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Abstract

We consider the dynamics of a two-dimensional ordinary differential equation exhibiting
a Hopf bifurcation subject to additive white noise and identify three dynamical phases: (I) a
random attractor with uniform synchronisation of trajectories, (II) a random attractor with non-
uniform synchronisation of trajectories and (IIT) a random attractor without synchronisation of
trajectories. The random attractors in phases (I) and (II) are random equilibrium points with
negative Lyapunov exponents while in phase (III) there is a so-called random strange attractor
with positive Lyapunov exponent.

We analyse the occurrence of the different dynamical phases as a function of the linear stabil-
ity of the origin (deterministic Hopf bifurcation parameter) and shear (amplitude-phase coupling
parameter). We show that small shear implies synchronisation and obtain that synchronisation
cannot be uniform in the absence of linear stability at the origin or in the presence of suffi-
ciently strong shear. We provide numerical results in support of a conjecture that irrespective
of the linear stability of the origin, there is a critical strength of the shear at which the system
dynamics loses synchronisation and enters phase (III).
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random dynamical system, stochastic bifurcation
Mathematics Subject Classification (2010). 37C75, 37D45, 37G35, 37H10, 37H15.

1 Introduction

The results of this paper are part of an emerging bifurcation theory for random dynamical sys-
tems. Earlier attempts to develop such a theory (notably by Ludwig Arnold, Peter Baxendale
and coworkers [2, 3, 5, 28] in the 1990s) resulted in notions of so-called phenomenological (or ”P”)
bifurcations which consider qualitative changes of stationary distributions and dynamical (or ”D”)
bifurcations that concern the bifurcation of an invariant random measure. Our research and that
of others suggest that these concepts do not comprehensively capture the intricacies of bifurcation
in random dynamical systems. For instance, finite-time behaviour and the dichotomy spectrum
[8, 13], minimal invariant sets [22, 35] and the emergence of chaotic attractors [1, 26] are also
important. Despite its relevance for many applications of topical interest, a bifurcation theory of
random dynamical systems is still in its infancy. Current research in this context mainly concerns
case studies of relatively elementary examples. Studies in the context of stochastic Hopf bifur-
cation have mainly considered the Duffing—Van der Pol oscillator with multiplicative white noise
[3, 28, 29]. Most research has produced conjectures based on numerical observations [19], with so
far few rigorous results being reported.

The model we consider in this paper is exemplary in the following sense: firstly, it discusses
the typical phenomenon of random systems to exhibit a transition between synchronisation and
chaos [34]. Secondly, the normal form is locally equivalent to that of a generic deterministic Hopf
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bifurcation and, hence, at least for small noise, one expects other examples of Hopf bifurcation to
feature similar local dynamical behaviour.
In more detail, we consider the two-dimensional stochastic differential equation

dr = (ax — By — (ax — by) (22 + y?)) dt + o dW},

dy = (ay + Bz — (bx + ay)(2? + y?)) dt + o AW}?, (1.1)

where o > 0 represents the strength of the noise, a € R is a parameter equal to the real part
of eigenvalues of the linearization of the vector field at (0,0), b € R represents shear strength
(amplitude-phase coupling parameter when writing the deterministic part of (1.1) in polar co-
ordinates), a > 0, # € R, and W}, W2 denote independent one-dimensional Brownian motions.
Throughout the paper we will consider (1.1) for all possible values of the parameters, i.e. all points
in the (a,b,, 3,0)-parameter space. For illustrations and numerical simulations we will fix the
values of a, 8 and o and only consider the (b, «)-plane since these are the two crucial bifurcation
parameters.

The main aim of this paper is to provide a precise mathematical analysis of the stability regimes
of system (1.1) as a function of its parameters and identify associated qualitative dynamical features.

In the limits of small noise limits and small shear, the stability properties of the stochastic
system (1.1) was studied before by Deville et al [12] as an example of a non-Hamiltonian system
perturbed by noise. It was shown that the largest Lyapunov exponent A¢op is negative in these limits.
We extend these results in the first part of this paper to global parameter space and prove impli-
cations for the associated random dynamical system in terms of its random attractor and invariant
measure. We establish exponentially fast synchronisation of almost all trajectories when Ayop < 0.
In the second part of this paper we follow ideas from [8, 27] and discuss finite-time Lyapunov expo-
nents and uniform attractivity and their relation to the dichotomy spectrum. This analysis enables
a more refined dynamical characterisation than through Lyapunov exponents only and identifies a
route to breaking synchronisation from uniform attractivity, through an intermediate phase with
non-uniform attractivity and a non-negative dichotomy spectrum where shear-induced instabilities
induce arbitrarily large positive finite-time Lyapunov exponents. This route to synchrony-breaking
is similar to that obtained before by [27] in the context of a random logistic map.

Numerical investigations by Lin and Young [26], Wieczorek [33] and Deville et al [12], including
system (1.1), highlighted the observation that shear and noise may cause Lyapunov exponents to
turn positive, leading to chaotic random dynamical behaviour without synchronisation. A proof of
shear-induced chaos with instantaneous periodic driving (kicks) was obtained by Wang and Young
[32]. Only recently, [14] obtained an analytical proof of this phenomenon in an SDE model with
continuous-time stochastic forcing. In this paper, we prove the existence of a transition to non-
uniform attractivity characterised by a non-negative dichotomy spectrum and positive finite-time
Lyapunov exponents which are arbitrarly large for sufficiently strong shear. An analytical result on
the breaking of synchronisation for system (1.1) remains out of reach,’ but our result on positive
finite-time Lyapunov exponents is an important step in this direction.

Analysis of system (1.1) from a random dynamical systems perpective

In the absence of noise (¢ = 0), the stochastic differential equation (1.1) is a normal form for the
supercritical Hopf bifurcation: when a < 0 the system has a globally attracting equilibrium at
(z,y) = (0,0) which is exponentially stable until « = 0 and, when « > 0, the system has a limit
cycle at {(x, y) €R? : 2?2 4% = a/a} which is globally attracting on R? \ {0}.

!The analysis in [14] exploited special properties of the SDE model that do not hold for (1.1).



In the presence of noise (o # 0), statistical information about the (one point) dynamics of
(1.1) can be described by the Fokker—Planck equation and its stationary density. In this case, the
stationary density can be calculated analytically, yielding (cf. [12])

2v/2a <2a(x2 4 ?) —a(a? + y2)2> |

Jroerfe(—a/v2a0?) ¥ 557 (1.2)

We note in particular that this density does not depend on the shear parameter b.

We observe a clear relation between the stationary measures in the presence of noise (o > 0)
and the attractors in the deterministic limit: the stationary density is maximal on attractors of the
deterministic limit dynamics and (locally) minimal on its repellers, see Figure 1.
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Figure 1: Shape of the stationary density of (1.1) with noise and corresponding phase portraits of the
deterministic limit. The qualitative features only depend on the sign of the linear stability parameter c.
Figures (a) and (b) present the shapes of the stationary densities in the presence of noise. (a) is charactised
by a unique mazimum at the origin and (b) by a local minimum at the origin surrounded by a circle of
mazima when o > 0. Figures (¢) and (d) show phase portraits in the determinstic limit o = 0 displaying
an attracting equilibrium if « < 0 and an attracting limit cycle if a > 0, precisely where stationary densities
have their mazima.

From Figure 1 it is natural to propose that the stochastic differential equation (1.1) has a
bifurcation at o = 0, represented by the qualitative change of the shape of the stationary density.
Such kind of bifurcation is called a phenomenological bifurcation, cf. [2].

In this paper, we consider the system (1.1) with noise from a random dynamical systems point
of view: with a canonical model for the noise, (1.1) can be represented as a dynamical system that
is driven by a random signal.



While the stationary density (1.2) provides certain statistics about the dynamics of (1.1), by the
fact that the underlying Markov process only models probabilistically a single time-series, many
relevant dynamical properties cannot be captured, such as a comparison of the trajectories of nearby
initial conditions (with the same noise).

As trajectories of random dynamical systems depend on the noise realisation, one does not a
priori expect any asymptotic long-term convergent behaviour of individual trajectories to a fixed
attractor. An alternative view point that circumvents this problem and often yields convergence,
is to consider, for a fixed noise realisation in the past, the flow of a set of initial conditions from
time ¢t = —T to a fixed endpoint in time, say ¢ = 0, and then take the (pullback) limit 7" — oco. If
trajectories of initial conditions converge under this procedure to some set, then this set is called a
pullback attractor (see e.g. [11, 30]). To illustrate the pullback dynamics of (1.1), in Figure 2 (see
[33] for similar pictures), we present some numerical examples®. We observe two distinctly different
behaviours: either all initial conditions converge to a fixed point, see (a)—(d), or all initial conditions
converge to a rather complicated object, see (e)—(h). The former is indicative of the phenomenon
of synchronisation (see e.g. [15]), i.e. convergence of all trajectories to a single random equilibrium
point, while the latter points to a random strange attractor [24].
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Figure 2: Pullback dynamics of (1.1) with o = 8 = a =1 for initial conditions chosen in approzimation of
the stationary density. In (a)-(d), in the presence of small shear we observe synchronisation, i.e. pullback
convergence of all trajectories to a single point, irrespective of the linear stability at the origin. In (e)—(h),
in the presence of sufficiently large shear there is no synchronisation but pullback convergence to a more
complicated object (random strange attractor), again irrespective of the linear stability at the origin.

