WELL-POSEDNESS AND STATIONARY SOLUTIONS OF
MCKEAN-VLASOV (S)PDES

L. ANGELI®, J. BARRE® M. KOLODZIEJCZYK®, AND M. OTTOBRE®

ABSTRACT. This paper is composed of two parts. In the first part we consider McKean-
Vlasov Partial Differential Equations (PDEs), obtained as thermodynamic limits of inter-
acting particle systems (i.e. in the limit N — oo, where N is the number of particles). It is
well-known that, even when the particle system has a unique invariant measure (stationary
solution), the limiting PDE very often displays a phase transition: for certain choices of (co-
efficients and) parameter values, the PDE has a unique stationary solution, but as the value
of the parameter varies multiple stationary states appear. In the first part of this paper, we
add to this stream of literature and consider a specific instance of a McKean-Vlasov type
equation, namely the Kuramoto model on the torus perturbed by a symmetric double-well
potential, and show that this PDE undergoes the type of phase transition just described, as
the diffusion coefficient is varied. In the second part of the paper, we consider a rather gen-
eral class of McKean-Vlasov PDEs on the torus (which includes both the original Kuramoto
model and the Kuramoto model in double well potential of part one) perturbed by (strong
enough) infinite-dimensional additive noise. To the best of our knowledge, the resulting
Stochastic PDE, which we refer to as the Stochastic McKean-Viasov equation, has not been
studied before, so we first study its well-posedness. We then show that the addition of noise
to the PDE has the effect of restoring uniqueness of the stationary state in the sense that,
irrespective of the choice of coefficients and parameter values in the McKean-Vlasov PDE,

the Stochastic McKean-Vlasov PDE always admits at most one invariant measure.
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1. INTRODUCTION

Consider the following system of N interacting particles
. . 1 & . .
XN = VI 5 Y FIXPY = Xt + V20dB, (1.1)
j=1

where, for every i = 1... N, XZ’N € T represents the position of the i—th particle on the
torus T of length 27, T := R/27Z, the potentials V and F, V,F : T — R, are, respectively
the environmental and inter-particle potential, ' is the derivative with respect to the argument
of the function and the $3{’s are independent one-dimensional standard Brownian motions.

It is well known that, as N — oo, the particle system converges to the non-local PDE

Dupr() = 00pe(x) + 0 [(V/ () + (F' % p)() pu()] (1.2)
1
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for the unknown pi(z) = p(t,z) : Ry x T — RH in the sense that the empirical measure
uiv = % >0 XN of the particle system , which is, for each ¢t > 0, a random probability
measure, converges weakly to the (deterministic) function p;, provided this is true for the
corresponding initial data, i.e provided ) converges to po [23, 29]. Another way of seeing
this is the following: as N — oo, the particles become independent (propagation of chaos)

and, in the limit, the motion of each of them is described by the following SDE
dXt = — (V/(Xt) + / F,(y - Xt)pt(dy)> dt =+ V QUdBt, Xt € ’]T, (13)
T

where (; is a one-dimensional standard Brownian motion and p; is the law of X; at time ¢, so
that the above evolution is non-linear in the sense that the process depends on its own law,
i.e. it is non-linear in the sense of McKean. By Itd’s formula, the law p; of X is a solution of
the PDE ((1.2) and invariant measures of the SDE (|1.3)) are precisely the stationary solutions
of .

In this paper we will consider (specific instances of ) the PDE (1.2)) as well as the following
SPDE

Orte = Dt + 0, [V (F ww)u] + QU20W,  (0,7) x T
u(t,0) = u(t, 2m), te€[0,T] (1.4)
u(0,x) = up(x), zeT,

