) if ant1(w) = by (w)
R by (w) otherwise,

for n > 1. Then every b, is % -measurable, and the sequence is increasing.
Furthermore we have ap < b, < @ P-a.s. for all kK < n, and n € N. We claim
that b, converges to @ P-a.s. In fact, if b, would be bounded away from @ with
positive probability, we would get that a,, is bounded away from @ with positive
probability, hence sup a,, < @ with positive probability, which would contradict A =
cl{a, : n € N} P-a.s., and @ € A. Consequently, @ = limb,, is # ~-measurable.

A similar argument implies that a is % ~-measurable as well.

We therefore obtain two P-invariant Markov measures E(dz) and E(d,). These are
just the laws of the equilibria, i.e.

E(0a)(B) = £ (a)(B) = P(u € B)
for any Borel set B € B(H).
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Now, Da Prato et al. [17] (Section 6) showed that the Markov semigroup associated
with (6.1) has a unique invariant measure', which means that (@) = #(a), and
so in particular we must have E(a) = E(a). Since P-a.s. ¢ <@ and a and @ are real
functions defined on [0, L], we must have a = @, P-a.s.

Setting a(w) = a(w) = a(w) it follows that P-a.s. A(w) = {a(w)}, i.e. the attractor
consists of a single random point. m]

The above result would extend to m-dimensional domains if the existence of a
unique invariant measure could be guaranteed in this case (cf. Hairer [23]).

7. CONCLUSION

We have aimed here to draw attention to the very different effects that different
types of noise can have on the asymptotic behaviour of deterministic systems. Of
course, all the above analysis could be carried out for more general systems, but
we believe that treating a simple canonical model helps to clarify the arguments.

In particular, although elementary it seems worthwhile to emphasise the some-
what artificial stabilisation effect produced by the simple multiplicative It6 noise
+ou dW; discussed in Section 3. That the intensity of the corresponding Stratonovich
noise +ou o dW; has no effect on the dimension of the random attractor is remark-
able.

We would also like to highlight the possibilities for detailed analysis afforded by
order-preserving systems, as demonstrated by the Stratonovich stabilisation and
‘attractor collapse through additive noise’ results of Sections 5 and 6.
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