The differences between the types of pullback attractor can also be observed from the Lyapunov
exponents, representing the asymptotic long-term average derivative along trajectories. Roughly
speaking, random attractors with negative Lyapunov exponents are associated with synchronisation
and a positive Lyapunov exponent impedes synchronisation. Accordingly, in Figure 2 (a)—(d) we
have negative Lyapunov exponents and in (e)-(h) the largest Lyapunov exponent A, is positive.
In Figure 3 we present a numerical investigation of A, as a function of the relevant parameters,

2The simulations in this paper are based on an explicit Euler-Maruyama integration of the stochastic differential
equation (1.1), usually with time step size 107%. When we compute Lyapunov exponents, we use an explicit second-
order Runge-Kutta method for integrating the variational equation.



similarly to [33] where, however, only positive « are considered. We note that, in contrast with
the deterministic and statistical transitions at o = 0, the change of sign of the largest Lyapunov
exponent is indicative of a dynamical bifurcation, cf. [2], which arises along an altogether different
curve in the (b, a)-plane. In particular, we note that as the stationary density is independent of
b, different dynamical behaviours underly identical stationary measures, reconfirming our earlier
claim that the one-point Markov process and associated stationary measure only provide partial
information about the dynamics of a random dynamical system.
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Figure 3: Numerical approzimation of the largest Lyapunov exponent Aiop for system (1.1) as a function
of the linear stability at the origin (a) and strength of shear (b) with a = 8 = o = 1. The red curve
highlights the border between regions with negative and positive largest Lyapunov exponents, corresponding
to synchronisation or random strange attractor, respectively.

Finally, we address a more subtle differentiation between two types of synchronisation that may
arise. Synchronisation may be uniform, so that trajectories are guaranteed to approximate each
other bounded by upper estimates that are independent of the noise realisation, or non-uniform,
when such uniform upper estimates do not exist. In the latter case, the time it takes for two
trajectories to converge up to a certain given margin is bounded for any fixed noise realisation, but
assessed over all noise realisations these bounds have no maximum. It turns out that the uniformity
of the synchronisation is related with the distribution of finite-time Lyapunov exponents, reflecting
the average derivatives along trajectories for finite time. The (unique) largest Lyapunov exponent
of an attractor is associated with the limit of the distribution of finite-time Lyapunov exponents as
the time over which derivatives are averaged goes to infinity. Importantly, while this distribution
converges to a Dirac measure concentrated in the largest Lyapunov exponent, the support of this
distribution typically converges to a wider range. If this range is contained entirely within the
negative real axis, synchronisation is uniform. But it may also happen that the top Lyapunov is
negative while the limit of the support of finite-time Lyapunov exponents extends into the positive
half line, which results in non-uniform synchronisation. In Figure 5, these scenarios are illustrated
with numerical computations. It is natural to find an interface with non-uniform synchronisation in
the parameter space between uniform synchronisation regions and regions without synchronisation.
For a sketch of the corresponding regions for (1.1) in the (b, a)-plane, see Figure 4.
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Figure 4: For a,f,0 fixed, we partition the (b, a)-plane associated with (1.1) into three parts with different
stability behaviour. Region (I) represents uniform synchronisation, only possible for non-positive a and
small b. In region (II), we observe non-uniform synchronisation, i.e. finite-time instabilities occur, but the
asymptotic behaviour is exponentially stable for almost all trajectories. (The border between (I) and (II) is
described in Theorems E and F.) Region (III) exhibits a positive largest Lyapunov exponent and the absence
of synchronisation since the shear is large enough for locally unstable behaviour to prevail (cf. Conjecture D).

The main results

The results of the paper are structured as follows. We first establish (Theorem A) that the stochastic
differential equation (1.1) induces a random dynamical system and possesses a random attractor
for all choices of parameters. Using results from [15], we show that a negative largest Lyapunov
exponent implies the random attractor being a random equilibrium. We then prove (Theorem
B) the synchronisation of almost all trajectories from all initial conditions in forward time with
exponential speed. We also achieve an explicit upper bound for the shear as a function of other
parameters for having a negative largest Lyapunov exponent (Theorem C), extending results in [12]
to the full parameter space.

We finally assert (Conjecture D) the appearance of a positive largest Lyapunov exponent beyond
a critical shear levels for any given value of «, cf. Figure 3. This would in turn imply the existence
of a random strange attractor with positive entropy and SRB sample measures [24]. Based on
numerical evidence, we conjecture this scenario also for negative a which is remarkable in view of
the fact that in the literature shear-induced chaos is associated with random perturbations of limit
cycles and not equilibria.

The second part of this paper focuses on parameter-dependence of finite-time Lyapunov ex-
ponents and uniform attractivity and the dichotomy spectrum associated with the linear random
dynamical system on the tangent space along trajectories. In the case of small shear, we establish
(Theorem E) the existence of a bifurcation at the deterministic Hopf parameter value o = 0 from
a global uniformally attracting random equilibrium (« < 0) to a non-uniformly attracting random
equilibrium (a > 0). This bifurcation is accompanied by the emergence of positive finite-time Lya-
punov exponents and a loss of hyperbolicity of the associated dichotomy spectrum ¥ = [—o0, a].
This result provides an example of the bifurcation scenario proposed in [8], highlighting the impor-
tance of new notions of bifurcation to complement the deterministic ones, by showing that despite
the persistence of random equilibria, additive noise does not necessarily ”destroy” bifurcations,
cf. [10].

Finally, we establish (Theorem F) the relation between shear and positive finite-time Lyapunov
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Figure 5: Distribution of finite-time (T > 0) Lyapunov exponents of (1.1) witha=p=0c=1, a € {-1,1},
T € {2,5,10} and b € {1, 3,8}, illustrating the type of distributions in phases (I) uniform synchronisation
(a), (c); (II) non-uniform synchronisation (b), (d), (e); and (III) absence of synchronisation (f).



exponents. In particular, we show that for any o € R, there exist arbitrarily large finite-time
Lyapunov exponents for sufficiently strong shear intensity b. This is the first analytical result on
shear-induced chaos in (1.1). It is in general challenging to obtain lower bounds for the largest
Lyapunov exponent in dimension larger than one due to the subadditivity property of matrices,
cf. [34]. Therefore analytical results on positive Lyapunov exponents for random dynamical systems
have only been achieved in certain special cases, like in simple time-discrete models [25], certain
linear models [14] and under special circumstances enabling for stochastic averaging arguments
[6, 7]. It remains an open problem to prove Conjecture D.

This paper is organised as follows. Section 2 comprehensively introduces the technical frame-
work and formulates the main results of this paper. Section 3 is dedicated to a detailed proof
of Theorem A, establishing the existence of a random attractor for all parameters. In Section 4
we prove Theorems B and C and show some statistical properties of the random equilibrium. In
conclusion, Section 5 contains the proofs of Theorems E and F highlighting different aspects of
the random bifurcations in a and b. We also provide an Appendix with background material on
random dynamical systems comprising the most relevant definitions and results used in this paper.

2 Statement of the main results

The stochastic differential equation (1.1) can be rewritten as
dZt = f(Zt)dt + O'th s (21)
where Z; = (x4,1;) " and W; = (dW,},dW2)T, and the function f : R? — R? is defined by

£(2) ;:<g ;B)Z—(x2—|—y2)<z ;b)z.

To investigate sample path properties of the solutions of (1.1), it is convenient to work with the
canonical sample path space of Brownian motions. Let Q = Cy(R, R?) be the space of all continuous
functions w : R — R? satisfying that w(0) = 0. We endow 2 with the compact open topology and
denote by F = B(2) the Borel o-algebra on .

It is well known that there exits the so-called Wiener probability measure P on (€2, F) which
ensures that the two processes (W}')ier and (W2)ier, defined by (W} (w), W2(w))" = w(t) for
w € (2, are independent one-dimensional Brownian motions. We define the sub o-algebra F;; as
the o-algebra generated by w(u) — w(v) for s < v < wu < t. For each ¢t € R, we define the shift map
0;: Q2 — Q by

(Ow)(s) =w(s+t) —w(t) forall seR.

It is well known that (6;);er is an ergodic flow preserving the probability measure P, see e.g. [2].
Thus, (Q, F,P, (0:)cr) is an ergodic dynamical system.

2.1 Generation of a random dynamical system with a random attractor

Given w € (2, an initial value Z € R? and T > 0, we say that a continuous function ¢(-,w, Z) :
[0, T] — R? solves the stochastic differential equation (1.1) if it satisfies the integral equation

ot,w, Z) =27+ /t fle(s,w,Z))ds + ow(t) forall t €[0,T].
0

The first result in this paper concerns global existence of solutions of (1.1) for almost every sample
path, implying that the solutions do not blow up in forward time. We show that the solutions of



(1.1) generate a random dynamical system (€, @) (see [2, Definition 1.1.1] for a general definition).
This means that the (B(RJ) ® F @ B(R?), B(R?))-measurable mapping ¢ : Rf x  x R? —
R2, (t,w,z) — p(t,w, ), is a cocycle over 6, i.e.