for the unknown u(t,z) : Ry x T — R (having omitted, as customary, dependence on the
realization w). The evolution is obtained from by adding infinite dimensional
noise, as in the above W(t,z) is cylindrical Wiener noise while @ is a positive, symmetric
and trace class operator (precise notation and assumptions in Section . Evolutions of the
type are often called McKean-Vlasov PDEs (or also granular media or aggregation
equation) and for this reason we refer to the SPDE (1.4) as to McKean-Viasov SPDE or,
more accurately, Stochastic McKean-Viasov equation (SMKV). The former name could be
misleading so we clarify that the solution to , seen as a function-space-valued process,
is not an (infinite dimensional) McKean-Vlasov SDE, as the process does not depend on its
own law. The investigation of infinite-dimensional McKean-Vlasov SDEs has been recently
tackled in [27, 28]. However, to the best of our knowledge, the McKean-Vlasov SPDE (|1.4)
that we consider here has not been studied in the literature, so this paper constitutes a first
work on the topic. We will give more detail on comparison between the infinite dimensional
McKean-Vlasov SDEs of [27, 28] and the evolution in Note 2.7

The evolution and many of its variants have been extensively studied in the PDE,
statistical physics, stochastic analysis and modelling literature. In particular well-posedness
for and have been studied in a number of works, see e.g. [0, 26|, for a PDE
and probabilistic perspective, respectively. So we will not discuss this aspect in the present
work. Beyond an intrinsic theoretical interest, McKean-Vlasov evolutions emerge naturally as

models in opinion formation, animal navigation, in the study of rating systems and of neural

1Throughout the paper, for any quantity, say Y, that depends on time, we use interchangeably the notation
Y; or Y () to denote time-dependence
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networks, to mention just a few application fields where this equation plays a central role, and
for this reason they have attracted growing attention for a few decades now, see |23, 37, [38]
and references therein for modelling aspects.

When V =0 and F(x) = —K cosz, for some K > 0, F acts as an attractive force between
particles and the parameter K > 0 modulates the strength of the force; for these choices of
V and F', system and the related PDE are often referred to as the Kuramoto model
(or also the mean field classical XY model), which has been subject of careful study, see
e.g. [4 9, 10]E| In particular, the asymptotic behaviour of this model has been described in
detail, using various approaches, see [0, 22} [43], and references therein and, more recently, [5].
One of the phenomena of interest is the following: while (for each N fixed) the Kuramoto
particle system has a unique invariant measure (uniqueness being straightforward in view of
ellipticity), the Kuramoto PDE undergoes a phase transition. Namely, there exists K. > 0
(depending on the noise strength o) such that for K < K, the PDE has a unique stationary
solution — the uniform distribution on the torus — while for K > K. the equation has a whole
manifold of stationary states. This can be intuitively understood as follows: under the effect
of the force F'(x) = —K cos z, particles are attracted to each other; however, as soon as o > 0,
there is a competition between such an attractive force and the effect of the noise, which makes
particles diffuse on the torus (and in this sense it can be seen as having a formally ‘repulsive’
effect). If the noise is strong enough then the particles spread homogeneously around the
torus; if this is not the case then a non-homogeneous steady state appears, concentrated say
at zero; then, by rotational symmetry, a whole manifold of steady states follows. Indeed, the
Kuramoto model enjoys a rotational symmetry which is key in the study of the dynamics: it
is easy to see that, if X,f NV is a solution of the Kuramoto particle system, then also XZ Nigis
a solution, for any 6 € [0, 27]; accordingly, if p; solves the Kuramoto PDE, then also p;(x + )
solves the same PDE, for any 6 € [0, 27].

For a general V' # 0 the rotational symmetry of the Kuramoto model no longer holds; this
is the case on which we focus in the first part of this paper. In particular, in Section [3] we
consider the McKean-Vlasov PDE (|1.2)) when

V(z) =cos(2z), F(x)=—cosz, z€T, (1.5)

and show that, in this setting, there exists a critical value of the noise, ., such that when o >
o. the PDE has a unique stationary solution, whereas when o < o, (and small enough)
there exist exactly three stationary solutions (see Theoremfor a precise statement ), namely
the homogeneous distribution and the other two concentrated at either minima of the double-
well potential VE| This is due to the fact that, with respect to the case when V = 0, the
particles are subject not only to the competition between attractive force and noise, but also
to the environmental potential, which introduces a tendency for the particles to converge
towards the minima of the potential.

