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Abstract

Bistability is a key property of many systems arising in the nonlinear sciences. For example, it
appears in many partial differential equations (PDEs). For scalar bistable reaction-diffusions
PDEs, the bistable case even has taken on different names within communities such as
Allee, Allen-Cahn, Chafee-Infante, Nagumo, Ginzburg-Landau, @4, Schlogl, Stommel, just
to name a few structurally similar bistable model names. One key mechanism, how bistability
arises under parameter variation is a pitchfork bifurcation. In particular, taking the pitchfork
bifurcation normal form for reaction-diffusion PDEs is yet another variant within the family
of PDEs mentioned above. More generally, the study of this PDE class considering steady
states and stability, related to bifurcations due to a parameter is well-understood for the
deterministic case. For the stochastic PDE (SPDE) case, the situation is less well-understood
and has been studied recently. In this paper we generalize and unify several recent results for
SPDE bifurcations. Our generalisation is motivated directly by applications as we introduce
in the equation a spatially heterogeneous term and relax the assumptions on the covariance
operator that defines the noise. For this spatially heterogeneous SPDE, we prove a finite-time
Lyapunov exponent bifurcation result. Furthermore, we extend the theory of early warning
signs in our context and we explain, the role of universal exponents between covariance
operator warning signs and the lack of finite-time Lyapunov uniformity. Our results are
accompanied and cross-validated by numerical simulations.
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1 Introduction

Scalar PDEs with bistability have been deeply studied within many communities [2, 3, 16,
30, 33, 42]. An algebraically particularly simple form of this class of PDEs is given by

Bux,t) = Aulx, t) +au(x, t) — u(x, t)3 )

where x € [0, L]for some fixed interval length L > 0,7 > 0 and with a parameter @ € R. One
natural option is to view (1) as an initial-boundary value problem endowed with zero Dirichlet
conditions on [0, L] and u(x,0) = up(x), given ug € Hol, where HO1 = Ho1 ([0, L], R)
denotes the usual Sobolev space with one weak derivative in Lz([O, L], R). The main result
presented by Chafee-Infante in [16] was to study the number of steady states for (1) and their
respective stability, depending on the value of «. More precisely, let us denote by {—2} }xem\ (0}

the eigenvalues of A, the Laplacian operator with Dirichlet conditions, that take the form
2

k
- = —<n—> for k € N\ {0}. It has been shown that for « < 1/ the origin in HOI,
L

i.e. the state being identically equal to zero, is the only steady state of the system and it is
asymptotically stable. Conversely, for A, < a < 1} 41 and k € N\ {0}, the origin loses its
stability and the number of different stationary solutions becomes 2k + 1. Of those, only two
are asymptotically stable while the rest are unstable. Specifically, the only stable solutions
are the ones that bifurcate from the origin when « crosses A}. The study of the steady states
of more general systems has been presented in detail in [33] using a geometric approach. For
example, the equation

oru(x,t) = Au(x,t) — gx)ulx,t) + oau(x,t) — u(x, t)3 2)

for a bounded and continuous almost everywhere positive function g and assumptions taken
asin the previous case, has been studied. We will refer to (2) as a heterogeneous case due to the
additional spatial heterogeneity induced by g. We are going to use certain important properties
of the classical spatially homogeneous PDE that are inherited in the heterogeneous case, such
as the loss of stability by the origin when « crosses Ay, for {—Ax}xen jo) the eigenvalues of
the Schrodinger operator A — g. Moreover, the dimension of the unstable manifold of the
origin is k when Ay < @ < Ar4+1. The existence of an attractor is satisfied for almost all «
values by the dissipativity of system ( [33], Chapter 5).

Beyond the deterministic PDE dynamics, our second main ingredient are stochastic
dynamics techniques as we want to study an SPDE variant of (2). We start with an introduc-
tion to the background in the stochastic case. It is well known that the definition of a stochastic
bifurcation is much more complex than in the deterministic case [4, 6, 35]. For example, in
[21] it is shown, how an ODE supercritical pitchfork normal form, when perturbed by noise,
yields a unique attractor in the form of a singleton despite the ODE being bistable above
the deterministic pitchfork bifurcation point. In particular, it was proven how the Lyapunov
exponent along such an attractor is strictly negative. Thus, the solutions under the same noise
are expected to synchronize asymptotically following the attractor of the random dynamical
system described by the problem. This event is called synchronization by noise. Later on, a
similar approach was carried over [14] for an SPDE variant of the pitchfork normal form,
i.e., for a stochastic variant of (1). For the SODE pitchfork case, it was shown that on finite
time scales, the bifurcation effect still persists, first in the fast-slow setting [5, 6]. Afterwards,
synchronization by noise was shown to be not instantaneous for the pitchfork SODE case
[12], in the sense that finite-time Lyapunov exponents have a positive probability to be posi-
tive above the bifurcation threshold. The recent work [11] has proven, how this result carries
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over to SPDEs without spatially heterogeneous terms. One of the objectives of this article is
to prove that several results can be extended to a generalized, heterogeneous in space, family
of SPDEs.

The SPDE we study is a reaction-diffusion equation with additive noise

du(x, 1) = (Aulx, ) + f@ulx, 1) —ulx, )?) dr + o dW,
u(-,0) =ug € 'H 3)
M(',t)|3(9:0 s Vi e R

withx € 0 := [0, L], H := {v € L*(0) : v(0) = v(L) = 0}, 0 > 0,V := H} (O0) and W, a
stochastic forcing to be specified below. We will assume f (x) = o —g(x) to be bounded, with

1
g having Holder regularity y > — and g > 0 almost everywhere in O. The stochastic process

W; will be taken as a two-sided Q-Wiener process W;, whose covariance operator Q is trace
class and self-adjoint. We assume that the eigenvalues of Q satisfy g; > 0, for j € N\ {0},
and they are associated with eigenfunctions b; such that b; = e;. for j > D > 0 and
some integer D > 0, with e/j normalized eigenfunctions of the Laplacian with zero Dirichlet
boundary conditions. This assumption leads to the fact that the b; are finite combinations
of e}( for j, k € {1, ..., D}. It can be shown (following the steps in [23, Chapter 7]) that the
SPDE has a P — a.s. mild solution

ueL*(2x (0,T); V)N L*:CU0, T); H)) .

The assumptions on Q imply the existence of a compact attractor for the random dynamical
system (¢, 0) defined by (3) as shown in [26]. Furthermore, the attractor a is a singleton for
every « € R; see [14]. Such a singleton attractor result is proven using the order-preservation
of the SPDE [17, 43].

This paper proves the behaviour of finite-time Lyapunov exponents (FTLE) on the attractor
of (3) depending on «. For « < A the FTLE are P — a.s. negative and for o« > X there is
positive probability for them to be positive. Such a result can also be expanded, following
[11], for the cases where « crosses other eigenvalues of A — g. In addition to FTLE, there is
another natural way to study small stochastic perturbations near deterministic bifurcations,
which is based upon moments. For stochastic ODEs [6, 8, 9, 35, 36], it is well understood
that critical slowing down near a bifurcation induces growth of the covariance. This growth
can then be used in applications as an early-warning sign. For our SPDE, we study early
warning signs associated to the covariance operator for the solution of the linearized system
following the results of [32, 38]. In particular, we are going to prove a hyperbolic-function
divergence of the covariance operator, when approaching a bifurcation, and of the variance
in time of the solution u on every point in @. The precise rate of the phenomenon can be
described depending on the studied spatial point. We then discuss the estimate of the error due
to the linearization of the system and we cross-validate our theoretical results by numerical
simulations.

1.1 Hypothesis and Assumptions

In this paper, the object of study is the following parabolic SPDE with zero Dirichlet and
given initial conditions:
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du(x, 1) = (Aulx, ) + f@ulx, 1) —ulx, )3 dr + o dW,
u(-,0) =up € H )
M(',t)|ao:0 s Vi e R

with x € O := [0, L], H := {v € L%(0) : v(0) = v(L) = 0}, and V := H}(O). The

stochastic process W; is a two-sided Q-Wiener process in H with covariance operator Q that
is assumed trace class, self-adjoint and positive. The function f will be takenas f = —g+«

with g almost everywhere positive and uniformly Holder regular of order - < y < 1, in

particular it could be uniformly Lipschitz in [0, L], and & € R. The first equation in (4) can
written as

du(x,t) = (Au(x,t) + au(x,t) — u(x, t)3) dt + o dW; , )
with A := A — g. Therefore, we observe that A is a Schrodinger operator whose main
properties are collected in Appendix A. In particular, the eigenvalues of A (= A — g,

{—Ak}ken\(0)» are strictly negative. As described in the introduction above, the eigenvalues

kN2 2 k
and eigenfunctions of A are —1} := —(%) and e := \/;sin(%)o with k € N\ {0} and

x € O.In Appendix A, it is illustrated how {—A }xen o) and the corresponding normalized
in H eigenfunctions of A, {ex}ren\ (0}, behave asymptotically in k in comparison to the
eigenvalues {—)»2 Jken\(oy and eigenfunctions {e,’( Jken\ (o} Tespectively. Both A and A are
assumed to be closed operators on H.

The norm on a Banach space X is denoted as ||-||x with the exception of the L? spaces for

which it is noted as [||[, for any 1 < p < oo or for further cases later described in detail.
We use (-, -) to indicate the standard scalar product in L%(©). We use the Landau notation

. 1ol
on sequences {p} Jren oy C R, {pf}kemfoy C R=o as p} = 0(p}) if 0 < kgn;op—g < 0o0.
k

We define the symbol ~ to indicate p; ~ p2 if 0 < lim Pl — 0 and we apply it also on
P00 p)
|
sequences {Pé Jkemv{o) C R, {ﬂ]%}keN\{O} C R. o meaning that 0 < klim Pr _ 00.

Next, we proceed to specify the assumptions on the noise. The probability space that
we will use is (2, F,P) with Q := Co(R; H) composed of the functions w : R — H
such that @(0) = 0 and endowed with the compact-open topology. With F we denote the
Borel sigma-algebra on ©2 and with P a Wiener measure generated by a two-sided Wiener
process. As in [11], we consider w; = W;(w) and the two-sided filtration (]-',’12)11 <1, defined

as ]-',tlz := B(wy, — wy,). We can then obtain
Flo =B(F :n<1)
FR =B(F' 1t <t).
We also introduce the Wiener shift for all # > 0
(0'w)y, = w44, — @y, forany 1 € R,w e Q.

Thus (8"),cR is a family of P-preserving transformations that satisfies the flow property and
(2, F,P, (6"),er) is an ergodic metric dynamical system [18]. The covariance operator Q is
assumed to have eigenvalues {gx }ren\ (0} and eigenfunctions {by }reny (o) With the following
properties:
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1. there exists a D € N\ {0} such that b; = e//. forall j > D,
2. gqj > Oforall j € N\ {0}, '
3.0 qj)L;y < +ooforay > 0.

The first property implies that by is a finite combination of {e;.} jefl,...py for k < D. The
choice of D > 2 can be used to have more freedom on the choice of Q both within analytical
and numerical results. As stated in Appendix B, the first and third assumption imply the
continuity of the solutions of (4) in V if ug € V and that, for ug € H, there exists P — a.s. a
unique mild solution

ue L?(Qx (0,T); V)N L*; C(0,T); H)) .

1.2 Properties of the Determistic Case

The heterogeneous system (4) with o = 0 inherits some properties from the classical spatially
homogeneous PDE:

Proposition 1.1 Setu, € Handlet D(A) be the domainof A. Suppose A : D(A) CH — H
is a sectorial linear operator and F : U — H is a locally Lipschitz operator so that U is a
neighbourhood of u,. and we have

F(uy +v) = F(uy) + Bv+ G(v)

with u, +v € U, B € L,(H) with L,(H) denoting bounded linear operators on
H, G :U — Hand |G| < CIIMIICfory > 1, anyu € V and a constant ¢ > 0.}
Assume 0 = Auy + F(uy) and that the spectrum of A + B is in {, € C : Re()) < —e¢}
forae > 0, then u, is a locally asymptotically stable steady state of the evolution equation
i = Au + F(u), where u(t) = u(-, t) and dot denotes the time derivative.