©(0,w,)=1d and @t + s,w,2) = p(t, 0w, o(s,w,z)) forall we QzeR?>andt,s>0.

In addition to the generation of a random dynamical system, the following theorem addresses also
the existence of a random attractor (see Appendix B for a definition).

Theorem A (Generation of a random dynamical system with a random attractor). For the stochas-
tic differential equation (1.1), there ezists a O-invariant F-measurable set Q@ C ) of full probability
such that the following statements hold.

(i) For allw € Q and Z € R2, the stochastic differential equation (1.1) admits a unique solution
o(-,w, Z) such that ¢ forms a cocycle for a random dynamical system on (2, F,P, (0;)tcr)-

(i) There exists a random attractor A € F @ B(R?) of the random dynamical system (0, ) such
that w + A(w) is measurable with respect to F°__, i.e. the past of the system.

o0

Since the difference of the spaces ) and Q is a set of measure zero, we identify both in the
following.

2.2 Negativity of largest Lyapunov exponent and synchronisation

The following results concern the asymptotic behaviour of trajectories, in particular their stability
properties. This will give information about the structure of the random attractor A associated
with the stochastic differential equation (1.1).

To analyse asymptotic stability, we study the linearisation ®(t,w, Z) := Dyp(t,w, Z). A direct
computation yields that ®(0,w, Z) = Id and

d(t,w,Z) = Df(p(t,w, 2))d(t,w, Z). (2.2)
It is easy to observe that ® is a linear cocycle over the skew product flow (©;) ter} O Q x R?,
defined by
Ot(w, Z) = (bw, p(t,w, Z)) .
In fact, (©, ®) is a linear random dynamical system, where the ergodic dynamical system (0;);cr is
replaced by (et)teRg' We obtain an ergodic probability measure for the skew product flow (et)teRg

by using the fact that there exists a one-to-one correspondence between the stationary measure p
for the Markov semigroup associated to (2.1) and a certain invariant measure of (@t)teRg‘

In more detail, recall from (1.2) that the density of the unique stationary distribution p reads
as

p(2,y) = Koo exp< ( )2 5 ( )
o
where K, o, > 0 is the normalisation constant and is given by
2v/2a
__a
/o erfe < W)

The stationary measure p gives rise to an invariant measure y for (0;) ter; On Q1 xR? in the following

) for all (z,y) € R?, (2.3)

Ka,a,o =

sense: the push-forward limit
Ho i= lim (¢, 0_w)p (2.4)

t—o00



exists for almost all w € Q and is an FY__-measurable random measure, i.e. w + p,(B) is FO -
measurable for any B € B(R?). This defines a Markov measure p on (Q x R?, F @ B(R?)) via

w(C) = / 11 (C) dP(w)  for all C € F @ B(R?),
Q

where C, := {Z € R? : (w,Z) € C}. p is invariant under (Qt)teRg (see e.g. [9]). Reversely, the
stationary measure p is given by

p(B) = / w(B) dP(w)  for all B € B(R?). (2.5)
Q

The uniqueness of the stationary measure p with density p(z, y) implies that the invariant measure
is ergodic. We will see in Proposition 4.1 that the linear system ® defined in (2.2) satisfies the
integrability condition

sup In™ || ®(t,w, Z)|| € L (i) .

0<t<1
Therefore, we can apply Oseledets’ Multiplicative Ergodic Theorem [2, Theorem 3.4.1] to obtain the
Lyapunov spectrum of the linear random dynamical system (0, ®) (see Appendix A). In particular,
the largest Lyapunov exponent Ao is given by

1
Atop = tll>nolo ;ln |®(t,w, Z)|| for p-almost all (w, Z) € Q x R?. (2.6)

The largest Lyapunov exponent allows to characterise synchronisation for the random dynamical
system generated by (1.1), i.e. if for all Z1, Zo € R?, we have

lim |p(t,w, Z1) — ¢(t,w, Z2)|| =0 for almost all w € 0.
t—r00

Theorem B (Existence of random equilibrium and synchronisation of trajectories). Suppose that
Mop < 0. Then the random attractor A for the stochastic differential equation (1.1) is given by a
random equilibrium, i.e. A(w) is a singleton for almost all w € Q. In addition, the the stochastic
differential equation (1.1) admits exponentially fast synchronisation, i.e. for all Zy,Zy € R%, we
have

1
limsup - In ||¢(t,w, Z1) — ¢(t,w, Z2)|| <0 for almost all w € Q).

t—o00 t

We now aim to determine the region of parameters for which A¢op < 0. In [12], analytical results
are obtained that show that A is negative in certain regions of the parameters space, in particular
when shear is small. The following theorem extends this result to a larger region in the parameter
space.

Theorem C (Small shear implies synchronisation). For each a,«, 3,0, let

TKg 0002 TKq 0,002
K:=a 3 5+ 2.
a+1mKgya00° \a+1m1Kqa00

Then the largest Lyapunov exponent Aop is negative if |b| < k.

Remark 2.1. (i) Note that K, 0, = 2\};?, and Theorem C then implies that Ao, < 0 provided

that |b] < v/3a and « is sufficiently small. This special case is considered in [12, Proposition 4.1].

10



(ii) For fixed a and «a, we have

. . 2V 2mwac
lim 7rKa7Q7UJ2 = lim ——— = 0.
g—00 g—00 o
erfc | —
( \/20,02)

Therefore, by Theorem C we have Ay, < 0 provided that |b| < v/3a and the noise intensity o is
sufficiently large.

Numerical evidence from [12] and Figure 3 suggest that large shear leads to positive largest
Lyapunov exponent. Unfortunately, we are not able to prove this analytically and formulate this
in the following conjecture. Note that in [14], positivity of the largest Lyapunov exponent was
analytically established for a two-dimensional system that admits large shear.

Conjecture D (Large shear induces chaos). Consider the random dynamical system induced by
the stochastic differential equation (1.1), and fit a > 0 and 5 € R. Then there exists a function
C:R xRT — RT such that if

b>C(a,0),

then the largest Lyapunov exponent Ao is positive.

The random attractor A is a random strange attractor in this situation, as illustrated in Fig-
ure 2 (e)—(h).

2.3 Qualitative changes in the finite-time behaviour indicated by the dichotomy
spectrum

The final two main results concern the qualitative changes in the finite-time behaviour. If shear
is small, then these changes occur at the deterministic Hopf bifurcation point a@ = 0, since the
maximal finite-time Lyapunov exponents are equal to «. If the shear is increased, then there is a
transition to unbounded maximal finite-time Lyapunov exponents.

We also link these phenomena to qualitative changes in the dichotomy spectrum [8], which
is based on the notion of an exponential dichotomy. We first need the concept of an invariant
projector of a linear random dynamical system (0 : R x Q — Q, ¥ : R x Q — R%9) which is given
by a measurable function P : Q — R with

P(w) = P(w)? and P(Ow)¥(t,w) = U(t,w)P(w) forall t R and w € Q.

Definition 2.2 (Exponential dichotomy). Let (6, ¥) be a linear random dynamical system and let
v € Rand P, : Q — R¥? be an invariant projector of (§, ¥). Then (#, V) is said to admit an
exponential dichotomy with growth rate v € R, constants o > 0, K > 1 and projector P, if for
almost all w € €2, one has

[W(t,w)Py(w)|| < Kel™t forall ¢t >0,

W (t,w)(Id — Py (w))|| < Ke+t for all ¢+ <0.
We additionally define that (6, ¥) admits an exponential dichotomy with growth rate oo if there
exists a v € R such that (0, ¥) admits an exponential dichotomy with growth rate v and projector

P, =1d. Analogously, (#, ¥) admits an exponential dichotomy with growth rate —oo if there exists
ay € R such that (6, V) admits an exponential dichotomy with growth rate v and projector P, = 0.

11



Definition 2.3 (Dichotomy spectrum [8]). Consider the linear random dynamical system (6, ¥).
Then the dichotomy spectrum is defined by

Y= {y € RU{—o00,00} : (#, ¥) does not admit an exponential dichotomy with growth rate v} .

Under the assumption of small shear, the following result describes a random bifurcation that
corresponds to the deterministic Hopf bifurcation. The notions of uniform and finite-time attrac-
tivity are given precisely in Section 5.1.

Theorem E (Bifurcation for small shear). Consider the stochastic differential equation (1.1) with
|b| < a. Then the random attractor A is given by an attracting random equilibrium for all o < 0
and all o > 0 in a neighbourhood of 0. We observe the following bifurcation at a = 0:

(i) For a <0, the random equilibrium is globally uniformly attracting, but for a > 0, the random
equilibrium is not even locally uniformly attracting.

(ii) Let ®(t,w) := Dp(t,w, A(w)) denote the linearised random dynamical system along the random
equilibrium for fized a. Then the dichotomy spectrum X of ® is given by

Y =[-00,q],
i.e. hyperbolicity is lost at o = 0.

(iii) For o < 0, the random equilibrium is finite-time attracting, whereas for a > 0, it is not
finite-time attracting.