2We point out for completeness that in the physics literature the Kuramoto model also includes the effect
of an intrinsic oscillation frequency for each particle, see [33] 34].

3In the discussion of the Kuramoto model, to be consistent with the cited literature, we implicitly fixed
the value of o and discussed the phase transition as K varies. In this paper we (equivalently) fix the value of
K (K =1, see (L5)) and study the behaviour as o varies.
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Overall, the above discussion should serve the purpose of showing that the behaviour of the

PDE (1.2) can be rather complex, and in particular the number of stationary solutions of the
PDE depends on the detailed properties of the potential V' and of the inter-particle force F',
as well as on the value of ¢. This is certainly not the only PDE that has a complicated set of
stationary solutions, and indeed similar observations could be made e.g. for the Allen-Cahn
and Navier-Stokes equations, to mention just a few examples; for such equations it has been
observed that addition of (appropriately strong) noise to the PDE ‘restores’ uniqueness of
the equilibrium state, in the sense that the Stochastic Allen-Cahn and the Stochastic Navier-
Stokes equations have a unique invariant measure (stationary state), see [3l 20} 211, [32], [44].
In the second part of this paper we add to this stream of literature and show that the SMKV
equation admits at most one invariant measure, irrespective of the choice of V, ' and
o. We will discuss more the technical aspects involved in proving this result below and in the
next section, however we point out that we work here under the assumption that the added
noise is ‘strong enough’, see Theorem [2.6] and comments afterwards. It is not a priori obvious
what is the ‘minimum amount of noise’ one can add to the PDE (1.2]) so that the resulting
SPDE has a unique invariant measure. This is a question that requires more sophisticated
tools than those we use in this paper, such as those developed in [24], and we will tackle such
a question in future work.
The fact that the set of stationary solutions of the PDE is generally more complex than the
set of stationary solutions of the corresponding SPDE can be seen as the infinite dimensional
analogue of what is well known to happen in finite dimension: to fix ideas, let V(x) be a
multi-well potential on the torus (but clearly the same is true in R for multi-well confining
potentials); then the deterministic ODE

dxy = —V,(.%t)dt, z: € T,t >0, (16)

has multiple steady states (as many as the critical points of V). However the Langevin
equation

dxt = —V’(act)dt + dﬂt,

has a unique invariant measure, as the (elliptic, hence ‘strong enough’) Brownian noise [;
allows full exploration of state space. If we see the steady states of as invariant measures
(by considering Dirac deltas concentrated at the critical points), then we can say that the
addition of noise has ‘restored’ uniqueness of the invariant measure.

To summarise, this paper is divided in two parts: in the first part (Section [3)) we study
the PDE (1.2) when V and F are as in and show that the number of steady states
depends on the strength of the noise o. In the second part of the paper, we first prove the
well-posedness in mild sense of the SPDE ([1.4]) (Section 4)) and then we show that such an
SPDE admits at most one invariant measure. In order to do so, one needs to prove that
the semigroup associated with the evolution is irreducible and Strong Feller. We prove
irreducibility in Section [5] and Strong Feller property in Section [} The next section, Section
(2] contains precise statements of the main results and more thorough relation to literature.
The proofs of Section [3] are independent of the proofs Section [4 and following sections.
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Further Motivation. As we have mentioned, we are not aware of any works on either
well-posedness or ergodic properties of the SMKV equation , so this paper is, primarily,
a first contribution towards establishing properties of such an evolution. In contrast, there is
a large literature on the following SPDE

Aue(x) = 9, [(V! (%) + (F % ue)(2)) (@) + (0 + 5)0pue(x)] — V25 (0pue) 0B, (1.7)

which can be viewed, for the purposes of this discussion, as a different stochastic perturbation
of the PDE ([1.2)), |[35] and references therein. The difference between and is that in
the former the (infinite dimensional) noise is additive, while in the latter noise is multiplicative;
more importantly, has transport (gradient) structure, while does not - fact that is
source of many complications. The SPDE has attracted a lot of attention as it can be
obtained in the limit N — oo of the following particle system

N
i i 1 i ; i _
dX{N = _V/(Xt’N) N ZF/(X/N - th’N)dt + \/%Bt + \/%dﬁt’ (1.8)
j=1

where, crucially, the Brownian noise (; is the same for each particle, and > 0, [35]. Because
the noise same f; acts on all the particles, the limit of the particle system is no longer
deterministic, and it is stochastic instead. In upcoming work we will investigate one possible
interpretation of in relation to interacting particle limits and some of the results of this
work form a basis for future work in this direction.