A proof of this standard proposition can be found in [33, Theorem 5.1.1]. By Proposition
1.1 it is clear that the zero function is an asymptotic stable steady state of (4) witho = 0
when o < Ap. In fact, for this parameter range it is also the only steady state by the strict
negativity of A and the strict dissipativity given by F. When o > X the stability setting
changes. The next proposition describes such a case; see [33, Corollary 5.1.6].

Proposition 1.2 Set u,, A and F as in Proposition 1.1. Assume again 0 = Au, + F (u,) and
that the spectrum of A + B has non-empty intersection with {, € C : Re(A) > €} for an
€ > 0, then u, is an unstable steady state of it = Au + F(u).

The last result can be applied to show that the zero function is unstable for o > A;.
Nonetheless, the global dissipativity still implies the existence of a compact attractor [33,
Section 5.3]. The next theorem, based on [19], establishes the bifurcation of near steady states
from the trivial branch of zero solutions when « crosses a bifurcation point.

Theorem 1.3 (Crandall-Rabinowitz) Set X and Y Banach spaces, u, € X and U neigh-
bourhood of (u4,0)in X xR Let F: U C X xR —> Y bea c3 function in (uy, 0) with
F(uy, p) =0 forall p € (=6, 8) for § > 0. Suppose the linearization G := Dx F(0, 0) is
a Fredholm operator with index zero. Assume that dim(Ker(G)) = 1, Ker(G) = Span{¢o}

! We use ¢ and C to denote constants that are independent from other variables and parameters, unless clearly
stated otherwise.
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and that D,Dx F (u4, 0)¢o ¢ Range(G). Then (us, 0) is a bifurcation point and there exists
aCl curve s — (¢(s), p(s)), for s in a small interval, that passes through (u,, 0) so that

F(¢(s), p(s)) =0. (©)

In a sufficiently small neighbourhood U the only solutions to (6) are the map s — (¢ (s), p(s))
and the curve {(uy, @) : (uy, @) € U}.

A proof of the last result can be found in [33, Lemma 6.3.1, Theorem 6.3.2] and [37, The-
orem 5.1]. For Y = H, the space X generated by {ex}xen\ {0}, the normalized eigenfunctions
of A, and given the nonlinear operator

F(u,Ak—a)=Au+au—u3,

then the Crandall-Rabinowitz theorem implies the existence of a bifurcation, which can be
shown to be a pitchfork, at « = A; and in u, taken as the origin function in V. It can also be
proven that the new steady states that arise at k = 1 are locally asymptotically stable.

1.3 Random Dynamical System and Attractor

The next properties are described in [13] and we summarize them here as we will need them
later on.

Proposition 1.4 There exists a 0 -invariant subset Q' C Q of full probability measure such
that for all w € Q' and t > 0 there is a Fréchet differentiable C'-semiflow on H

up —> o(t, , up) =: ¢.,(uo)
that safisfies the following for any w € Q':

(P1) Forall T > 0 and ug € ‘H, the mapping (w,t) +— ¢! (ug) in 2 x [0, T1+> H is the
unique pathwise mild solution of (4).
(P2) It satisfies the cocycle property, i.e., for any t1,t; > 0

4+t _ B0 I3t
%) - (pgllw ° (/)a)'

(P3) Fixing t» > t; > 0, for any u € 'H the H-valued random variable (péz,;a? (u) is

'
Fy}-measurable.

The pair of mappings (6, ¢) is the random dynamical system (RDS) generated by (4). Also,
property (P3) implies that the process u,, defined by u; := ¢! (uo) for generic w € ', is
Fi-adapted. For any C! Fréchet differentiable mapping ¢ : H — H, we denote by D, ¢ €
L(H) the Fréchet derivative of ¢ in u € H, for £L(H) that indicates the space of linear
operators on H. The next proposition, regarding the Fréchet derivative, is obtained by [26,
Lemma 4.4].

Proposition 1.5 For all T > 0 and ug,vo € H and given the Fréchet differentiable C!
semiflow described in Proposition 1.4, we have that the mapping 2 x [0, T] +— H given by
(w, 1) > Dyl (vo) is the unique solution of the first variation evolution equation along u
with initial conditions set on ug and vg:

dv=(Av+ fv— 3u?v) dr
u(-,0) = uog @)
v(-,0) = vg.
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Next, we present the relevant result for the existence and uniqueness of an invariant
measure. The next lemma and proposition [15, Chapter 8] are important for following results
and are implied by Lemma B.3 and the strict positivity of the eigenvalues of Q.

Lemma 1.6 The transition semigroup of the system (4) satisfies the strong Feller property
and irreducibility.

By Krylov-Bogoliubov Theorem, for the existence, Doob’s Theorem and by Khas’minskii’s
Theorem [24, 34] we obtain the next proposition.

Proposition 1.7 There exists a unique stationary measure [ for the process u; which is
equivalent to any transition probability measure P;(ug, -) for allt > 0 and ug € H, in the
sense that they are mutually absolutely continuous. It is defined as

P (ug, B) := ]P’((pfo(uo) eB) forupeH, t >0,
for any B € B(H), the sigma-algebra of Borelian sets in H, and it is concentrated on V.
Finally, we can consider the random attractor itself.
Definition 1.8 A global random attractor of an RDS (¢, ) is a compact random set A C H,
i.e., it depends on w € Q’ and satisfies:

e It is invariant under the RDS, which means ¢/, (A(w)) = A0’ w);
e It is attracting so that for every bounded set B C H

. ‘ B .
lim ¢}, (B) = A@)ll3 = 0
for P-a.s. in .
We can use Proposition 1.7 to prove a strong property of the random attractor.

Proposition 1.9 For any o € R the random dynamical system generated by (4) has a global
random attractor A that is a singleton, i.e., there exists a random variable a : Q@ — H such
that A(w) = a(w) P-a.s., and it is fgoo-measurable. The law of the attractor a is the unique
invariant measure of the system.

The proof of this proposition follows the steps of [14, Theorem 6.1]. In particular,
the existence of the global random attractor A is the result of [26, Theorem 4.5] and its
Fo ~o-measurability can be derived from [20, Theorem 3.3]. Another important property is
the order-preservation of the system (4), i.e., for two initial conditions u(x, 0) < u>(x, 0)
for almost all x € O the solutions satisfy u1(x, t) < us(x, t) for almostall x € O and ¢ > 0.
This is a consequence of [43, Theorem 5.1] and [17, Theorem 5.8].

The main result of the paper [ 11] is the description of the possible influences of the attractor
a on close solutions, for different values of . This can be expressed by the sign of the leading
finite-time Lyapunov exponent (FTLE).

Definition 1.10 The (leading) finite-time Lyapunov exponents, at a time ¢ > 0 and sample
w € Q, of an RDS (¢, ) with Fréchet differentiable semiflow ¢ is defined by the following
equation:

1
L1t w,u) = - log [IDyu ¢}, 1

for any u € H.
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The FTLE describes the influence of the linear operator D, ¢!, for given @ € Q, u € ‘H
and ¢t > 0, on elements of H close to u. A positive FTLE indicates that close functions in H,
that are near u, tend to separate in time 7. Conversely, a negative FTLE indicates the distance
between elements in a neighbourhood of u tends to be smaller after time ¢. Of great interest
is the FTLE on the attractor, defined as

L1t w) = £1(t; w, a(w)).

By the subadditive ergodic theorem there exists a limit 1 — oo of £ (¢; w) for  — P-a.s.,
referred to as the Lyapunov exponent of a(w).”

Next, we comment on extension to further bifurcations beyond the first pitchfork bifur-
cation point. As previously described, any @ € {A;};en (o) is a deterministic bifurcation
threshold of the system for which, when crossed, two new steady states appear and the origin
in H increases dimension of its unstable manifold by one. To study this case we make use of
wedge products. For a separable Hilbert space H and for vy, ..., vy € H, the wedge product
(k-blade) is denoted by

Ul A oo A V.
We define the following scalar product for all vy, ..., v, wi, ..., wy € H,
(W A AV WA A wg) = det[(vj, wh) ] (8)

with (v, wj,)j, j, denoting the k x k matrix with ji, j2-th element (v}, , w},). The set ARH
is the closure of finite linear combinations of k-blades under the norm defined by such inner
product. Given {e;} jen\ (0} as a basis of H, we can define a basis for A¥H whose elements
are the k-blades

€ ==ej; N...N\N¢j

withi = (i1, ...,ix) for 0 < i1 < ... < ix. Given B € L(H) we can obtain an operator in
L(AFH) by the following operation:

AB1 A .. Avg) i= Buy A ... A By,
for all vy, ..., vy € H. Such operators satisfy the property’
|| AF Bl xkyy = max{|det(B|g)|: E C H, dim(E) = k}.

The last definitions permit us to introduce

1
St 0, 1) = log | Nl SN N
Li(t; ) = £ (t; o, a(w)).

Such functions describe the behaviour of volumes defined by the position of elements of H
in a neighbourhood of u € H or of the attractor.

2 From the synchronization of the system it would be expected that the Lyapunov exponent is non-positive
with probability 1. This is still an open problem.

3 The operator B|g : E — B(E) is assumed to be a linear operator on a finite-dimensional inner product
space and we set det( B|g) = 0 for E such that dim(E) < k.
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2 Bounds for FTLEs

The proofs of the theorems considered in this section build upon the approach described in
[11]. The main results are Theorems 2.1 and 2.4. Theorem 2.1 gives an upper bound to £,
for any value of «. It follows from this result that for k = 1 and « < A the FTLE is almost
surely negative. Theorem 2.4 provides a lower bound to the highest admissible value that £
can assume. Specifically, it shows that there is a positive probability of £ to be positive for
o beyond the k-th bifurcation.

2.1 Upper Bound

Theorem 2.1 Foranyk > 1,

k
Lt w) < Z (= 2j)
=1

with probability 1 for all t > 0.

Proof Givenv; = v} A... AV = AKD, () ¢!, (Vo), with vo € A¥H, we obtain by [11, Lemma
3.5] and the min-max principle that

k
d . .
2 1 Jj—1 AN Jj+1 k
EEHVIHMH = E Ve, v, Ao AV A H A B AV A LAY
j=1

i i—1 N k
Ve, 0 A e AV T A(F A A AV A LAY

M~

=
1

~.
Il

d d K iy
= ar O(V[a /\ke(f+A)er) = ar Oez-/zl(a A ||Vt||ikH
r= r=
k
=Y (o= 1)1y
j=1
for B! := —3a(0'w)>. |

2.2 Lower Bound

Lemma 2.2 With probability 1, a(0'w) € V for all a,t € R. Also, for any T, € > 0, there
exists an J:Zoo-measurable set Qo C Q such that P(Q2y) > 0 and

[la(@'w)||y € (0,€) foralla e R, t €[0,T] and w € Q.

Proof We begin the proof assuming for the initial condition g € V. From Proposition 1.7
and the continuity of the solution in V we get for the singleton attractor that a(w) € V for
all w € Q. Additionally, from Lemma 1.6 and Proposition 1.7 we know that the invariant
measure that describes the law of the attractor is locally positive on V. As a result it follows
that |la(w)|ly € (0, n), for all w € Q1 with Q; that is Fo ~-measurable [18, Proposition
3.1] and P(€21) > 0 and for a constant n > 0 dependent on 2;. We now define the family of
operators S() := e+ in order to study the solutions of

du=(Au—gu+au—u3)dt+adW,.
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From this SPDE we subtract the Orstein-Uhlenbeck process which is solution of

dz = (Az — gz+az) dt + o dW,,
z2(x,00=0 , VxeO,

with zero Dirichlet boundary conditions and takes the form

t
z(1) :o/ S(t —t1) dWy,,
0
to introduce i := u — z. Hence, we obtain the random PDE
dii = (Aii — gii + ait) dr — (i +z)° dt,

whose mild solution is

t
u(t) = (0o +/ S(t — 1) @ty + z(n))dey ©
0
with &g := #(0) = ug and ((x) = —x3 for all x € O. From [1, 25] we obtain that S(r)
1 1
is an analytic semigroup. The norms ||-[|[y = ||(—A)2:||3¢ and ||-]|]a = [[(—A)2 || are

equivalent in V as proven in Appendix A. Therefore we obtain the following inequalities
from [33]:

1Sl )y < M forall 1 > 0,
LG (10)
IS 2e,v) < ct™2eTHFD" forall + > 0

for a certain constant ¢ > (. Another important estimate is obtained by the fact that the
nonlinear term ¢ : V —> H is locally Lipschitz and thus for any u1, up € U C V there exists
a constant £ > 0 such that

[e(uy) — tua)lln < €lluy — uzlly

with U being a bounded subset of V. Using a cut-off technique, we can truncate ¢ outside of
aball in V of radius R > 0 and center in the null function and obtain the globally Lipschitz

function
- Nullv\ 3
= -0 — |u’,
t(u) ( R >u

with ® : RT — EO, 1],aC I cut-off function. As for ¢, the Lipschitz inequality takes the
form, for a certain ¢ > 0,

[Eur) = Tu)l |3 < Lllur — ually forall uy, up € V.