The last result of the paper concerns the impact of shear on finite-time Lyapunov exponents.
It implies a bifurcation of the spectrum of finite-time Lyapunov exponents for some critical value
of shear b* € [a, 2a].

Theorem F (Shear intensity as bifurcation parameter). Let a,b,o satisfy b > 2a > 0 and o # 0.
Then for any z € R2, the finite-time Lyapunov exponents of solutions starting in z can be arbitrarily
large and arbitrarily small with positive probability. More precisely, there exists a T > 0 such that
for allt € (0,T), we have

1 1
esssup sup — In||Dy(t,w,z)v|]| =00 and essinf inf —In||Dp(t,w,2)v|| = —oo.
weQ |juf|=1 t weQ vf=1 1

3 Generation of the random dynamical system and existence of a
random attractor

We prove Theorem A in this section by following methods developed in [17, 18]. We conjugate
the SDE (1.1) to a random differential equation via a suitable transformation using an Ornstein—
Uhlenbeck process, so that we need to prove the existence of the random dynamical system and
its random attractor for the corresponding random differential equation. An advantage in working
with random differential equations (in comparison to stochastic differential equations) is that we
can work with sample path estimates of solutions.

For ¢ > 0, consider the stochastic differential equation

dZ = —cZdt + AW, (3.1)

12



where Z € R?. Define the random variable Z* := ono e“*dWs. Then t — Z*(0:w) solves (3.1), i.e.
t
7" (Ow) = Z* (w) — c/ Z*(0sw) ds + w(t). (3.2)
0
By replacing ) with a measurable subset Q C Q of full probability that is invariant under 6, there
exist two random variables K and L such that
| Z*(0,w))? < K (w) 4+ L(w) In(1 +|t]) forall t€R and w € Q, (3.3)

see [20]. We define the map T : Q x R? — R2 by T(w, Z) := Z 4+ 0Z*(w). Under the change of
variable Z — T'(w, Z), the SDE (1.1) is transformed into the random differential equation

7 =g(0w, Z), (3.4)
where g(w, Z) := f (T (w, Z)) + co Z*(w). We show later in Lemma 3.2 and the proof of Theorem A
that the solution ¥(t,w, Z) of this random differential equation,

t
U(t,w,Z) =2 +/ 9(0sw, ¥ (s,w,Z))ds,
0

exists for all ¢ > 0 and forms a random dynamical system. The following lemma holds using this
fact.

Lemma 3.1. The following statements hold.
(i) The random dynamical system ¢ : RS x O x R — R2, defined by
pt,w, Z) = p(t,w, Z) == T (0w, ¥(t,w, T(w) " '2)), (3.5)
is generated by the stochastic differential equation (1.1).

(ii) If the random dynamical system ¥ has a random attractor, then also the random dynamical
system ¢ has a random attractor.

Proof. (i) From (3.5) and the definition of 7', we have
ot,w, Z) =V (t,w,Z —oZ"(w)) + o Z* (),

which together with the fact that W is a solution of (3.4) implies that
olt,w,Z) =27 —o0Z"(w) + /Otg(st, U(s,w,Z —oZ"(w)))ds + o Z*(6iw)
=7+ /Otg(ﬁsw,T(st)l(go(s,w, 2)))ds +o(Z*(Ow) — Z*(w)) .
Thus, using (3.2), we obtain that
o(t,w,Z) =27+ /Dtg(ﬁsw,T(Gsw)_l(w(s,w, 7)) —ocZ*(0sw) ds + ow(t)

t
=2+ [ Jb0,0(5,0,2)) ds + oult),
0

which completes the proof of this part.
(ii) This follows from the definition of a random attractor and the fact that the shifted term in the
transformation T'(w, Z), namely Z*(f;w), is tempered. O
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We show that the Euclidean norm of the solutions of (3.4) is bounded by the growth of the
corresponding solutions of the scalar equation

{ =n(w) —VaC, (3.6)

where the stochastic process (7¢)¢er is chosen appropriately. Note that for each initial value (p € R,
the explicit solution of (3.6) is given by

Clt.0) = e + | VA () ds. (3.7)

Lemma 3.2. There exists a tempered stochastic processes (Vi)icr, i.e.

im o e 0 andwe . (3.8)

totoo  efltl
such that for Z € R?, we have
19 (t,w, 2)|1” < 2(t,w,11Z]1%), (3.9)
which implies that the solution V(t,w, Z) exists for all t > 0.

Proof. By replacing Z with (z,y)" and Z* with (z*,3*)", we rewrite (3.4) as
< Tt ) _ ( o —fB > ( UCt—i-ax*(@tw) >+ca< () >
U B o ye + oy (Brw) *(6rw)
_H(mt—i-ax (Brw) )H <a >($t+0$*(tw)>
Yt + oy* (Orw) Yy + oy (Bw) ) -
Let 7y := (27 + y7). Then a direct computation yields that

Ty = 4Tt + Yi Yt
= 2ary + oz (Oiw) ((a + )z + Bys) — oy (Bw) (Bar — (o + ¢)ye)

’( xy + ox*(6w) > 2
Yyt + oy*(Opw)

(2ary + ox™ (Ow) (azs + byt) — oy™ (Orw) (bze — ayy)) -
Note that max{(a + ¢)z¢ + By, Bzt — (a + )y} < v/((a + ¢)2 + B2)2r¢. Thus,

|27 (0rw) (@ + )ar + Byr) — y* (01w) (B — (o + )y)|
< V((a+e)? + 52)2r (|27 (0w)] + |y* (rw)])
<2V/((a+0)2 + B2)re | 2" (Bw)]| - (3.10)

On the other hand, we have

H ( xy +ox* w) )
Yt + oy (frw)
which together with the fact that |z*(6w)z: + y* (Oiw)ye| < || Z*(6iw)||v/27¢ implies that

‘H :ct+asc w)>

2
= 20+ 02| 2°(00)|? + 200" (Buo) s + 20y (Bueo)u

2
— 21 — O’QHZ*(Gtw)H2 < 20| Z%(Ow) ||V 21y .

Yt + oy (Ow)
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Consequently,

2

f 3
ary > 2ar? — Q%aUHZ*(Gtw)HTf + ac®|| Z* (Bw)||*rs (3.11)

( T + ox* (w) >

Yy + oy*(Orw)

and from the fact that

|z* (6w) (axy + byr) — y* (Oiw) (bze — aye)| < Va2 + b2|| Z* (6iw) ||V 27,

we derive that

2
o™ (0iw) (amy 4 byy) — oy* (Opw) (bay — ayt)’

' ( xt + o™ (Ow) >
. Yt + oy (fw)
< 230vaZ + 02| Z*(6w) |1 + 02/2(a2 + B2)[| Z* (6,) | *re
+0°y/2(a? + 02)|| Z* (01w) 1P v/ -
Using (3.10), (3.11), (3.12) and a comparison argument, we obtain for all t > 0 and Z € R? \ {0}

that 1(|¥(t,w, Z)|? < C(t,w, || Z)|?) , where t — C(t,w,||Z]|?) = ¢ is the solution of the following
scalar differential equation

(3.12)

& = a(w)& + (W) + (@) — a2,

Nl

with initial condition ¢y = ||Z||2. Here the functions ay, by, ¢; are defined by

ar(w) := 20/ (a + ¢)?2 + B2|| Z*(0w)|| + V203V a2 + 2| Z* (0,w) ||? ,
be(w) = 2 + 402V a2 + b2|| Z* (Ow) || — 2a0?(| Z* (Oyw) ||?,
cr(w) == (23/2\/a2 + 020 + 25/2(10) 127 (6,0)]) -

From temperdness of Z*(6;w), all stochastic processes (a¢)ier, (bt)tcr and (ct)icr are also tempered.
Note that

afar(w)?
44q
- bi(w)2 -
alf + t;a) > |be(w)Gel

33cp(w)? ~
4423 > Jee(w)¢7 -

~ ~1
af + > |ay(w)|¢2

N

aff +
Therefore,

~1 ~ .3 ~ 3 4 2 3 4 N B
0 ()EE + bi(w)G + cp(w)CF — a2 < {2 bW Tl s

44q 2a 44q3
where
1 sla(w)t b(w)? 3Ber(w)?
7w) = 4 44q 2a 44q3
is tempered. Hence, using a comparison argument, the solution ¢ of (3.6) satisfies (3.9), which
finishes the proof of this lemma. O
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Proof of Theorem A. (i) According to [2], there exists a local random dynamical system generated
by solutions of (3.4). Due to Lemma 3.2, the solution ¥(¢,w, Z) exists for all ¢ > 0. Hence, this
proves the fact that we assumed to prove Lemma 3.1. Lemma 3.1 (i) completes the proof of (i).
(ii) Let D € F ® B(R?) be tempered. Then there exists a tempered random variable R : Q - R+
such that D(w) C Bp(,)(0). By Lemma 3.2, for all Z € D(f_,w), we have

0
W (t, 0_sw, Z)||? < 2¢(t, 04w, R(O_w)) < 2 VHER(O_yw) + 2 / eV, (w) ds,
—t

where we use (3.7) to obtain the last inequality. Since (7:)ier is tempered, fi)oo eVasy (w) ds
exists. On the other hand, since R is tempered, it follows that lim;_,. e*\/atR(G_tw) = 0. Define

r(w) == \/1 +2 fi)oo eVasy,(w) ds. Thus, for each w € Q, there exists T > 0 such that

U (t, 0w, D(0-_1w)) C By,)(0) forall t>T.

This means that B, (,(0) is an absorbing set. Applying Theorem B.2 completes the proof. O

4 Synchronisation

We prove in this section that the system (1.1) admits synchronisation if the largest Lyapunov
exponent is negative (Theorem B), and we show that small shear implies negativity of the largest
Lyapunov exponent and thus synchronisation (Theorem C). In addition, we show that the system
satisfies the integrability condition of the Multiplicative Ergodic Theorem [2, Theorem 3.4.1], and
we prove that the sum of the two Lyapunov exponents is always negative.

4.1 Negativity of the sum of the Lyapunov exponents

Recall that @ : ]Rar x QO xR? — R?*2 is the linear random dynamical system satisfying ®(0,w, Z) = id
and

O(t,w, Z) =Df(p(t,w, 2)))P(t,w, Z).

We show that @ satisfies the integrability condition of the Multiplicative Ergodic Theorem with
respect to the measure p and also show that the sum of the Lyapunov exponents of & is always
negative. In the proof, we make use of the following facts from Section 2.2: firstly, the Markov
process solving (1.1) has a unique stationary measure p with density p(x,y) given in (2.3). Fur-
thermore, via the relations (2.4) and (2.5), the measure p corresponds with the Markov measure p
which is invariant for the skew-product flow (©;) teRY -

Proposition 4.1. The following statements hold.
(i) Let At : R? — R be defined by

AT(Z) = ”r71n1|F:X1<Df(Z)r,r>. (4.1)

Then for almost all w € Q and all Z € R2, we have

|(t,w, Z)|| < exp (/Ot A (p(s,w, 2)) ds) forall t >0, (4.2)

and the linear random dynamical system ® satisfies the integrability condition of the Multi-
plicative Ergodic Theorem.
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(ii) Let A\, be the sum of the two Lyapunov exponents of the linear random dynamical system .
Then Ay, < 0 and the disintegrations of the Markov measure p are singular with respect to the
Lebesgue measure on R2.

Proof. (i) Let v € R%\ {0} be arbitrary. By definition of ®, we have

%H@(t, w, Z)|* = 2<Df(g0(t,w, 2)®(t,w, Z)v, ®(t,w, Z)v>

B " O(t,w, Z)v  P(t,w,Z)v o Doll?
2 (Pt DN T o o ) VO 2

< 2Xt(p(t,w, 2))||®(t,w, Z)v||*.

This implies that
t
10(t, 0, Z)o]2 < [[o]]2 exp (2 / A+<w<s,w,z>>ds) . (4.3)
0

Since v is arbitrary, (4.2) is proved. Using (4.2), we obtain that

1
sup 1H+ Hq)(t,W,Z)H S/ |)\+(30(87W7Z))|d5a
0<t<1 0

which implies that

1
| s it ew 2] dutw,2) < [ [N (ol 2)) dsdute, 2)
QOxR2 0<t<1 QxR2 J0O

1
- / / N (5,0, 2))] dulw, Z) ds
0 JOxR2
= [ W @)lan(2). (1.4)

where in the last equality, we use the fact that the skew product Os(w,”Z) = (Osw, (s, w,Z))
preserves the probability measure p. By definition of A and the explicit form of Df given by

a —f 3ax? 4 2bxy + ay?  bx? + 2axy + 3by?
Df(Z) = | _ap.2_ 2 2 _ 2 ]
6 « 3bx® — 2axy — by* ax® — 2bzy + 3ay

it follows that
IANH(2)| < |a| +6(|a] + b)) (2% 4+ y?) for all Z = (z,y)" € RZ.

Together with (4.4), this implies that

/ sup lnﬂ\@(t,w,Z)Hdu(w,Z)g|oz|—|—6(]a|+\b])/ (22 + y2)p(z, y) dz dy
OxR2 0<t<1 R2

where p(z,y) is given as in (2.3). Thus, the linear random dynamical system ® satisfies the
integrability condition of the Multiplicative Ergodic Theorem.

(i) Due to Ay = limy_,o0 1 Indet ®(¢,w, Z), the sum of the two Lyapunov exponents of the linear
random dynamical system generated by (2.2) reads as

Ay = 200 — 4a/ (2% 4+ y*)p(z,y) dz dy .
R2
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Using the explicit formula for p(z,y) from (2.3), we obtain that

202

fRQ exp (2a(w2+y2)—a($2+y2)2> dz dy

202

2, .2 20(z2+y?) —a(z?+y?)?
AE:2a—4afR2(x —i—y)exp( )dxdy

Applying the change of variables x = orsin ¢, y = or cos ¢ the previous integral yields that

oo 3 2ar2—ao?rt
Jo rdexp <72 dr

00 2ar?—ao?rt
fo r exp <f) dr

2

Ay = 2«0 — 4dao

A further change of variable 72 — r gives that

o] 20r—ac3r?
Jo rexp (72 ) dr

00 2ar—aoc?r? ’
fo exp <f) dr

which proves that Ay < 0 if @ < 0. We also show this for a > 0 now. Using the change of variable

Valo|r — \/g'o_' — 7, we obtain that

Ay = 2a — dac?

ffo o TEXp (7%) dr
lo]va
Ay = —2a — 4\/&|O|

[ 4 exp (—ﬁ) dr

lo|va

which shows that Ay, < 0 for @ > 0. As a consequence, using [23, Proposition 1] and [4, Theo-
rem 4.15], the disintegration of the Markov measure p is singular with respect to p if Ay, < 0. The
fact that p is equivalent to the Lebesgue measure finishes the proof of this proposition. O

4.2 Negative largest Lyapunov exponent implies synchronisation

The aim of this subsection is to prove synchronisation of the random dynamical system generated
by (1.1) when its largest Lyapunov exponent Ay (2.6) is negative. Our proof consists of two
ingredients. The first ingredient is a result from [15] that implies that the fibers of the random
attractor are singletons. The second ingredient is the stable manifolds theorem, which we use to
verify that this random attractor is also attracting in forward time.

We make use of the following sufficient conditions for the collapse of a random attractor [15,
Theorem 2.14].

Theorem 4.2 (Collapse of the random attractor). We assume that a random dynamical system
(0,) is

(i) asymptotically stable on a fized non-empty open set U C R?, in the sense that there exists a
sequence t, — oo such that

P (w € Q: lim diam(p(t,,w,U)) = 0) >0.

n—o0
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(ii) swift transitive, i.e. for all z,y € R? and r > 0, there exists a t > 0 such that

P(w € Q: ¢(t,w, B.(x)) C Bay(y)) > 0.

(iii) contracting on large sets, i.e. for all R > 0, there exist y € R? and t > 0 such that

P (w € Q: diam(p(t,w, Br(y))) < &) > 0.
Suppose further that (0, ) has a random attractor A with F°__-measurable fibers. Then A(w) is a
singleton P-almost surely.
We use this result for the following proposition.

Proposition 4.3. Suppose that the largest Lyapunov exponent Aiop of the random dynamical system
generated by (1.1) is negative. Then the fibers of the random attractor are singletons, given by
FO_ -measurable map A : Q — R2. Furthermore, the following statements hold:

(i) A is a random equilibrium of v, i.e.

o(t,w, A(w)) = A(biw) for all t >0 and almost all w € Q.

(ii) The random equilibrium is distributed according to the stationary density (z,y) — p(z,y),
see (2.3). More precisely,

P{weQ:Aw)eC}) = /Cp(az,y) dzdy for all C € B(R?).

(iii) The largest Lyapunov exponent of the linearization along the random equilibrium a,

§ = Df(A(Bw))E
is equal to Aiop as given in (2.6).

Proof. In the first part of the proof, we show that the random dynamical system ¢ generated
by (1.1) fulfils the assumptions (i), (ii), and (iii) of Theorem 4.2. Note that (i) follows from the
negativity of the largest Lyapunov exponent (see [15, Lemma 4.1 and Corollary 4.4]), and swift
transitivity holds for our system according to [15, Proposition 4.9]. Hence, it remains to show
contraction on large sets for ¢. By definition of f, we have that

(f(@) = fy),z —y) < (a—ag(lz]® + [y]*) ll= =yl
+ b(z1y2 — y172) (2(z — y, ) + [lz — yl|?) .

Fix r > 0, and consider B, (z), where z = (R,0) for some R > 0 to be chosen large enough. For
any x,y € By(z), observe that

(@192 = y12) (@ = y,9) < rllyllle = yl? + 72z - y|?

and
(z1y2 — a2 o — ylI* < 2l —ylPllyllllz —yll-
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This implies that for all z,y € B,(z),

(fl@) = f@) e —y) < lle = yll* (& = ag(llz]* + [ll*) + 26(rllyll + r* + 2][y[Ir))
< Kl —y?

for some K < 0 if R is big enough (due to the quadratic terms, K has negative sign). This
property is called monotonicity on large sets, which implies contraction on large sets due to [15,
Proposition 3.10].

We now prove the statements (i), (i) and (iii) of the proposition.