From (9), the estimates (10) and the fact that {(#) = ¢(«) on the ball with center in the null
function and radius R in V, we can obtain the following inequality

t
@)1y < 11S®)iiolly +/ 1S(t =t 2w TGt + 2(1) | [dty
R 1 an
< eTHFON o1y + c/ eTHFOEI ¢ — 1)y T2 (@A) + z() | [v)dr,
0
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for which we have assumed R large enough to have sup [|u(¢) + z(#)||y < R. By [18,
1€[0,T]
Proposition 3.1] we can consider the set

Qp = {a) e Q: sup |lz(D)|ly < n] IS ]-'OT,
1€[0,T]

which has positive probability. Since Q1 € F° oo and o € ]-'OT , they are independent and
Qo =21 N2 e }"foo has also positive probability. We therefore fix w € ¢ and derive
from (11)

t
~ 1
@)y < e ag|ly + Ene / e TN — 1) T2dn
0

t
~ 1
+ZC/ RN (¢ — )3 |iA(1y) [y dry,
0
and then

t
_(— ~ ~ ~ _(— _1
e~ M Ay < ||uo||v+znc/ e”CHFON G _p)T2dy
0

t
e / e R ()i [y (12)
0

The rest of the proof is equivalent to the steps in [11, Proposition 2.7], where it is proven
that the right-hand side in (12) is bounded by c1n, for ¢; > 0 that does not depend on ¢ but
is dependent on 7', by assuming g = a(®). O

We define now, for v=v; A ... Avg and W = wj A ... A wg € AKH,
k
Q( (v, w) == §(Miyv, w) — (Hiﬁv, w)

with IT; denoting the projection on ¢; := e;; A ... A ¢;,, the operator l'IiJ- = | —TIJ; as
the projection on the hyperplane perpendicular to e;, / being the identity operator on NG
i={i1,...,ix} and ip = {1, ..., k} aside from permutations. The scalar product present in
such construction is defined in (8). We denote by ||-|| the norm defined by it on AKH. In the
next proof we make use of Aj, 1= Zl;zl (@ = Ai)).

1
Lemma23 LetT > 0and0 < € K Z(Ak_H — Ar) be fixed, and let w € Q2 be an event with

the property that the nonlinear term Bl := —3a(0'w)? satisfies
1B lly <€
forallt € [0, T). Finally, assume vy = vé A /\vg e nkp? satisfies Qék) (vo) > 0fors >0
for which
1+8)k
(1 +8)k = gy — A — LEOL

for alli # iy. Under these conditions, the k-blade v; := N Da(w)(pw (vo), corresponding to
the solutions v] = Da(w)g)w(vo) of the first variation equation with initial condition set at

v0 for j € {1, ..., k} and assumed at time t > 0, satisfies the inequality

1+6)k
EaQ“)m) > <A,-0 - %) 0L ). (13)
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Proof We know that

100 (v, W)l < (14 8)|Iv| IIwl] .

We then denote v; = vtj = Da(w)q)fu(vé). For the multiplication operator B = B(’D we use
the hypothesis ||B||y < € which implies that ||Bv||y < €||v]|# for any v € H. Hence, we
obtain

1d g4
Ld

> a3 9s (WL A AV, VA LA VE)

k
= Z Q((Sk)(vl A AVky V1A e AVJZL ADj AVj41 A o A VE)
-1
k
= Z Q((sk)(vl AN e AUk, VIA LAV A (A—g+oa+ B)Uj AVjr1 Al A Uk)
-1

k
> Z Q((Sk)(vl ANc AV, VA AV A (A =g+ a)vj AVjpr A Ag)
j=1
—e(148)k||vi A ... Avg]]?.

We know the existence of some coefficients p; so that

vl/\.../\vk=2piei.
i

This leads to

Qék)(vl ANai AVk, VIA LAV A(A =g+ a)vj AVjpg A AYg)

k
= nior(@ =105 eie)

ii
for which
0, if £V
0V (e e =15 ifi=i=i .
-1, ifi=1 #i
We can obtain therefore

k
Qfs )(v1 ANai AV, VIA LAV A(A =g+ a)vj Avjrg A AYg)

=@ — 2Py — Y A = i)
i#io

and

K
Z O (V1 A e AV, VLA e AV A (A = g+ @)V} AVj11 Ao ATR)
=1

=8Aipp — > Aipf .
i£io
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This gives us the following result

EaQ(k)(ul Al AU DLA A 2 A0l — Y Aipf — (1 +3)1ch1

iio
= 5(Ai0 - @),ﬁo = (Nite48)k)p] .
izio
Hence, for parameters that satisfy
e(1+8)k < Aj, — Ai— E(I(Sﬂ
for all i # i, or equivalently,
A E‘S)Z < hert — Ak,
we can deduce that
Edz Q(k)(v1 A AV, VAt AVE) > 8<Ai0 M) Q(k)(vl A AV, VA o AVE) .

[m}

Theorem 2.4 Foranyk > 1,0 < n < Agq1—rrand T > 0, there exists Qy C 2, a positive
probability event, such that

k
Li(t; w) > Z a—kj

forallw € Qq, t €[0,T].

Proof Lemma 2.2 proves for any € > 0 the existence of a set 29 C €2 so that for all w €
we have the bound ||a(8'w)||y < e fort € [0, T]. Such result, along with the fact that V is a
Banach algebra and a subset of L2(©), satisfies the first hypothesis of Lemma 2.3. Precisely,

for any € > 0 we obtain IP’({||B£)||V < e, forallt € [0, T]}) > 0.

From Lemma 2.3, we know that 0 (vg) > 0 implies 0 (v;) > 0 for all 7 € [0, T] and,
assuming § = /e < 1in (13),

——Q“)(v,) > (Aiy — 2k8) 05" (vy).
This result gives

0P (vy) = expl(Ai, — 2k8)1} 0 (vo). (14)
We take vo € A¥H and M > 1 such that Q(é) (vo) > 0.% It follows that

S(M —1)

m | TTi, vol |-

0% (o) = 8lIMivol? — IMgvol? = 5(1 = Y IMigwol P + 0% v0) =
M

8
4 Note that for any i > 0 this can be satisfied in a neighborhood of vp = ej,.
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Since 0% (vo) > 0 we know that ||vo||> < (1 + £)[|TTi,vol|? and, therefore,
™M

S(M —1 S(M —1
0" (vo) > ( L o2 = XM =D

2
—_— voll=. 15
M+ 1) M1 [Ivoll 15)

Since ng) (vy) < 8||v,||2, and using (14) and (15), we obtain

2
A=
||t||_M 5

exp{(Ai, — 2k8)1}|[vol|%.

The proof is complete considering Lemma 2.2, the fact that the prefactor can be close to 1
for M —> 400 and taking n = 2k8 < Ag41 — Ax with § = (/€. O

Remark Theorems 2.1 and 2.4 prove that the right extreme of the interval of the possible
values assumed by £ is Aj,. In particular for k = 1 itis o — Aj.

For k > 1 the value of « that satisfies Aj, = 0 is not Ay, therefore the change of sign
of the highest possible value assumed by £ is not associated with a bifurcation event. The

1
fact that p Z’;zl Aj < A implies that Aj, = 0 is satisfied for « < Ay i.e. before the k-th
bifurcation threshold.

Remark The introduction of the heterogeneous term g in (4) induces a change of value in the
bifurcation thresholds {Ax }rem (o) but maintains their existence. For any k € N\ {0} there is
a dependence on Aj, of g for all @ € R and therefore the choice of g shifts the values of o
at which the highest possible value of £; changes sign.

3 Early Warning Signs

The Chafee-Infante equation has been used to model dynamics in many application areas,
e.g., in climate systems (for instance in [27]). It is well-understood that, in many applications,
itis crucial to take into account stochastic dynamics. In this class of systems, stochasticity can
reveal early warning signs for abrupt changes. In the case of (4), the tipping phenomenon
happens at bifurcation points upon varying «. The most important change in the system
happens when « crosses A1. Then a pitchfork bifurcation occurs and the null function loses
its stability. Therefore, we will consider @« < A; and the operator A + « that generates a
Co-contraction semigroup (see Appendix B).

3.1 Early Warning Signs for the Linearized Problem

In [32, 38] early warning signs for SPDEs which are based on the covariance operator of the
linearized problem are presented. The reliability of such approximation relies upon estimates
for the higher-order terms, which we are going to consider in the next section. First, we focus
on the linearized problem, which is given by

(16)

dw = Agw df + o dW,;
w(-,0) =wy € H,
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fort > 0, x € O, with Ay, = A + « and Dirichlet boundary conditions. The existence and
uniqueness in L%(Q, F, P; 'H) of the mild solution of (16), defined as

t
wa, (1) = e wy + a/ eAa=Dqw, |
0

is satisfied when its covariance operator,
[ *
V() =0 / efelt geAaliqy
0

is trace class forall 7 > 0 [23, Theorem 5.2].% Since A4 generates a Cp-contraction semigroup
such a requirement can be satisfied by bounded Q.

In order to prove the existence and uniqueness in L%(Q2, F, P; 'H) of the mild solution of (4)
one only has to require continuity in 7 of the solution of (16). Hence the conditions (see
Appendix B) we take for Q are:

1’ there exists an D > O such that b; = e; forall j > D,
2’ gj > Oforall j € N\{0},°
33 qj)»/jy <4ooforay > —1,7
4’ Q is bounded.?
We can then conclude [22, Theorem 2.34] that the transition semigroup of the system (16)

has a unique invariant measure which is Gaussian and has mean zero and covariance operator
Voo 1= lim V(¢). Such an operator is linear, self-adjoint, non-negative, and continuous in
—00

‘H. Using the stated properties it is possible to prove the following proposition and obtain a
first early warning sign building upon [38].

Proposition 3.1 Consider any pair of linear operators A and Q, to whose respective eigen-
functions and eigenvalues we refer as {eg, M Yren\(oy and {bk, qi}ren\(o), that satisfy the
properties 1°, 2°, 3°, 4°, and assume Ay = A + «a self-adjoint operator that generates a
Co-contraction semigroup for a fixed a € R. Then the covariance operator V, given by the
first equation in (16) satisfies

2 [0.¢]
> dnlej badlejy, ba) (17)

n=1

o

(Veoejyn)y) = ——7——F—
1> €ja W+, — 2a

forall ji, jo € N\ {0}.

Proof First, we consider the Lyapunov equation derived in [22, Lemma 2.45] and obtain

(AaVoo 1, 12) + (AL f1, Voo f2) = =02 (f1. Qf2) (18)

for all fi, f» € H. From the self-adjointness of A, and V., for any ji, jo € N\{0} we
deduce that

(AaVeoej s ejy) + (Aaejy, Vool jy) = (=hji — Aj, +20)(Vocejy, €)5).

5 The symbol * indicates the adjoint in respect to the scalar product on H.

6 The strict positivity is not required but avoids further assumptions. Description on the case in which non-
negativity of the spectrum is assumed are discussed in the relevant parts separately.