(i) This follows immediately from the definition of a random attractor (see Appendix).

(i) Note that w — A(w) is measurable with respect to F°_,, and thus, g, := d4(,) defines a
Markov measure. The invariance of p,, follows directly from (i). Hence, {uw },ecq is the disintegra-

tion of the ergodic invariant measure p associated with the ergodic stationary measure p, and we
obtain from (2.5) that for all C' € B(R?)

Pl € 25 AW) € CH = [ 84 (C) dP(w) = [ nulC) dPw) = p(V) = [ plavy) dody.

(iii) According to the Multiplicative Ergodic Theorem, the existence of the Lyapunov spectrum
holds for a set M C © x R? of full y-measure. We observe that the set

D= J{(w Aw))}

weN

has full u-measure, since

M(D)==/;uw(£4wﬂ})dETW)==]£5A@@(L4@0})dPGU)=‘L

Hence, u(M N D) = 1. Since the Oseledets space associated with the second Lyapunov exponent
has zero Lebegue measure for any (w,x) € M N D, the claim follows. O

Finally, we prove Theorem B.

Proof of Theorem B. The existence of the attracting random equilibrium A : © — R? has been
shown in Proposition 4.3. Define 1 : Rar x 0 x R? — R? by

P(t,w,x) = p(t,w, A(w) + z) — p(t,w, Aw)).
Obviously, ¥(t,w,0) = 0 and 9 (t,w, x) is the solution of the random differential equation
£ = Df(A(0w))E + R(t, w, ), (4.5)

where
R(t,w, &) = f(A(fw) + &) — f(A(Bw)) — D f(A(Giw))S .

Note that for R = 0, the largest Lyapunov exponent of the homogeneous equation (4.5) is negative.
Using the stable manifold theorem [2, Theorems 7.5.5 and 7.5.16], there exists r(w) > 0 such that
for almost all w € Q and = € B, (0), one has

AO A0
lim ey (t,w, 2)l| = lim e 5" ot w, 2+ A(w)) = A(Bw)]| = 0. (4.6)

t—o00
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Choose and fix an arbitrary initial value € R?, and define

)‘Op
V.= {w € Q: limsup e_tTtHcp(t,w,ﬂU) — A(Ow)|| = 0} .

t—00
It remains to show that P(V') = 1. For each n € N, we define
Qn ={weQ:pt,0_w,z) e B, (A(w)) for all ¢ > n}.

Note that (2, )nen is an increasing sequence of measurable sets. By virtue of Proposition 4.3, the
random equilibrium « is the random attractor of ¢, which implies lim;,, o, P(€,) = 1. From the
definition of €2, we derive that ¢(n,0_,w,z) € B,(,)(A(w)) for all w € . Together with (4.6),
this implies that for all w € §2,, one has

Ato
0 =limsupe 2 *||p(t, w, o(n, 0_nw, z)) — ABw)|

t—00

Ato
= lim sup e_%tHcp(t +n,0_pw,z) — A(Gw)]| -

t—o0

Consequently, 0_,,€, C V, and thus, P(V') = 1, which finishes the proof. O

4.3 Small shear implies synchronisation

We prove Theorem C in this subsection, which says that small shear implies negativity of the
largest Lyapunov exponent. The main ingredient for the proof of Theorem C is the inequality in
Proposition 4.1(i).

We first need the following estimate on the function A* defined as in (4.1).

Lemma 4.4. For any Z = (z,y)" € R2, we have

M(Z2)<a+ (\/ a2+ b2 — 2a) (:L'2 + y2) ,
and equality holds if and only if xy = 0.
Proof. Using the following explicit form of D f(Z),

B —2axy + by? + 3bx? o — ax® — 3ay?® + 2byx

a —ay? — 3azx? — 2byr —fB — 2axy — bx? — 3by?
Df(Z):< Y yr —f y y)

we obtain for any r € R? with ||r| = 1 that
(Df (@, y)r.r) = 3o — ay? — 3a2%) + rira(—f — 2azy) + rira(8 — 2azy) + 3o — az® - 3ay?)
— 2byxr} + 2byars + rira(2ba? — 2by?)
=a — a(x? + y?) + 2b(r1rex® — rirey® + (rs — rH)ay) — 2a(riz + ry)?.

Since 7?2 4 73 = 1, it is possible to write that 1 = sin ¢ and 72 = cos ¢ for some ¢ € [0,27). Thus,
a simple calculation yields that

(ax? + bry — ay?) cos 2¢ + (bx* — 2axy — by?) sin 2¢
V(ax? + 2bxy — ay?)? + (b2 — 2axy — by?)?
\/(a2 + 02) (22 — y2)2 + 4b22:2y2

Va2 + b2z + yz) ,

which completes the proof. O

(Df(z,y)r,r) = o — 2a(2® +

<a-—2a(z*+y

)+

( ?)+
=a—2a(z* +y*) +
<a—2a(x® + %) +
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PT’OO’ of Theorem C. From inequality (42), we derive that
Atop = i 5 |D(t,w,s)|| < li ! /t/\ (o( ))d
= 11m n 11m .
top p Supt , W, S = n ) @S, w, T S

Note that the skew product flow O4(w, Z) = (0sw, p(s,w, Z)) preserves the probability measure ,
and A\ is integrable. By using Birkhoff’s Ergodic Theorem [31, Theorem 1.14], we obtain that

Atop < /R2 AT (x, y)p(x,y) de dy,

where the density function p is as in (2.3). Thus, by virtue of Lemma 4.4, we arrive at
Atop < @+ (Va2 + b? — 2a) / (2% + y))p(z,y) dzdy.
R2
Inserting the explicit form of the density function p in the preceding inequality gives that

200(x? 4 y?) — a(z? + 3?)?
202

Mop < @+ (Va2 + b2 —2a)K | (2% +y*) exp (

> dzdy, (4.7)
R2

with the normalization constant K = 22 . Using polar coordinates, we obtain that
V/mo erfc (fa/v 2a0'2)

2 N 292
2a(z® +y*) — a(x® + y?) )) dz dy

K <a — a(z? 4+ y?) exp <

R2 20’2
> 2012 — art
— K — ar? - |d
s /0 (v — ar)rexp ( 572 > r
= —mo’K .

This implies

2a(z% + y?) — a(2? + y?)? a 7o’
2, .2

dedy = 2 4+ T
/R?(x +y)exp< 572 zdy =+,

which together with (4.7) implies that

2
Mop < @+ (Va? + b — 2a) <:+ mho > .

a

b2
Mop < —TKo? + (\/1—%@2—1) (a+7Kd?). (4.8)

Note that by definition of K it is easy to see that a+7Ko? > 0. Therefore, for all |b| < , we have

2
Aop < —wK o + (,/1+'€2—1> (a+7Ko?) =0,
a

which completes the proof of this theorem. ]

Consequently,
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5 Random Hopf bifurcation

We analyse random bifurcations for the stochastic differential equation (1.1) in this section, which
captures qualitative changes in the the asymptotic as well as the finite-time behaviour.
We first need the following preparatory proposition.

Proposition 5.1. Consider (1.1) such that |b| < k. Then for anyy € R?, e > 0 and T > 0, there
exists a set E € FL_ with P(E) > 0 such that

A(Osw) € B-(y) forall s€[0,T] andw € E,
where {A(w)} is the unique random equilibrium for (1.1) from Proposition /.3.

Proof. Let € >0 and T' > 0. Since Q@ = {J,cgefw € Q1 A(w) € B.4(2)}, there exists an x € R?
such that
Ag i ={w e Alw) € Bejy(x)}

has positive measure. From [15, Proposition 3.10] we know that there exists t9 > 0 such that
By :={w e Q: ¢(t,w,z') € Beyp(y) for all 2’ € B, jy(x)}
has positive measure. Since # is measure preserving, the two sets

Ay =0 A0 = {w € Q : A(0_4,w) € B.ja(z)},
By = 0,,By = {w cO - gp(to,e_tow,x/) S BE/Q(y) for all 2’ € B€/4(as)}

have positive measure. Due to the Markov property of the random dynamical system, we observe
that By and A; are independent, and hence, P(B; N A;) > 0. Thus, the set

Ey={weQ: Aw) € B.js(y)} D A1 N By

has positive measure and clearly lies in 7Y . Fix w € Ey. Similarly to the proof of [15, Proposi-
tion 3.10], define
tf(Aw))

h(t) = ——220 forall t e (0,7,
(o

where f denotes the vector field of the drift in (2.1). We write ¢(t, g, z), t € [0, 7], for the solution
of (2.1) with initial condition z and path g € CZ := {g € C([0,T],R?) : g(0) = 0}. We can infer
that ¢(t,h, A(w)) = A(w) for all ¢ € [0,T]. Recall that the map g — ¢(-, g, 2) is continuous from
CT to C(]0,T],R?) with respect to the supremum norm || - ||». Hence, there is a § > 0 such that
for all g € Cs5 :={g € C{ : ||g— h|| <6}, we have

llo(t, g, A(w)) — p(t,h, A(w))|| < e/2 for all t €0,T].