7 From the order of divergence of {)‘,j }j, the assumption is satisfied by bounded Q and —1 < y < —%.

8 For Q bounded but not trace class, the Q-Wiener process W; does not have continuous paths in H, but
there is another Hilbert space 7| in which it does and its defining series converges in Lz(Q, F, P, Hy) [23,
Chapter 4].
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We can then obtain the relation (see Appendix C)

2 2 00
o o
Voolji ) = = e, Qejy) = 3 (e, by (bu. Qe
( 0€j e]2> )‘jl +)‘-j2 _ou (ejl Q€j2> }\jl +)\j2 T a ;(611 n) (D erz)
02 o0 o0
RS —— > (€ bu) Y (bus b (b, Qejy)
N J2 n=1 m=1
02 o0 oo
= T 3w e b X b))
n=1 m=1
o? ad
=T 1. 5. 4n (e/ 5 bn)(e/ s bn)v
A_,l+kj2—2a’; ! 2
which finishes the proof. O

The early warning sign is qualitatively visible because for j; = j» = 1 the Eq. (17)
diverges when o = Aj. This allows one to apply usual techniques (extracting a scaling law
from a log-log plot) to estimate the bifurcation point, if sufficient data from the system is
available. We also note that the proposition can easily be extended to operators A that are
not self-adjoint by studying in that case the real parts of its eigenvalues. Additionally, the
strict positivity of Q can be substituted by non-negativity of the operator, although in such
case the divergence by the j; = j» = 1 component is not implied. The result (17) leads to a
second type of early warning sign.

Theorem 3.2 For any pair of linear operators A and Q that satisfy the properties stated in
Proposition 3.1 and for A whose eigenfunctions {ey}ren\ (0} form a basis of H, we have

(Voo f1. f2) —022 ZM(Z% ejibu) (e b >>, (19)

Ji=1ja=1 n=1
forany f1, f>» € H.
Proof Applying the method described in Appendix C and the previous proposition,

(Voo f1, o) = Y (Voo f1, e )ejis f2) = D (f1, Veoeji) ey, f2)

Ji=1 Ji=1
oo oo
= Z Z 1. ejp) (e Vooeji)(ejys f2)
s1=1ja=1
oo o0
2 (f1. e]z f27€j| by
<ot 3 S B (S0 i),
s1=1ja=1 ki 2 =1

m}

The last theorem demonstrates that, given f; and f> that have a component in e, the
resulting scalar product (Vi f1, f2) diverges in &« = Aj. Theorem 3.1 can describe local
behaviour and it can also be used to study the effect of stochastic perturbations on a single
point xo € O. This can be achieved by taking fi, f> € H in (19) equal to a function

. 1
feeH with fe = EX[XO—%,XH%] for0 < e « 1, (20)
(@]
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for x[.,.; meant as the indicator function on an interval. Clearly, f. isin LY(O) andin L%(0).
The L1 norm is equal to 1 for small € and the sequence { f, }. converges weakly in L' to the
Dirac delta in x¢ for € — 0. For these reasons and recalling that by the Sobolev inequality
{ej}jemioy C HOl (O) C L*°(0), we can obtain gii)I})(wae, fe).

Corollary 3.3 Consider any pair of linear operators A and Q with same properties as required
in Theorem 3.2 and { f¢} defined in (20), then

llm(‘/oofe,fe —02 Z Z e]](XO)en(XO) <ZQn e]l’ n 312917 ))a (21)

ji=1 ja=1 Ajp +Aj =2
forall xy € .

Proof Fix xp € O. The goal of this proof is to show that the series in (19) satisfies the
dominated convergence hypothesis for f; = f, = f for all 0 < €. In order to achieve that,
we split the series

(feseji){fe, ej)
)‘Jl +)‘/2 —2a

(Voofer f)=>_ Y

Jji=1 jp=1

(ej1v er2> (22)

in two parts.

Part 1 Following (54) in Appendix A we get the existence of the constants ¢, M > 0 that
satisfy ||e; —e lloo < c=,llejllc < M and 1; ~ j2 for all indexes j € N\ {0}.
J

For ji = j», we can use Holder’s inequality to study the series

M2
= 4 Z < +00, (23)

Part 2 To prove the convergence of (22) we consider

> (fesej)fe,ej (ej,, Qejp)

€ €j € / J1» J!
2 2|5 +])\ : o (e Qei)| = M° Z 2 |4 =2
=t TR T =1y | M TR

/ / . o / P —
< M? i Z (ej]s erz) +<E Q(ejz € ) + (ejl e er2> + <ej| Q(ej') 7 ) .
- — = Aj A, —2a
Ji=1 jp#i TR

‘We recall that ( Qe ) =gq 118’ for ji, jo > D, for § meant as the Kronecker
delta. Also, by the 1nclus10n in H of the space of functions L°°(O) with Dirichlet
conditions, we can state there exists ¢c; > Osothatforallw € H, ||w||x < c1]|w]|co-
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Therefore, by Holder’s inequality and the min-max principle, it follows that

(fe,ej)(fes€jy)
Z > %@jw@fh) < M?q.D?
1=l p#j My 2
) cc1 +cc1 —}—cz 2
Wy Y D e
Q=1 ja#ji A H‘h B
1 1 cc
2 2 1
qD+chc1< 7< — f>)<oo.
' ;J; (A ji+Aj, — 20) J1 J1j2

From (23) and (24) we have proven the convergence of (22). By the weak convergence in
‘H of fe to 8y, the Dirac delta on xp, and the dominated convergence theorem we can then
calculate

o o (fer € (feen)
. s 2 e €jillJes €y
glf})(‘/oofe’ fe) —elg%a Z Z W(;l]n 611’ ejbb ))

J1=1 jp=1

oo oo f e: f e
1 €11 € ]2 , , b
Z Ze - ;‘f" s b€z b

Zii PR (S e e b
o . A]] +)\'J2 qn ejla e]27 ) )
j1=1 jp=1

which yields the desired result. O

The efficiency of the early warning sign described in Corollary 3.3 for any xo € O is
underlined by the following Proposition [41, Theorem 2.6].

Proposition 3.4 Given the Schrodinger operator A = A — g : H*(O)N Ho1 (©) = L%2(0)
andg € L2(0), then its eigenfunctions {ey }reN\(0) admit exactly k—1 roots in 16) respectively.

From Proposition 3.4 and the strict positivity of Q, the influence of the divergence of (17) for
J1 = jo = 1affects all interior points of O. Hence, on each point xg € Oone gets adivergence

of (21) of hyperbolic-function type multiplied by the constant e; (xg)? ( 3% quler, by )2) .

Specifically, the point at which the divergence is visible the most is for xo € O such that
xo = argmax({|ej(x)|}. This is highly relevant for practical applications as it determines a

xed
good measurement location for the spatially heterogeneous SPDE.

Remark The choice of g influences the early warning signs described by (17), (19) and (21)

in two aspects. By affecting the values of {A;}; it is related to the value of « at which warning

signs diverge and from its relation with the functions {e;}; it influences the directions on H

on which such divergence is stronger. The point xo = argmax{|e; (x)|} at which (21) assumes
xed

the highest values close to the bifurcation, i.e. xg € O that satisfies

V. , . 1
L >1 forany x € O and [} = —xp—<xtg5|

e—~0 <V00fgafe> € 2 2 O
also depends on the choice of g by construction.
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4 Error and Moment Estimates
In the following section we will study the non-autonomous system

du(x,t) = (Au(x,t) +a(eu(x, 1) — gx)ulx, t) — u(x, 1)3) dr + o dW,
u(-,0) =upe™H (25)
u(,Nlgo=0 , V>0

for0 <e < 1,a € C([0, t]) fora given T > 0 and the o, g, W;, H, O defined as in (4). The
covariance operator Q is assumed to satisfy properties 1°, 2’, 3’ and 4’ from the previous
section. The slow dependence on time is in accordance to the fact that in simulations of
realistic applications, the previous parameter « in (4) is not constant but slowly changing;
see also [31]. For fixed € we will assume «(ef) < A1 in0 < et < 7. Therefore we will study
the system before the first non-autonomous bifurcation. Following the methods used in [6,
10] we want to understand the probabilistic properties of the first time in which the solutions
of (25), with ug close to the null function, get driven apart from a chosen solution of the
equivalent deterministic system, i.e. (25) with o = 0, taking as metric the distance induced
by a fractional Sobolev norm of small degree.

In this section we use the Landau notation on scalars p; € R, py > 0as p; = O(pp) if
there exists a constant ¢ > 0 that satisfies |p;| < c¢pz. Such constant is independent from e
and o, however it depends on g and «.

The first equation in (25) can be studied for the slow time € setting, named again for
convenience 7, giving the form

1
du(x,t) = —(Au(x,t) +a(t)u(x,t) — gx)ulx,t) —u(x, 1)3) dr + % dw;
€ €
through rescaling of time.
We will denote the A*-norm of power s > 0 of any function ¢ = > ;- | prex € H with
{pr}renpio) C Roas

o0
16115 =D _ 2ok -
k=1

The functions in H that present finite A*-norm define the space V°. It can be proven that the
A’ —norm is equivalent to the fractional Sobolev norm on WS’Z(O), the Sobolev space of
degree s, p = 2 and Dirichlet conditions, labeled as V¥ —norm,

oo
16113 =Y A5 (D ep).
k=1

Such result is given by the fact that, as shown in Appendix A, D((—A)Z) = D((—A)?)
and from the characterization of interpolation spaces described by [40, Theorem 4.36]. In
particular, it implies V* := D((—A)?) = WS’Z(O).

For simplicity, we will always assume g(x) > 1 for all x € O, so that for any couple
of parameters 0 < s < s; and ¢ € V*!, ||¢||as < ||¢||as1. The following lemma shows an
important property, a Young-type inequality, of the A®—norms which we exploit.
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1 1
Lemma 4.1 Set0 < r,sand0 < g < Esothatq—}—i < r+s. Thenthereexistsc(r, s, q) > 0
for which

llp1¢2llas < c(r,s, @)P1llarllP2llas. (26)
forany ¢1 € V" and ¢, € V*.

Proof The equivalence of the AS!'-norm and the V*!-norm for any 0 < s; < 1 justifies the
study of (26) for the V*!-norms. The important change that such choice permits is the fact
that for any ¢ € H we can rewrite the series

o0 o0

$) =D (D e = ) pre T

k=1 k=—00

sign(k)i

for py = (o, e,’(), po = 0 and for the symbol i meant as the imaginary unit.’

Furthermore, it is easy to prove that for any 0 < s; < 1

[e¢]
1Bl = D Al

k=—o00

1 .z
Since the product of any couple of elements in {—elka} is proportional to another
VL keZ

member of the set, we can apply the Young-type inequality in [7, Lemma 4.3] which implies
the existence of a constant ¢’(r, s, ¢) that satisfies

llp1dallve < ' (r, s, Ollg1llvr lldallys,

for any ¢1 € V" and ¢, € V*. From the equivalence of the A*-norms and the V*-norms we
can state that there exists c(r, s, g) > 0 that satisfies the desired inequality. O

From the fact that «(#) < Aj for # < t we know that any solution «# of the deterministic
problem

du(x,t) = é(AIZ(x, 1)+ a@®ilx, 1) — g)ilx, 1) —i(x, 1)) dr
IZ(',Z)|30=0 s VtzO,

(€2))

with initial conditions in H, approaches the null function exponentially in 7 in any time
0 < t < t. Furthermore, following the proof of [10, Proposition 2.3] we prove in the
following Proposition equivalent results for the A' —norm.

Proposition 4.2 Given u, a solution of (27) such that ||u(-, 0)||a = [|u(-, 0)|| 41 <6, then

[lu(-,0)l[a <8

for all 0 < t < t. Furthermore, we have that ||u(-, t)||a approaches 0 exponentially in
0<tr<r.

9 Note that {ﬁe' L }k . is not a basis of H, therefore it is not a Parseval identity on such space.
€
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Proof We define the Lyapunov function

1 1 1
FL@) == 5 (IIVOIR + g9l ) = 5(~Ad. ¢)

forany ¢ € V.
Therefore we obtain

%FL(ﬁ) — —(Ail, 0,ii) = é( — || Ail| 2, — a(t)(Ail, ii) + (Ad, ﬁ3))

= %( — ((A+ 1D, Ait) — (a(t) — A (A, i) + (A, b-[3>)
1 o . 5 R
= (= @O = 2D (AR @) + (A7 @) ) = Z(@() = 1) FL(@) +  (Ai. @)
€ P p

2 _ 3 [ Y 1 l_z 2 2 _
= g(a(t) —A)FL() — E(Vu, u-vi) — gllgm 7 < g(a(t) — A FL()
by using the min-max principle in
—((A+Apu, Au) = (—A(A+Apu,u) <0.