Since the set F; = {w : wlo) € C’5} has positive measure and is independent of Ey, the set
E = Ey N E; € FL_ has positive measure and satisfies

A(Ow) € B(y) forall t€[0,7] and w € E,

by the above construction. O
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5.1 Bifurcation for small shear

In this subsection, we consider the stochastic differential equation (1.1) with small enough shear
such there exists a random equilibrium for « close to zero. We prove in Theorem 5.2 that the
random equilibrium A : © — R? loses uniform attractivity at the deterministic bifurcation point

= 0. On the other hand, we will observe a loss of hyperbolicity at the bifurcation point in
the dichotomy spectrum associated with the random equilibrium. Moreover, we can show that
A : Q — R? is finite-time attracting before, but not after the bifurcation point, indicated by a
transition from zero to positive probability of positive finite-time Lyapunov exponents.

We call the random attractor A locally uniformly attracting if there exists a § > 0 such that

Jim supe g (0) €58 Supueq [lp(t w, Alw) + 2) = A(Gw)| = 0.
We call it globally uniformly attracting if the above holds for any ¢ > 0.

Theorem 5.2. Consider the stochastic differential equation (1.1) such that there is a unique at-
tracting random equilibrium A : Q — R? (see Proposition /.3 and Theorem C). Then for a < 0
and |b| < a, the random attractor A : Q — R? is globally uniformly attracting. Furthermore, for all
pairs of initial conditions U,V € R?, we have

lp(t,w,U) — ¢(t,w, V)| < e*|U - V| forall t>0.
For o > 0, the random attractor A : Q — R? is not even locally uniformly attracting.

Proof. Fix a < 0, and choose arbitrary U,V € R?, w € Q. Define

(”””t) = ¢(t,w,U) and (”Et) = p(t,w, V).

Yt Yt
From (1.1), we derive that

alna)=G D65

dt \ye — B« Yt — Ut
9 o fa b\ [z o o[ a b\ (T
aed (& ) ()@ (G ) (3

Therefore,
$t_-rt _(:L._’g})f(:[; — )+ ( _A)i( —t)
2dt B T I R R T
Ty — T ~ ~
= H< ¢ t> R(ﬂft,ﬂft,?/tvyt)a
where

R(xt, v, 2, yt) == a (7‘? + ?? — (242 + yege) (e + ?t)) + b(x4yr — eye) (re — 71)
with ry = 27 +yt and 7 := 77 + J2. To show global uniform attractivity, it is sufficient to establish
that R(x¢, yt, Tt, ) > 0. From the inequality (|zy| + |uv|)? < (2% + u?)(y* + v?), we derive that
@@y + yee) (re + T) | + (e — Tuye) (1 — 7))
< V(@@ + yi)? + (wee — Tey) 2V (re +70)% + (re — 70)?

2’/“15?/"} (’I"tQ + ;‘\g)

Srf—l—?f.
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Together with the fact that |b] < a, this implies that R(z¢, y¢, T¢, Y¢) > 0, which establishes global
uniform attractivity for a < 0.
We assume now that o > 0. Suppose to the contrary that there exists § > 0 such that

Jim supe g, () €58 supueallp(t, w, Aw) + ) = A(dw)|| = 0.
This implies that there exists an N € N such that for all t > N, we have

SUD,.c 5 (0) €55 SUDeqlo(t, w, A(w) + 2) — A(Gw)| < 1/2.

Due to Proposition 5.1, there exists a positive measure set Ey € F°_ such that A(w) € Bg4(0)
for all w € Ey. Let ¢(-,z¢) denote the solution of the deterministic equation (1.1) for o = 0 with
initial condition z(0) = x¢. Then there exists a T" > N such that

16(T, (£46,0)[ > 5/2,
and at the same time
16(T, (£6,0)) — &(T, (—16,0))|| > /=

Recall from the proof of Proposition 5.1 that w — ¢(-,w, ) is continuous from CZ to C([0,T], R?)
with respect to the supremum norm. This implies that there exists an € > 0 such that for all
w€ B ={weQ:supypq |w)| <e} € FL, we obtain

O(T,(16,0)) — p(T,w, (38,0))[ < 3/ and  [|¢(T,(=16,0)) — ¢(T\w, (—38,0))| < /% -
This implies that

(T w, (76,0)) — (T, w, (—18,0) > 3/5 -

Since E. and Ej are independent sets of positive measure, we get that P(E) > 0 where E = E.NEj.
However, for all w € E, we conclude

sup lp(t,w, A(w) + ) — A(fw)]|
z€B;s(0)

> max {|[¢(t,w, (16,0)) = A@w)||, [l¢(t,w, (=30,0)) = A(Bw)||} > 1/5
which contradicts our assumption. O

We show now that this loss of uniform attractivity at the deterministic bifurcation point is
associated with a change of sign in the dichotomy spectrum.

Theorem 5.3. Consider the stochastic differential equation (1.1) such that there exists a unique
attracting random equilibrium A : Q — R? (see Proposition 4.3 and Theorem C). Let ®(t,w) :=
Dy(t,w, A(w)) denote the linearized random system along the random equilibrium. Then for |b| < a
and o € R small enough such that the random equilibrium A : Q — R? exists, the dichotomy
spectrum 3 of ® is given by

Y =[-00,0q].

Proof. Recall from Proposition 4.1 that we have

Dt )] < oo | t A (p(ssna)is )
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Since Lemma 4.4 implies that A\t (z) < a — (a — |b])||z]|?, we have

[8(t,w)]| < exp ( [ @@= phlags?) ds> | (5.1)

Similarly, with A~ (z) := min,—; (D f(x)r,7), we have

Dt} 2 oo | t A (o))

It is easy to see that A~ (x) > a — 4al|z||?, which implies

1Bt w)|| > exp (/0 (a— 4aHA(05w))||2)ds> . (5.2)

From (5.1) we can deduce immediately that for almost all w € Q, we have

|®(t,w)|| < et forall teR.

This implies that 3 C (—o0, a].

We now show that (—oo,a] C X. Choose v € (—o0, ], and suppose to the contrary that ®
admits an exponential dichotomy with growth rate v with an invariant projector P, and constants
K,e > 0. We consider the following three cases (note that the rank of the invariant projector rk P,
does not depend on w, see [8]):

(i)

P, =id. This means that for almost all w € €2,
|®(t,w)|| < KeO ™) forall t>0.

Fix T > 0 such that e5°7 > K. According to Proposition 5.1, there exists a positive measure
set E such that for all w € F and s € [0,7T], we have A(fsw) € B\/i(O). We derive from

e/(5a)
(5.2) that for such w € E, we have
|B(T, w)|| > 7@ 58) > KeO=oT
This contradicts the assumption.

rk P, = 1. The argument is the same as in the previous case, since our estimates do not
depend on the tangent vector v, but hold for the norm ||®(t,w)]|.

P, = 0. This means that for almost all w € €, we have
1
|®(t,w)]|| > ?e(7+5)t for all ¢+ >0.

Together with (5.1), this implies that

o t
InK+ (a—e—9)t > / HA(QSw)Hst.
a— [b| 0

Choose some T > 1 and y € R? such that

InK a—c—v
2
4
Iyl > max{a_|b|, — }
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Take § < ”—g“ Then by Proposition 5.1, there exists a set £ € F!__ such that
A(fsw) € Bs(y) forall s€[0,T] andw € E.

This implies

/t ||A(6 w)||2ds > THy||2 > an+ (a_s_r)/)T
0 ’ 4 a— bl 7

which is a contradiction.
This finishes the proof of this theorem. O

We demonstrate now that the change of sign in the dichotomy spectrum is mirrored by finite-
time properties of the system. To see this, consider a compact time interval [0, 7] and the corre-
sponding finite-time largest Lyapunov exponents associated with the attracting random equilibrium
A : Q — R?, given by

1
M@= sup —In||®(T,w)v| forall we Q.
[[o]l=1

From Proposition 4.3 (iii), we obviously have Atop = limz ;o AT almost surely, where Ay, is the
largest Lyapunov exponent of (1.1) as given in (2.6).

Proposition 5.4. Consider the stochastic differential equation (1.1) with |b] < a and a € R such

that there exists a unique attracting random equilibrium A : Q — R2. The following statements
hold.

(i) For a < 0, we have \T** < a < 0 for all w € Q, which means that the random attractor
A : Q — R? is finite-time attracting.

(i) For o > 0, we have ]P’(w €0 \Tw > 0) > 0, which means that the random attractor
A Q — R? is not finite-time attracting.

Proof. (i) Recall from (5.1) that

[8(t.w)]| < exp ( | o= ta=phla@nI?) ds) 7

which implies that
1 T
AT < T/ (a— (@ B A@Gw))|?) ds < a < 0.
0

(ii) Recall from (5.2) that

ot > e | (o — 4] AB.)P) as)

Choose ¢ := /5. > 0. According to Proposition 5.1, there exists a set £ € FT__ of positive
measure such that A(6s;w) € B:(0) for all s € [0,7] and w € E. Then

1 [T 4
Aw > / (o — dal|A(Osw))||?) ds > a — o250 forallweE.
T/ 5 5
This shows the claim. O]
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Proof of Theorem E. The claims follow from Theorem 5.2, Theorem 5.3 and Proposition 5.4. [

The proofs of Theorem 5.3 and Proposition 5.4 explain in detail how the change of finite-
time attractivity is connected to the loss of hyperbolicity in the dichotomy spectrum. Due to [8,
Theorem 4.5], we obtain

1
lim esssup AT = lim esssup sup — In||®(T,w)v| = supX. (5.3)
T—00  4,eQ T—00 4eQ |o|=1 L'

A similar statement holds for the infimum of the dichotomy spectrum. This means that the finite-
time Lyapunov exponents are, at least asymptotically, supported on the dichotomy spectrum, and
having positive values in the spectrum implies that, at least asymptotically, we can observe positive
finite-time Lyapunov exponents.