We have hence shown that, given initial condition i(-, 0) = ug € H,

<1

FLGi( 1) < Fuge™ <
for a constant ¢; > 0. The result now follows since the norm defined by Fy. is equivalent to
[-11a- O

Given a function « that satisfies Proposition 4.2 for a fixed § > 0, we define the set in V
B(h) :={(t,¢) € [0, 7] x V: [|¢ —ullas < h}
for s, h > 0. The first-exit time from B(h) is the stopping time
8 = 1inf{t > 0: (¢, u(-, 1)) ¢ B(h)}.

With these definitions we can obtain an estimate for the probability of jump outside of the
defined neighbourhood over a finite time scale.

1
Theorem4.3 Set g, = sup {gq;}. Forany0 < s < > and €, v > 0 there exist constants
JEN\{0}
80,k = Kk(s),h1,C 2 (k,T,€,5) > 0 for which, given 0 < /g0 < h < hi€’ and

*(72
a function u that solqves (27) and |lu(-, 0)||a4 < 8o, the solution of (25) with ugp = u(-,0)

satisfies
h? h
P(tsuy <T) = C o (. T.eexpt —k—(1-0(5) )t
2 qx0 €

qx0

forany0 <T <.

The inequality obtained in the previous theorem does not require 2% > g,o2 but such
2

assumption simplifies the dependence of C 2 (k, T, €,s) on ——, otherwise nontrivial,
qx0
qx0

and enables further study on the moments of the exit-time.

The proof of such error estimate is based on [10, Proposition 2.4] which is divided in the
study of the linear problem obtained from (25) and the extension of the results to the nonlinear
cases.
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4.1 Preliminaries

We define ¢ := u — u for u solution of (25) and u solution of (27) with initial conditions
u(-,0) = u(-,0) = ug. Then ¢ is solution of

dyr(x,1) = E(Al/f(x, 0 +aOYx, 1) — gOY(x, 1) = (ulx, 1)* —i(x, 1)) dr + = aw,

Je
Y(x,0=0 , VxeO (28)
Y, D=0 , Vi=>0.
The first equation of the system (28) is equivalent, by Taylor’s formula, to
dy(x, 1) = (Alﬁ(x, 1)+ aleny(x, 1) — g)Y (x, 1) — i (x, *Y (x, 1)
TG (x, z))) d + o dW,,
with
1 -
G = (=¢%)|  vP=-3@+nuv’ 29)
i+ny
foracertain0 < n < 1.
4.2 Linear Case
Suppose 1 is a solution of
1 o
dl//()(xa [) = *(AWO(X’ t) +Ol(t)1/f0(x7 t) - g(.x)l//()(x, t)) dr +— th
. ve (30)

Yo(-,0)=0€eH
Yo, Dlygo =0 , Vt>0.

Then Yy := (0, ex) satisfies

1
dyi (1) = g(—kkwk(t) +a(O)yY(t)) dt + % d(W;, ex)

o 31
1
= (R oY) dr+ d(;ﬁﬂ,/(t)(bj, er))

for a family of independent Wiener processes {8;}jen\(0}- We can now prove the following
lemmas.

Lemma 4.4 There exists a constant cy > 0 so that
0.2
Var (Y (1)) < c0gx -

for Var that indicates the variance, q, = sup; {gj}, all0 <t <t andk € N\ {0}.

@ Springer



Journal of Dynamics and Differential Equations

Proof By definition,

2 t .

o 1 _ 4 1 _ 1

Var(Y (1)) = — / <ek,eé(A(t m+f a(n)dn) Qee(A(t W+ a(tz)dzz)ek>dt1
0

2 t .
_ o / <e£ (—k;{(t—t1)+j,’1 ot(tz)dtg) e Qeé (—Ak(t—t1)+f,’1 a(tz)dtz)ek>dtl
€ Jo

2t ¢ 2 1 2(—aet max {a(n)})(t—11)
- i./ ez(imzimﬁ[' wdn) (e, Qey)dt; < (LCI*/ ¢ | e ) dny
€ Jo € 0

o2 ( %(_)‘k+og?§ {tx(tl)})t) o2
= —e ==t < cogsx— ,
q*Z(Ak — max {a(tl)}) = 09 M
0<t <t
forO <r <tandk € N\ {0}. O

The subsequent lemma relies on methods presented in [10] and part of the proof follows
[5, Theorem 2.4]. The generality in noise requires additional steps, due in particular to the
fact that the eigenfunctions of A do not diagonalize Q.'°
Lemma4.5 Given ¢ > 0and 0 < T < T for which h, — OminT{(x(t)} < ¢t for all

<t<
k € N\ {0}, then there exists a constant yy > 0 that satisfies
2t T e”2v  p2
P{ sup [y =h) < ————expy — A (32)
ye

k
0<t<T 2cp  gy0?

forany 0 <y <y, for g+ := suplq;} and cy obtained in Lemma 4.4.
J

Proof For fixed k € N\ {0}, the solution ¥ of (31) is a Gaussian process. In fact, we have

> Vb e Bty = | > qibj. e)? Bt) (33)

j=l1 j=1
for a Wiener process f and 0 < r < 1. The Eq. (33) can be proven with the following
considerations:
e Forany0 <t < tandn € N\ {0} we define E, (¢) = 27:1 /qj{bj,er)B;(t). Then,
given the integers n > m > 0,

n

E(I8:(1) = En?) =1 Y q;{bj, ex)* < Tsup{g;} = 7qu.
j=m+1 J

Hence E,(#) converges to a random variable E(¢) in L3(Q) forall0 <t <.
e It is clear that

80)=0

and that the series has independent increments.

10" Such steps do not require property 1°. Property 2’ can be removed through the addition of considerations
for particular cases in which (ej, Qey) = 0 for a certain k € N\ {0}.
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e The time increments of E from #; to t, with #; < #» < t are normally distributed with
mean 0 and with variance (r, — 1) Ziozl q;(bj, ex)?. This can be proven through the
Levy continuity theorem and the pointwise convergence in time of the characteristic
functions of &, (1).

e The almost sure continuity of & is implied by the Borel-Cantelli Lemma and by the
almost sure continuity of all elements in {&),},en\ {0}-

From (31) and (33) we can state that y is represented by Duhamel’s formula,

? / e (O @) gy
0

Due to the dependence on time ¢ of —Xix(t — #1) + fttl a(ty)dty, Yy is not a martingale.

1 t
Following [6, Proposition 3.1.5] we will study the martingale e« (rat—fg atrnran) Yy and split
the time interval in 0 = 59 < 51 < ... < sy = T. For convenience, we define for all
0<t<T,D():=—rt+ fot a(t1)dt;. Hence

IP’( sup [Yx ()] > h)

0<t<T

e t .
o Hr=t)+ !, ati)dny)
=P sup |— i(bi,e 2/ ef( k n dgt)| = h
<0§t£T \/E ;QM ji k) ) B(t)| =
o L[ Hpwy-b)
= IP’(EIj ef{l,...,N}: sup |——={ex, Qekﬁ/ ee V)dB(t)| > h)
Sj_1<t<Ss; «/g 0
al o ! L(pw)—-p)
<SP Zier, Qer)? sup /eE T dB(n) zh)
]Z:; ([ sj—1<t<sj | JO
N
o l(D(z) D())
=2 P(—=(e. Qer)?  sup € dB(t) = h
o [ sj—1<t<sj JO
N ! 1 1 \/E
=< ZZIP’( (ek, Qek sup / e’?D(")dﬁ(tl) > inf e’?D(’)—h)
j=1 Sj—1<t<sj JO Sj—1<I<S; o
N
—2¥p } Lpan Lpes; mf
= (ex, Qex)2  sup e« VdB(r) = e < TVin
j=1 Sj—1<t<s; 0

We can now apply a Bernstein-type inequality ([6]). Therefore,
t
( sup [y ()] = h) < ZZ]P‘< sup / e e PWAB1) > (e, Qe,{)*%e*%l)@jﬂ)ﬁh)
0<t<T =1 \0<i<s; J0 a
eh2e=£DGi-)

202 (ex. Qer) o' e~ <Pdn

eh2e(D(s))=D(sj-1)) }

202 (ex, Qex) [y e2(D6)H=DM) gy,

N
< ZZexp{ -
Jj=1

N
} =2 Zexp{ -
j=1
26 2(D(s))=Dsj-1))

N N 23 o 2(D(s))=D(sj-1))
h h=lgee J j }
=2y exp - ———————+ <2 expj ——4—4—mMm———— 1|
2 7| 2 Var (9 (57)) | 2 d

2c0q+02
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for which we used Lemma 4.4 in the last inequality. By assumption we know —Ax +a(f) < 0
forall k € N\ {0} and O < ¢ < T. We can set the sequence of times {s j}yzo so that there

MT — fOT a(ty)dn

Yo€

exists yp > 0 for which

= N € N\{0} and

Sj+1
“haspp =5+ [ atdn = pe V€ (0N - 1)
s

J

In conclusion, for yy > 0 small enough, such choice leads to

T
MT — [ a(ty)dt h2a e~ 2
IP’( sup [ (1)| zh> <M Mo ) ‘exp{—%}
0<t<T Y0€ 2¢c0q«0
2C+)\,kT hz)\,ke_zl/
= ex e ——
Ve 200‘]*0'2
for any yo > . 5

The inequality (32) can be treated as follows:

2c M T h2pe—2r
IP’( sup |¢k(r>|zh>s S exP{_L}
Yve

2c0g502
0<t<T 0q* (34)
2ct T h2 g "2y
< expy — e ,
ye 2¢0g+0 c0gx0?
2
for assumptions equivalent to the previous lemma. Moreover, for —— big enough, (34) can
qx0
2
€0g+0
be optimized on y at y = OZ* , resulting in
h= Ay
h? 2ctAleT h?
P{ sup [yuM|=h) < —F5———exp) — ——> 5 (- (35)
0<t<T q+0*  Co€ qx0= 2co

The previous lemmas are sufficient to prove the subsequent theorem whose proof follows the
steps of [10, Theorem 2.4 in the linear case].

1
Theorem 4.6 Forany (0 < s < > 0<e q*az & h?%, 0 < T < 1 there exist the constants
0 <«k(s),C 2 (k,T,e,s) such that the solution g of (30) satisfies

2

qx0

()
P( sup 1Yo (. 0)l[as zh) <Cp (Tes)e Vo

0<t<T gx02
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1
Proof Setn, p > 0 so that p = 3~ s. Then, for any sequence {ht}renjo; C Rso that
satisfies h? = ¢, h2,

P{ sup (1Yo (-, 1)llas zh} =1P>{ sup [0, O[3 zhz} { sup ZA A0IR >h2}

0<t<T 0<t<T O<t<Tk 1
h? >
<Y Pi osup [y = *} IP’: sup Y (D] = — }
; {O<t<T M ; 0<r<T A7
X h} 2ctAa;TeT nr o
< Z %ex k
gx0? .02 200
. . . . 2, —l+s+3 .
for which we used (35) in the last inequality. We can assume i, = C(n, s)h~A, with
Cn,s) = :
n5) - —l+s+7 "
pIEP

Since Ax ~ k2 from (54), we can use Riemann Zeta function E() = Z,‘:i 1 k77 to prove
that C(n, s) > O for any n > 0. In fact, we have £(2 — 25 — n) < oo forany 0 < n < 2p
and
1
X o0 —
—l+s+3 Zk:l k—2+2s+n

C(n,s) = =&2-2s—n) 1,

Zk lkk

for the symbol o that indicates proportionality of the terms for a constant dependent on g.
For 0 < n < 2p we can write

) 2 +92—s 2 4 l-s

hi 2c7A; el h A

P{ sup || (-, r>||As>h} P e S exp{ i }
0<t<T lC]*O' Co€

g«02 2co

n
h? 2ctel h* C(p, )N 3
< c e Z)\,k { (T] S‘) k } <ZT Z(l+k2)2 —Z(]-‘rk )2

2
g<0% ¢ P g0 2co P
h? cterT h? Cy,s
for b7 and ¢ (1, 5) . We define
g+ coe gx0%  «¢o

n
2

[(x) _ (1 4x )2 7i(l+x)

for which we know that
d n
100 =2x(1+ xz)(Z — Zg(l n xz)%)e—‘f““z)2 .

We can therefore bound

oo

o
D uk) < / L(x)dx
k=1 0
2
by assuming ¢ decreasing in [0, co). Such case is satisfied for 5 larger than a constant of
o

*
order 1 dependent on the choice of 1 and on s. Conversely, the theorem would be trivially
proven.
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Setting x" = £(1 + x2)7 and y = —{ + x’ we can state

0 00 N /—71 ,
/ ((x)dx = / (1 + x2)2e 0924y = e ¥ dx’
0 0

ﬁﬂn /

E—i‘y ee E—‘FVU
/ ( ) ydy<7 26 ydy
Z”T’]

\/’/ (e+y)n ey +\/>/ <e+y>v
Z’in

{nn

?11
<(2£)1\/>/f_yd +\/>/ (2y) ey

£nn Lnn
< cimetet a1 e
2
for which we used (1 + %) 1> % and took the constants c¢1(n), c2(n) > O that are

uniformly bounded in £ since n < 12. Such results lead to

]P){ sup [[Yo(:, £)]]as >h} <€T2f(k) <KT(C1(77)IZ et o) Tte- Z)

0<t<T

h2 ctT h? C(n, s) h* C(n,8)\=5+7\ _
27<01(ﬂ)( 3 ) + o2y )< ) n 2>e "

g0~ Co€ g0 o (€]

1 3 -1
The proof is concluded assuming n = p = e s, so that C(n,s) « §<§ - s> ,

C(n,
K(S)O(Mand
€o
h? ctr W2 C(n, )\~ h2 C(n, s)\—-5+3
C . (kT e,5) x 27(61(77)< 5 1 ) +c2(n )( 7 ) ! 2).
e gx0~ Co€ qx0 o *G o

m}

Remark The dependence of C 2 (x, 7, €,s) on T and € is well known. In fact, the relation
)
qx0
T
C 2 (k,7,€,5) ~ — is a property that we use to obtain moment estimates further in the
7 €

qx0

paper. Such proportionality is inherited from (35). Additionally, for ¢, < h?, the relation

hZ 1

C 2 (k,T,€,8) ~ ( 2>2 holds. Furthermore, the constants C ,,z (k,7,€,5) and «k
(/*02 q*g

depend on the choice of g and « from construction and the definition of co in Lemma 4.4.

We study now the error estimate given by v, solution of

de(x, 1) = %(Al//*(x, 1) 4+ a®)ys(x, 1) — g Y x, 1) — @ (x, )P (x, 1)) dr + % dw;
Velx,00=0 , VxeO (36)

Iﬂ*(-,t)lgo:O s V[ZO,
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for the function u# assumed in the construction of ¥ in (28). In particular, u satisfies the
hypothesis in Proposition 4.2. The proof of the next corollary is inspired by [5, Proposition
3.7] and makes use of the Young-type inequality proven in Lemma 4.1.

1
Corollary 4.7 Forany 0 < s < — and 0 < €, gyo2 <& h?, there exist M, 8y > 0 such

that for any § < 8o and u solution of (27) for which ||u(-,0)||a4 < 8, the ensuing constants

0 <k(s),C 2 (x,7,¢€,s) obtained in Theorem 4.6 satisfy

4*02

ek
P( sup [|¥s(, Dllas > Mh) <C 2 (k7,695 o 37

0<t<T gxo?
for the solution V.. of (36) and any 0 < T < 7.
Proof Define, for M > 0,
T =inf{0 <t s.t. ||Yu(-, D)]||as > Mh} € [0, T]U 00

and the event

Q= { sup [[%o(, Dllas < h} N {7 < oo} .

0<t<T

Denote then the norm ||-|| 4s norm as
1p113 = (=A)°¢, ),

1
for ¢ € V*, the fractional Sobolev space of order 2 and degree 0 < s < 3 with Dirichlet

conditions.
Taking o the solution of (30), we can state from Duhamel’s formula that

ro B . t B .
Vulx, 1) = / et (Al @) gy / et (Al e@in) g 2y, (o
0 0
Lo _ it
= Yo(x.1) — / et (A0l e@in) g 2y oy
0

forall 0 <t < 7. Therefore, fort < 7 and for w € fZ,
s DI = (A Yy ), Y, ) < (A Yo, 1), Yo, 1))

t '
+ 2‘((—A)S / ot (Aemmr+f )G 2 dn o t))‘
0

+

[ / 't Ny
“\A@—=t)+ /), d
/ es( = jll o) IZ)ﬁ('yf{)zw*('st{)dt]/>
0

t 1 1
<(—A)s / e (e Mlz}dtz)ﬁ(n 1> (-, 11)dry,
0

L A=+ [ alt)dn) -
< ||wo<-,r>||ix+2/ ||e‘( (=10t (1) ’2)u<-,n)zw*(-,n)||As||wo(-,z)||Asdn
0
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topt y
“(A(t—1)+ dry ) -
+/ /Ilee( (=l @O)) 320 )]s
0 JO

g(MH;Hf;i a()dsy)

lle (-, 1), 1)) asdry dr| (38)

2 ! %(‘Al"ro?a’ia(ﬁ))“—ﬂ) _ 2
= 1Yo, Dllas +2/0 e == it G 1) PGt as (1o D] asdty

t pt }(—M-&- max a(tz))(t_l,) _ ) %(—M+Or<nr§>ita(tﬁ))(t—t1/)
+/ / e 0=t N, 1) P, 1) || ase E
0 JO

(-, 1) Y G, 1)) asdry dr|

for which we used Cauchy-Schwarz inequality and the min-max principle on ||-|| 4s. From
the Young-type inequality in Lemma 4.1 and the control over the deterministic solution in
Propostion 4.2 we obtain

(-, 1) syt as < ey NG, 1) Al W, )] as
< c(r, )aC, A NG m)las < Mc(r, 5)8h,

for any ||i (-, 0)||4 < 6. Labelingn = A — OmaxTa(tl) > 0, we imply from (38) and (39),
<<

(39

t
a1 < B+ 2Me(r, )62h? fo ety

topt
+ M2c(r,s)284h2/ / e—?(f—tl)e—g(t—tl)dtl d] (40)
0
<h2+2M€C(r S)(S e M2ﬂ54h2 (1 +Mec(r s) ) s
n "’ n

1 5 ec(r, s)
Forany 0 < s < X we can always find 69, M > 0 such that M* > (1 +M——-:" ) for
n

any § < 8. From the definition of 7 it holds ||+ (-, £)||%, = M?* h* which is in contradiction
with (40), hence we infer that P(€2) = 0 and

IP’( sup [|[Y (-, D)llas = Mh> < IP’( sup [|[Yo(-, Dlas = h>.
0<t<T 0<t<T
The inequality (37) is proven from Theorem 4.6. O

Notation For notation, we omit M from (37) since it can be absorbed in the construction of

C 2 (x,71,€,s) and k. We note that the constants M and §( are dependent on g and «.
o

qx0

Remark The exponential decay of ||u(, 1)||4 proven in Proposition 4.2 can be used in (39)
to achieve more freedom on the choice of 8.

4.3 Nonlinear Case

In order to study the estimate error for (28) the following lemmas are required.
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Lemma4.8 Set 0 < t < t. For G defined as in (29) and a function ¥ (-, t) € V* with

1 1
3 <5< the inequality

NG G, )ar < ey s) max{|[¥ (-, O 3e, 1Y G, 015 1)

1 1
holds when 0 < r < 5~ 3(5 — s) and for a certain c(r, s) < oo.

Proof The current proof relies on Lemma 4.1. By definition of the function G, (29), and
Proposition 4.2,

IGW ¢ Dllar < 3l1aC. 0P 0% lar + 311 ¢ 0% ar

< et (I Ollas 119G OIR + 19601 ) = ) (a6 Dlla 119G 0N + 1Y 60l )

= o) (11 Olla [ ¢ Ol + 119G DI ) < sy max( 6,0l 1 ¢ 0l

In the last inequality, we have labeled for simplicity (1+48)c(r, s) as c(r, s) for ||u(-, 0)||4 <
8. m}

The next lemma can be proven following the same steps as [10, Lemma 3.5, Corollary
3.6].

1
Lemma4.9 Given 0 <r < 5 so that G(Y (-, 1)) € V" forall 0 <t < t and Y solution of
(28) and set g < r + 2, then there exists M (r, q) < oo that satisfies, forall 0 <t < t,

t -
I / et (At em= [ C2d0) G pyyan o
0 (42)
= 1Y (1) = Yules Dllaa < M(r, @)eT =" sup [IGW (- t)lar

0<rty <t
with Vr,. solution of (36).

We can then prove Theorem 4.3 according to a similar method to the one used in the proof
of [10, Theorem 2.4].

1 1
Proof Theorem 4.3 Assume hi, ho > 0 such that 7 = h| + ho and set 3 <s < 5 Then

Plrsay <T)=P( s [lWCDlla = h)

0<r<min{T, 730}

< ]P’( sup ||Vs(-, D]]as + sup W (1) — Uiy )]s > h)

0<t<T 0=<t=min{T,t5()}

<P sup (WGl Z )+ P sup (W0 = CDllas > h2) |
0<t<T 0<t=min{T,t5(;)}
For t < t3(; and since & = O(1), the inequalities (41) and (42) imply

qa_r_

W (1) = Y, Dllae < M(r,@)e T~ sup IGO0 ar

0<n <t

<M, ) Letr, )W DR < M(r, )e'™ “letr, )2,
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1 1
for0 <r < T 3(5 - s) and 0 < g < r + 2. Assuming g > s and setting the parameter

hy = M(r, q)e%’lc(r, $)h? we obtain

IFD(511P0§z§min{r,r,3(,z)}||!0(~, 1) — Y, Dlas > hz)

< P( 50D <min(T e 1+ 1) = Vs Dllaa > ) = 0.

We can then estimate IP’(IB(;,) < T) < IP’( sup ||V, 1)[|as > h1> with Corollary 4.7 for

0<t<T
hi=h—hy= h(l - o(eﬁ)) andv =1 — q%r. The choice of s < g < r + 2 makes
so that the inequality (42) holds for any v > 0.
When 0 < s < 3 the inclusion V31 C V¥ if s < s; implies that

Plesoy <T) =P sup  WColwzh) <P sip (WGl 2 h),

0<t<min{T, T30} 0<t<min{T,t50)}

(43)

1 1
for which the last term can be controlled as before by choosing 3 <s < 3 The inequality

(43) holds since we assume g > 1 and therefore A; > 1. ]

4.4 Moment Estimates

The inequality presented in Theorem 4.3 enables an estimation of the moments of 75(;,). The
proof of the next corollary relies on the step described in [6, Proposition 3.1.12].

1
Corollary 4.10 Foranyk € N\ {0}, 0 < s < 5 0/qx < h and equivalent assumptions to
Theorem 4.3, the following estimate holds:

1 e/ B2\~ n N\
k b fer ht N2 -
2(vbin) = (k+1><c(q*oz) ex"{”q*oz}) @
. h .
for a constant c=c ;>0 and k=« 1—0(—”> , given h, k,v > 0 from Theorem 4.3.
€

Proof The k™ —moment can be estimated by

E(ré(h)) = /OOO kl‘k_IIP('L'B(h) > t)dt > /OT ktk_l(l _ IP(TB(h) - t))dt
N /Orktkl<1 — CLZZ(K”’E’S)GXP{ —Kfi(l - 0(£)>}>dt
qx0

t/ h* N\
for any T > 0. From the hypothesis we know that C 2 (k,1,€,5) ~ 7( )2 by

2
) € \q,0
ty h? N3
construction, therefore there exists ac > O such that C 2 («,t,¢€,5) < cf( 2) and
7 € \q,0o
qx0
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T 2 1 2
t/ h 2 h
/ ktk_1<1—cf(—2)zexp{ —K 2}>dt
0 € \(gx0 4«0
k h? h?
y - ¢ Tk+1( 2) exp{—k 2}.
(k+ 1)e qx0 q+o

€ h2 _1 2
The last term on the right member can be optimizedin 7 at T = — (—2> : exp{:? },
Cc \g0o

from which the corollary is proven. O

%

E(ré(h))

=

The right-hand side in (44) depends on g and « due to the presence of ¢ and k. The nature of
the dependence is not trivial but it is visible that it affects the bound also in the exponential
function.