5.2 Shear intensity as bifurcation parameter

We now do not assume the existence of an attracting random equilibrium, and we aim at proving
Theorem F in this subsection. We first show a statement that corresponds to Proposition 5.1 in
this more general context.

Proposition 5.5. Let (6, ) be the random dynamical system generated by (1.1), and let z,y € R?,
e>0and T > 0. Then for any ty € (0,T], there exists a set E € F with P(E) > 0 such that

o(s,w,x) € Be(y) forall s € [ty,T] andw € E.

Proof. Similarly as in the proof of [15, Proposition 3.10], fix tg € (0,7] and define

t
P(t) =z + t—(y —x) forall t €]0,t],
0

and
ht) = & <¢(t) . —/0 f(w(s))ds> for all te[0,T],

g

where f denotes the vector field of the drift in (1.1). As in the proof of Proposition 5.1, we
write ¢(t,g,z) for the solution of (1.1) with initial condition z and path g € C{. We can infer
that o(t,h,x) = () for all t € [0,tp], and in particular ¢(tg,h,z) = y. Recall that the map
g+ ¢(-,g,2) is continuous from C¢ to C([0,%], R?) with respect to the supremum norm || - ||co.
This implies that there exists a § > 0 such that for all g € C5 := {b€ C{ : [|b— h|| < §}, we have

lo(t, g,2) — @(t, h,x)|| < 3¢ for all t € [0, o).

Hence, we have established that there is a positive measure set F; := {w e w][o,to] € Cg} such
that for all w € E4, we have ¢(to,w, ) € B, /2(y).

Similar to this argument, one can construct a set Fo of positive measure that is independent
from E; (by the Markov property) such that for all w € E := E; N Es, we have

o(t,w,z) € Be(y) for all t € [ty,T].

This finishes the proof of this proposition. O
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Proof of Theorem F. For (w,z) €  x R? and a € R, the linear random dynamical system ¢
®(t,w, z) is solution of the variational equation

d
a@(t,w,z) =Df(p(t,w,2))®(t,w, z), where ®(0,w,z)=1d .

Define s4(w, z,v) := ”gg’& and observe that for v € R? \ {0},

7w7z)v||

(Df(p(t,w, 2)P(t,w, 2)v, D(t, w, 2)v)

(Df(@i(w, 2))s¢(w, z,0), s¢(w, 2,0)) || @(t, w, 2)v|)? .

d
Sle(tw, 2)ol? =2
=2

Let 1> 0, and let 2’ = (w,w) € R? be such that 252||2/||> = (b—2a)w? > p and w > 1. Note that

Df(z,y) = a—ay? — 3ax? — 2byxr  —B — 2axy — bx® — 3by?
Y= B —2axy + by® + 3bz®> o — azx® — 3ay® + 2byz

With 7 = (0,1), we get
(DF(Z)F,7) = a+2(b—2a)w? > a+2u.

Let

. { 1b—2a \/b—2a} 1b—2a
€ =min< 1 = .

16 bw  4da
Then by Proposition 5.5, there is a positive measure set £ C €) such that for all w € F;
o(t,w,2') € Bo(2') forall te0,1].

This implies that the coefficients of D f(¢(¢,w, 2’)) are bounded uniformly in w € E; for ¢t € [0,1].
Because ® is continuous, there is a T € (0, 1] such that

. O(t,w, 2T
/ — )
bt~ 1 = |

Note that we obtain for any r € R? with ||r| =1

—7||<d forall t€[0,T] and w € E;

(Df(x,y)r,r) = (o — ay® — 3az®) + rira(— B — 2azxy) + r1r2(8 — 2axy) + r3(a — az? — 3ay?)
— 2byxr? + 2byxrs + rira(20x? — 2by?)

= — a(m2 + y2) + Qb(r1r2x2 — riray? + ya:(r% — r%)) —2a(riz + sz)2 .

This means that for all ¢ € (0,7] and w € E;, we have by the choice of ¢ and ¢ above that

(Df(pi(w, 2))st(w, 2,7), 5w, 2, 7))
> o — 2a(w + €)? + 2b(w — €)(1 — 26) — 2b6[(w + €)% — (w — €)?] — 2a(w + €)?
= a+ (b—2a)w? + ((b— 2a)w? — 4a(2we + £%) — dbwe — 54b(w — €)? — 264bwe)
>a+ .

Hence, we get that for all w € E; and t € (0,7, the finite-time largest Lyapunov exponent of
trajectories starting in 2’ satisfies

/ 1
A= sup ;lnH(I)(t,w,z/)vH > o+ .
[[of|=1
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Since p > 0 was arbitrary, we obtain with positive probability arbitrarily large finite-time Lyapunov
exponents when starting in 2’.

We now show that for any z € R? and to € (0, 7], the finite-time largest Lyapunov exponent
Ab@Z € [to, T, can be arbitrarily large for w from a set of positive measure. By Proposition 5.5,
there exists a set EFy € F with P(E3) > 0 such that

o(s,w,z) € Bo(2) for all s € [tg,T] and w € Es,

where the values of ¢(t,w,z), t € [0,tg], stay close to the line between z and 2z’ (see proof of
Proposition 5.5). Since ¢y can be chosen arbitrarily small and the solutions stay in a compact set
for ¢t € [0,p], we obtain with similar arguments as before that with positive probability there are
arbitrarily large finite-time Lyapunov exponents.

Let p~ < 0. Then by choosing z” = (w, —w), we obtain with similar arguments as above that
for some T € (0, 1]

1
Hiﬁlf n In||®(t,w, 2" || <a+p~ forall tel0,T] and w from a set of positive probability .
v||=1

By using Proposition 5.5 again, we can then deduce that with positive probability, there are arbi-
trarily small finite-time Lyapunov exponents for any initial conditions. O
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Appendix

A Lyapunov spectrum

A random dynamical system (6, o) is called linear if the map ¢(t,w) : R* = R, 2 — o(t,w, z), is
linear for any (t,w) € R x Q. Define ® : R x Q — R4 by &(t,w)x := ¢(t,w,x). Suppose that &
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satisfies the integrability condition

sup In* [[B(t,w)| € LL(P),
0<t<1

where In"(z) := max{In(z),0}. Then the Multiplicative Ergodic Theorem [2, Theorem 3.4.1]
guarantees the existence of a f-forward invariant set Q C Q with P(Q2) = 1, the Lyapunov exponents
A1 > -+ > Ay, and an invariant measurable filtration

RY = Vi(w) 2 Va(w) 2 -+ 2 Vp(w) 2 Vpa(w) = {0},
such that for all 0 # = € R?, the Lyapunov exponent \(w,z), defined by
1
Mw,z) = tlgrolo n In ||®(t, w)x||

exists, and we have

Mw,z) =N <<= z€Vj(w)\Viz1(w) forall ie{l,...,p}.

B Random attractors

A random variable R : 2 — R is called tempered if

1
lim — In" R(§;w) =0 for almost all w € (2,
t—+oco |t|

see also [2, p. 164]. A set D € F ® B(RY) is called tempered if there exists a tempered random
variable R such that
D(w) C Br.(0) for almost all w € Q,

where D(w) := {z € R? : (w,z) € D}. D is called compact if D(w) C R? is compact for almost
all w € Q. Denote by D the set of all compact tempered sets D € F @ B(R?). We now define the
notion of a random attractor with respect to D, see also [21, Definition 14.3].

Definition B.1 (Random attractor). A set A € D is called a random attractor (with respect to
D) if the following two properties are satisfied.

(i) A is p-invariant, i.e.

o(t,w)A(w) = A(fiw) for all t > 0 and almost all w € Q.

(ii) For all D € D, we have
lim dist (¢(t, —w)D(0—w), A(w)) =0 for almost all w € Q,

t—00
where dist(E, F') := sup,cpinfyer |z — y|.

Note that we require that the random attractor is measurable with respect to F ® B(R%), in
contrast to a weaker statement normally used in the literature (see also [11, Remark 4]).

The existence of random attractors is proved via so-called absorbing sets. A set B € D is called
an absorbing set if for almost all w € 2 and any D € D, there exists a T" > 0 such that

o(t,0_w)D(0_w) C B(w) forall t >T.

A proof of the following theorem can be found in [16, Theorem 3.5].
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Theorem B.2 (Existence of random attractors). Suppose that (6, ) is a continuous random dy-

namical system with an absorbing set B. Then there exists a unique random attractor A, given
by

Alw) == ﬂ U o(t,0_w)B(O_yw) for almost all w € Q.

T>0t>T1

Furthermore, w — A(w) is measurable with respect to F°_, i.e. the past of the system.
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