5 Numerical Simulations

In order to cross-validate and visualize the results we have obtained, we use numerical
simulations. We simulate (4) using a finite difference discretization and the semi-implicit
Euler-Maruyama method [39, Chapter 10]. In detail:

e Aninteger N > 1 has been chosen in order to study the interval O = [0, L] in N + 2

points, each distant h =

from the closest neighbouring point.
e The time was approximated by studying an interval of length 7 > 5000 at the values

{j dt};!’zo for nt := 7 € Nand nt > 0.

e The Laplacian operator is simulated as, 1, the tridiagonal N x N matrix with values — 7

1
on main diagonal and 7 on the first superdiagonal and subdiagonal. The operator A,
was then approximated with

Ay i =1—g+oal,

for g the diagonal N x N matrix with elements g, , = g(n h) forany n € {1, ..., N}
and I as the N x N identity matrix.

e The values assumed by the solution u in O are approximated by the N x (nt 4+ 1) matrix
u. Set j € {0, ..., nt}, the j™ column of u is labeled u;.

e The noise is been studied through the following:

— The integer 0 < M < N, chosen in order to indicate the number of directions of
interest in H on which the noise will be considered to have effect;

— The M x N matrix e’ with elements e'(m, n) := e, (n h);

— The M x M orthonormal matrix O defined by O(ji, j2) := (b}, e’jz);

— The vertical vector g composed of the first M eigenvalues of Q ordered by index and
q% , the element-wise squared root of g.

— The random vertical vectors W; with M elements generated by independent standard

Gaussian distributions each j" iteration.

Such constructions enable the approximation

Uit = (I — Red) ™ (0) — uldr + oq?w;0e'v/d1) (45)
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Fig. 1 Simulation of (4) with g(x) = cos(3x) + 1 and A1 &~ 1.188. Each subfigure presents a surf plot and
a contour plot obtained with (45) with the same noise sample. On the left « is chosen before the bifurcation
and on the right is taken beyond the bifurcation threshold. Metastable behaviour is visible on the second case
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Fig.2 Simulation of (4) with g(x) = hl and 11 = 0.708. The choice of « and the corresponding behaviour is

equivalent to the previous figure. The shape of g influences the value A1 and the equilibria of the deterministic
system (4), i.e. for o = 0. Therefore it affects the behaviour of the solution and the bifurcation threshold

forany j € {0, ..., nt — 1}. Figures 1 and 2 show the resulting plots for g(x) = cos(3x) + 1
and for g(x) = % distinguishing the cases in which « is less or higher than A1.!! It is visible

in figures (a) that for « < A the solution remains close to the null function and assumes no
persistent shape. Pictures (b) display the change caused by the crossing of the bifurcation
threshold. In particular, the fact that the solution jumps away from the null functions and
remains close to an equilibrium. The perturbation generated by noise can then create jumps
to other stable deterministic stationary solutions whose shape is defined by choice of g.

5.1 Simulation of early warning signs

As previously stated, the linearization is more effective for o not close to A1. The rest of the
section is devoted to compare numerically the early warning signs, meant as the left-hand
side of (17),(19) and (21), applied to solutions of (4) with the expected analytical result given
by their application on (16). We show the effect on the early warning signs of the dissipative
nonlinear term present in (4) and how it hinders the divergences, in the limit « — A from
below, of the right-hand side of (17),(19) and (21).

WL =27, N =200, T = 10000, nt = 100000, o = 0.05, M = D = 10. For different values of «, distinct
random generated O and g are used. The maximum value in g is set to be 1. The initial value has been taken
close to the null function because of its relevance in the theory.
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(a) g(x) = cos(3z) + 1, A1 ~ 1.188 (b) g(z) = % A1 ~0.708

Fig.3 The results of (47) applied on the matrix u, matrix obtained through the iteration of (45), are displayed
in the picture for k = k1 = kp € {1, 2, 3, 4, 5} and different choices of g. The dots indicate the mean of such
values obtained from 10 simulations with same parameters and initial conditions, but generated with different
noise samples. The grey area has width equal to the double of the recorded numerical standard deviation and
it is centered on the mean results. The blue line displays the result (48) for the linear system. For « distant
from A the black and blue line show similar values

The fact that the invariant measure of the linear system (16), 1, is Gaussian with covariance
operator V4, and mean equal to the null function [23, Theorem 5.2] implies that

i Voo f2) = /H s w) (fa. w)dp(w), (46)
for all f1, f» € H. Therefore (Voey, , ex,) from (17) can be compared with
1 nt 1 nt 1 nt
— 2 (v, er My, er) — (E 12:1 (uj,, ex >>) (; szZI«u,-z, ek2>>), 47)

that is the numerical covariance of the projection of the solution of (45) on the selected
approximations of the eigenfunctions of A,. These are constructed as ey (n) := ex(n h) and
obtained numerically through the "quantumstates” MATLAB function defined in [28]. The
numerical scalar product (-, -)) is defined by (v, w)) = h Z;v:l v(n)w(n), for any pair of
vectors v, w € RV .12

The plots in Fig. 3 illustrate for two examples of g the results of (47) for the chosen indexes
k=ky =kye{l,2,3,4,5} and o close to A1. They are then compared with

2 M
h > a(fer )2, (48)
j=1

which is the numerical approximation of the right-hand side of (17) on k = 1, with {b; }?”: 1
the row vectors of Oe’ meant to replicate the eigenfunctions of Q.13

It is clear from Fig. 3 that the dissipativity given by the nonlinear term in the system (4)
hinders the variance of the system for « close to A; and that the difference between early

12 The multiplication by /4 is justified by the fact that the functions involved have value 0 inx = Oand x = L.

3L =27, N =100, T = 5000, nz = 100000, o = 0.01, M = D = 10. The two plots show results for
different O and g which are randomly generated as previously described.
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Fig.4 Simulations of V(p) obtained from 10 sample solutions of (4) with g(x) = cos(3x)+1and A} ~ 1.188
simulated with (45). The black dots indicate the mean results and the width of the grey area corresponds to
the double of the standard deviation for the relative «. It is clear that the early warning sign is close to the
expected result for the linear case until a neighbourhood of the bifurcation threshold on which the nonlinear
dissipative term avoids the divergence. The space discretization is achieved taking N = 100 internal points of
O into account

warning sign on (16) and the average of (47) with k1 = k» = 1 on solutions given by (45)
with different noise samples grows with «. For « distant from A; the values of such results
is close and the behaviour of the plots is similar.

A similar method can also be applied to replicate the early warning sign in (21). We can
choose a function fy € L% (H) such that fo(0) = fo(L) = 0 and for which there exist the
integer 0 < p < N + 2 and xo = ph € O that satisfy

2 ej, (xo)ej, (x0)
(Voo fo, fo) = & ZIZIMHD—M an ejirbu)(ejy. bn) ). (49)
J1=1 2=

by Corollary 3.3. From Proposition 3.4, one expects a hyperbolic-function divergence when
o reaches A1 from below. Figures 4 and 5 compare (Vo fo, fo) for different values of o < A
in the form

5 1 nt nt nt
V(p)i=— > uj(pu;(p) - ( > (p))( > up (p)) (50)
j=1

ji=1 ja=1

shown as black dots, and the approximation of the right-hand side in Eq. (49)

A e (pepp) (o
YN A“”+ x,zﬂ—z (;q(m«e,-l,b,,»«ejz,bn»), (51)

Ji=1jo=1

in blue for a certain integer 0 < M; < N.'* The subplots in Figs.4 and 5 are given by
the same simulations as in Fig.3a, b respectively. Each dot in the subplot is the average of
(50) obtained from 10 simulations which differ only by the sample for the noise taken. The
numerical standard deviation is represented by the grey area.'

As in Fig. 3, the early warning sign (50) on the linear system assumes higher values than
the average numerical variance obtained on projections on chosen spaces (51) of solutions of
the nonlinear system. The difference in the two results is more evident when the dissipative
nonlinear term is more relevant, which is close to the bifurcation. For such values of « it

14 Such truncation index is taken as M 1 = 30 in the figures.

15 The special case of cylindrical Wiener process, Q = [ for / meant as the identity operator on H, is
particularly easy to simulate because of the freedom in the choice of the eigenfunctions of Q. Thus we could

assume Z;’;l (ejy - bn)lejy, bn) = 8'1(12, the Kronecker delta.
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Fig.5 Simulations of \7(1)) obtained from 10 sample solutions of (4) with g(x) = % and A1 &~ 0.708. The

results are similar to the previous figure but the choice of g appears to have influence over the difference of
the expected early warning sign applied on the solution of the linear system (16) and its simulation applied on

“

seems also evident that the standard deviation on the simulations is wider. The cause of it is
clear from Theorems 2.1 and 2.4.

6 Conclusion and Outlook

In this paper we have studied properties of a generalization of a Chafee-Infante type PDE with
Dirichlet boundary conditions on an interval, by introducing a component heterogeneous in
space. We have proven that it has a local supercritical pitchfork bifurcations from the trivial
branch of zero solutions, equivalently to the original homogeneous PDE. We have then
considered the effects of the crossing of the first bifurcation when the system is perturbed
by additive noise. We have shown the existence of a global attractor regardless the crossing
of the bifurcation threshold and found the rate at which the highest possible value of the
FTLE approaches 0. It is then a crucial observation that this rate of the FTLE approaching
zero is precisely the inverse to the order of divergence found in the early warning sign given
by the variance over infinite time of the linearized system along almost any direction on H
when approaching the bifurcation threshold from below. An equivalent rate was then proven
when studying the variance for any specific internal point of the interval. Note carefully that
the consistent rates for FTLE scaling and the corresponding inverse covariance operator and
pointwise-variance scaling are obtained by completely different proof techniques. Yet, one
can clearly extract from the proofs that the linearized variational and linearized covariance
equations provide the explicit rates, so a natural conjecture is that the same principle of
common scaling laws will also apply to a wide variety of other bifurcations. In summary,
here we have already given a complete picture of a very general class of SPDEs with a additive
noise when the deterministic PDE exhibits a classical single-eigenvalue crossing bifurcation
point from a trivial branch.

In order to study the reliability of the early warning sign on the nonlinear system, the first
exit-time from a small neighbourhood of the deterministic solution was studied by obtaining
an upper bound of its distribution function. Hence, lower bounds of the moments have been
derived. Lastly, numerical simulations have shown the consistency of the behaviour of the
early warning sign applied on the solutions of the linear and nonlinear system for sufficient
distance from the threshold.

We highlight we have obtained much freedom on the choice of the covariance operator Q,
that defines the noise. In particular, almost any assumed set of eigenfunctions of Q works.
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However, the eigenvalues are all assumed to be positive, in order to ensure a definition for
the invariant measure. Our results hold also for weaker assumptions and a broader choice of
operators. For instance, the requirements for the existence of the early warning signs of the
linear problem hold for diagonalizable operators whose eigenfunctions synchronize to those
of Q, as described in (54), and with eigenvalues diverging with a sufficiently fast polynomial
rate. Whereas a lower bound for the moments of the first exit-time of the nonlinear solution
has been found, an estimate for the moments of the distance between the solutions of the
linear and nonlinear problem remains an open problem but our numerical results only show
a slow divergence very close to the bifurcation point, which is a well-known phenomenon
for finite-dimensional bifurcation problems with noise.
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A Appendix: Properties of the Schrodinger Operator

The Schrodinger operator A := A — g inherits important properties from the Laplacian
operator, assumed the Dirichlet conditions to be satisfied, and g € L>°(Q) almost everywhere
positive. Firstly, the system

Au = —w
u(Hlao =0 , Vi>0

(52)

admits unique weak solutions in V for any w € H. In fact they satisfy

((=A)u, v) = (Vu, Vv) + (u, gv) = (w,v) , YveV.
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By Poincare Inequality there exist ¢, ¢’ > 0 so that
I3 = —(v, Av) < —(v, Av) + (v, gv) = —(v, Av) =t |[v]|4

2 2 2 2
= oI, + llgllec vy < (1wl + lvle) < ¢'livlly

for any v € V. Therefore the spaces V = D((—A)%) and D((—A)%) are the same in the
sense that the norms on which they are defined are equivalent.

The existence and uniqueness of the weak solutions of (52) is implied by the fact that the
map v — (w, v) = ((—A)u, v) is continuous in V with norm ||-||4:

Kw, v} < [lwllx [lvlln < cllwllx [[vlly < cllwllx [[v]]a, (53)

for a constant ¢>0, and Riesz Theorem asserts that 3'u €V so that (Vu, Vv)+(u, gv)=(w, v).
Defining the inverse of —A, the operator (—A)_1 : 'H — V, we have shown that the
system (52) admits an unique solution (=A)'w =u eV for any w € H. From Rellich-
Kondrachov Theorem and the fact that (—A) ™! : H — H is a self-adjoint compact operator,
its eigenfunctions form a basis in H. Since (—A)~ ! is the inverse of A, they share the same
eigenfunctions {ex }ren o). We label as n the eigenvalue of (—A)~! corresponding to the
eigenfunction ey for any k € N\ {0} and we set {n¢}xen (0} to be a decreasing sequence.
From

(V(=A)w, Vo) + ((—A) " w, gv) = (w, v),

by taking v, w = e € V for any k € N\ {0} we can show that

nk((Vek, Vey) + (ex, g ek)) = (e, ex)

and therefore 1y is strictly positive. By construction we have proven that the eigenvalues of
—A, the family {Ax }xen (0}, are also strictly positive.

A deep description on the asymptotic behaviour of the eigenfunctions and eigenvalues of
—A can be found in [41, Theorem 2.4]. In particular

il - el =o() o
oo T kldx T ax e T U \k

indicates that for high index k the influence of the heterogeneity on space induced by g on

L 2
’Ak—)»;(—/o g(x)dx‘ +Hek—e,’(

the respective mode becomes less relevant and A behaves similarly to A — fOL g(x)dx along
such direction.

Another important property of A is Ay < Ag4+1 for k& € N\ {0}, i.e. the eigenvalues are
simple ( [41, Theorem 2.2]).

B Appendix: Operator Theory

In the current appendix we make use of methods and results by [23] and definitions from
[29]. Its goal is to show the continuity in ) of the solution of (4).

Definition B.1 Let X be a Banach space. A Cp-semigroup on X is defined as a family of
operators S = {S(¢) : ¢+ > 0}, which are assumed continuous from X on itself, such that

e S(t1)S(tr) = S(t1 + 1) forall 11,1, > 0,
e S(0)=1,
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e foreach ¢ € X, S(-)¢ : [0, +00) — X is continuous.

Additionally, if [|S(#)||z(x) < 1 for all + > O it is called a Cp-contraction semigroup on X.
The infinitesimal generator of a Cp-semigroup on X is an operator A : D(A) — X such that

A= 1imw
t—0 t
for all ¢ € D(A).

The Schrodinger operator A = A — g generates a Co-semigroup on 7 due to the following
theorem.

Theorem B.2 (Hille-Yosida) A map A : D(A) — X, for which D(A) C X, is the generator
of a Co-contraction semigroup on the Banach space X if and only if A is closed, densely
defined and

A —A)!
[( ) e < X

forall A > 0.

The following lemma is a generalization of Lemma 5.19 by [23] and requires weaker assump-
tions than the ones associated to the covariance operator Q used in this paper, i.e. properties
1,2 and 3.

LemmaB.3 Set D € N\ {0} and D' € N. Assume that there exists a dual indexed
sequence {lez}jl,,/zeN\{O} in [0, 1], so that the eigenfunctions, {b;};en\(0), and the eigen-
values, {q;}jen\(o}, of Q satisfy the following properties:

(B1) Forall0 < j, < D, bj, = Z/1<Dpf e,

(B2) Forall D < jo, bjy =3y, jp <D, /1>D} p]lell

(B3) There exists y > 0 for which ijl qjr j+D, < +09,
(B4) pl* = (€} b)) forany ji. j» € N\ {0},
Then, for

waltx) = 3 VT Y el / HOdB (1), (55)

k=1 n=1

fort >0, x € [0, L] and {Bx }ken\ (o) a family of independent Wiener processes, the following
estimations hold: there exists C1 > 0 such that

E|V(wa(t, x) — wa(t, x)|* < Cilx — x| (56)
E|V(wa(t, x) — wa(t', x)|* < Cilt — ' (57)
forallt,t' > 0andforall x, x" € [0, L].

Proof For simplicity we define {)LLj}_/eN asA_j = Ay forany j € N.

Before proving the well-posedness of Vwa (z, x) in L%(Q, F,P) we introduce tools that
are found in the proof. First is the existence of C > 0 for which |e,’((x)| < C and

[Vep(x)| < C,/x; forall x € [0,L] and k € N\ {0}. Another useful tool is the fact

that Z?O 19 j)»/]VﬂL D, < +oo implies, for monoticity and order of divergence of 1), in respect
tokthatzj 1952 " p < tooforanye <y.
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We now prove that the outer series that defines Vwa (¢, x) converges in L*(Q2, F,P). In order

to achieve that we use 0 < ,ojll2 < 1 for all j;, j» and Ito’s isometry

ZprnVe (x)/ A= ”)dﬂk(fl)
ok Vi

k=ky n=1
<2 Z%ZIPMMWW/ e~ Gathn) =g, <2 qu lenpm Y
k=ki n,m k=k, n,m
VAN,
SO D
n m

sy gy Ve
k=k; n,m<D k=D+1 |n—k|<D’,|m—k|<D'
D )\‘/ c2 0
<C? Z qx D? -+ c? Z qr(2D' + 1)2 k,+D, < — max  {\; jz} qu <
=< = ) Uy s
frd 20 Pyl 2Ak D 2M) jelD.1+2D'} =

because of the definition of {A i }
The proof for the estimate (56) is the following

EIV(wA(t x) —wa(t, x))|

< qu Z|p,1pm|ﬁ\/w ey (x) — € (x")lep, (x)
—ep ()] / ) (=) gy

2 wk
bydeﬁnmge (x) = \/>c05( 2 ),forallk € N\{0}andx € O.Since |Ve, (x)| < C
ep (17

from Lagrange’s theorem we can obtain
1-2¢
(58)

ef (XD]= lef (x) —

NP (lef @) + lef ()

lef (x) — el (NP el (x) —
< (Ve (x| |x — x
2e
(c Mlx — x’|) 20)! 2 =212 Cnf |x — x|

1
forall x, x” € [0, L],aconstantx < x* < x’,e < 5 and k € N\ {0}. In particular (58) holds

fore = Z.
Then
2y 2y
EIV(wa(t, x) — wa (£, x))2 < 22 Vc2;qknzr;|pnpm vl
D /1-4—2 00 /1-&-2
<22~ VC2<DQquk2N +(1 42D Y M"f” >|x—x’|V
k=1 k=D+1 k=D’
C2
=275 {lew’}{}\ / }<qu)L " Z qkkk+D>|x_X|y
k=1 k=D+1

- )\/1 je
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For ¢t > ¢’ > 0, the inequality (57) is the result of

E|V(wa(t, x) — wa(t’, x))*

< CZqu D 104 oI Ko M

n,m

</ ef()\;l+}n,/,”)(tfl1)dt] +/ |ef)»;,,(tft1) _ e—)hl’z([’—[l)”ef)\;”(tftl) _ ef}h"n([’,tl)|dtl).
t 0

The first term is controlled as follows:

ad t
€ L kb i [ etieay
k=1 n,m t
_ C2 qu Z|pk k \/7\/7 7()";14’}';,,)(17[,))

npm )\4/ + )\1/
and, by the fact that for all € € [0, 1] it holds
-t _ ot

’ ’
|e | — |e t_e—t |€ |e—t _e—t |1—€ < e—ét*|t _t/|€ < |t _t/|E

forany ¢, >0andt <1* < ¢,

i o/
szqk lenpmlx/ﬁx/m/ St <CZZW<Z|”"’)’" ()»\/7\/7’ =rv
g

’ /11—
n,m "+)L’") v

C2 D 00
=l (Ne T s S S ey )i
1 ’ k=1

n,m<D k=D+1  |n—k|<D',|m—k|<D’

< 2V—1C2 {)L/ 2}(i ()», )y+ i ()L/ )y |l l/ly

= 7 . max = (A qk(Ap qk (M4 pr - .
Al je(D,1+2D'} = koDl

The second term is studied similarly:

c i BT AN /0” (7710 — TR (T — = )y,
: n,m

CZqu lenpmlmm

t
« / (e—/\;(t—tl)—x\i,,(t—n) _ e =)=, (t=t) o= A, (t=t)=Ay, (1 —11)
0
+ e*)tiq(I’*tl)*lﬁn(f’*ll))dr]

CZZCIkZ| Kok | \ﬁ\/)T

PnPul S

> (ef)\;ht)hnt 7A;nt+)n;nt/ _ ef)\;tf)hjnt _ ef)»iﬂtJrkﬁnt/ + ef)\;t’f)n’ t — A tAL

ml — ¢
RV YA YRy
e hnt =kt 4 | _ gt )\mz)
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<C22L]k2|,0k k ff

P,
Ol

« <|e—x,’,z+)x;t — At e—x,’ntﬂ/mz’l T+l - e—x;,tﬂ/nr/'
+ |ef)\;tf)\;”t’ _ ef)hj,tfkﬁwtl + |e*)~ﬁ,l/*)~fnt _ ef)hj,t/f)\,’”t’l)

<2c22qk2|pk ) \FF(A il — £

ﬂlom A./

4
<20 Y ¥ R0

n,m<D

+ Z i > Lﬁr

A+ A,
k=D+1  |n—k|<D’,|m—k|<D’ +

C2
< — max AL+ 22 )=t
i (S ¢ 3 iy )i

(A + )>|t —1)

for which the symbol x is used as the product operation. O

Having proven the previous lemma, we can use [23, Theorem 5.20] to state that w, defined
in (55), admits a version with continuous paths in V. Through the fact that the Laplacian
operator satisfies Theorem B.2 we can imply with [23, Theorem 5.27] that the stochastic
convolution wy : [0, T] x © —> L3(2, F, P), defined as

wa(t, X) —Zfzpnen(x)/ =48 (1), Vt>0 and x €O, (59)

k=1 n=1

admits a version continuous in V' as well. On such results, [23, Theorem 7.13] states the
existence and uniqueness of the mild solution of (4) in C([0, +00); V) if ug € V. Finally,
[23, Theorem 7.16] leads to the P — a.s. existence of a unique mild solution of (4)

ue L*(Q x (0, T); V)N L*(Q; C([0, T1; H))
forall 7 > 0.

Remark 1In this paper we use Lemma B.3 for D’ = 0, sufficient to have great freedom on a
finite number of eigenfunctions of Q.

The lemma can be generalized in different aspects. The choice of the space on which the
continuity of the solution of (4) is wanted depends on y. For instance, under the assumption
—1 < y < 0 the continuity of the paths of wa in H can be proven in an equivalent manner.
We note also that, tracking the same steps of the proof of Lemma B.3, the continuity in V of
wy [0, T] x O — L2(Q, F, P), defined in (59), can be proven in the case in which the
properties (B1), (B2), (B3) and (B4) were assumed in relation with the eigenfunctions and
eigenvalues of A, instead of those of A, i.e.

(B1’) Forall 0 < jo < D, bj, =Y ; -p piej,
(B2') Forall D < jo.bjy = 31— ji=p. 7=0) p,’f@jp
(B3’) There exists y > 0 for which ZJ 1 qj +p < +oo,
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(B4)) p2 = (ej,. bj,) forany ji, jo € N\ {0},

This is possible due to (54).
Lastly, assuming instead of the properties (B1) and (B2)

ek = bellze = 07

and Q to be only trace class, the continuity of w4 in V* can be shown for0 < s < 1.

C Appendix

Set the Hilbert space X with basis {¢;}en\ (0}, scalar product (-, -)x and fi, f € X. By
definition of basis, we know that the sequences { f,f = Z;f:l {(fk» ®j)xPjtnen\(0) converge
strongly in the norm defined by the scalar product, ||-||x, to the corresponding functions
fr = 230:1 (fx,®j)x¢j,fork € {1, 2}.Itis then well known and easy to prove the following
consequence:

[(fas fidx = (s f2x) < I = fis fx T+ 10 £ = fa)x]
<f = Allx Wflx + 1A = fllx fillx < maX[llflllX, ||f2||x] (60)
(112 = Aillx + 1157 = fllx) =, 0.
By definition

n n

il g = 20 U dndxei D o didxdi)
s = \ 61)
=YD i) x () x (@i bidx = D (i, didx(fa, dj)x.
=1 jp=1 j=1

Combining (60) and (61) we obtain

oo

(fi. )x =Y _(f1.0))x(f2. j)x.

J=1
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