2. NOTATION AND MAIN RESULTS

In this section we first introduce some notation and recall some basic facts; we then state
the main results of this paper and comment on them in turn.

2.1. Notation. In what follows L?(T;R) denotes the separable Hilbert space of 27-periodic

real-valued square-integrable functions, endowed with the scalar product

<f7 g>L2(T;R) = /Tf(x)g($) dz, fvg € LZ(Tﬂ R)

We fix {ej.}rez to be the following orthonormal Fourier basis of L?(T;R)

er(x) = % sin(kz), k>0,

eO(x) = %) k= 07 (21)
ep(x) = ﬁ cos(kx), k<0,

and for any f € L?(T;R), we denote by f;, := (f, ek)r2(T:r)> k € Z the k-th Fourier coefficient

of f, so that
F=> fren,

keZ
where the equality holds in L?(T;R).
We denote by A the one-dimensional Laplacian, i.e. the unbounded linear operator A :
D(A) C L*(T;R) — L?(T;R), A = 0,4, which acts on the elements of the basis (2.1)) as

Aej, = *kj2€k, keZ.
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With this notation we rewrite the problem (1.4]) as
Biu = Au + 0, [v’u +(F + u)u} +QYV29,W, (0,T)xT,
u(t,0) = u(t,2n), te0,T], (2.2)
u(0,2) = ugp(z), =eT,

for the unknown u = u(t) € L?(T;R) for every ¢t > 0 and initial datum ug € L*(T;R). As a
standing assumption, throughout the paper @ : L?(T;R) — L?(T;R) denotes a positive and

symmetric operator which we assume to be diagonal w.r.t. the basis {ex}rez; that is,

Qe = )\zek, keZ. (2.3)
Its eigenvalues {\;},c, satisfy the following property:
1
there exists a d € <0, 2) such that Z WM/\% < +oo (2.4)
keZ

Moreover, W is an L?(T;R)-valued cylindrical Wiener process defined over a filtered proba-
bility space (2, F, F¢,P). That is, W can be represented as
Wi(t,z) = Z ek(x)ﬁfa
keZ

where {ex}rez is the orthonormal basis given in and {fBk}rez is a family of standard
real-valued independent Brownian motions.

We will work with mild solutions of , so we recall that a continuous L?(T;R)-valued
stochastic process u(t), t € [0,T7], is said to be a mild solution to if the following holds

t
u(t) = ey +/ elt=9)4p, [V/u(s)} ds
0

(2.5)
t
+ / elt=9)4p, [(F’ *u)(s)u(s)} ds +Wa(t), tel0,T], P-as.,
0
where in the above W4 denotes the stochastic convolution, namely
¢ 1
Wal(t) = / =94Qz aw (s),  t>0. (2.6)
0

From ([2.4) it follows that the stochastic convolution is differentiable and, for each ¢ > 0,
Wa(t) belongs to H!(T;R), see Lemma for the statement and Appendix [B| for the proof
of this fact. We will denote by {P:}>0 the semigroup associated with the evolution ,
namely

(Pe) (uo) == E ((ult;ug))), ug € L*(T;R), v € By(L*(T; R); R), (2.7)
where By(L?(T;R);R) is the class of real-valued bounded Borel measurable functions on
L?(T;R) and u(t;ug) denotes the mild solution to with initial datum wg. We will use

ALet us point out that condition (2.4) implies that @ is trace class. The converse is not true; as a coun-
m, k>2and A\ =0, k <1. An application of the
Cauchy’s condensation test for infinite series (see e.g. [40, Theorem 3.27]) shows that with this choice of A

condition (2.4])) doesn’t hold for any choice of § € (0, %) while 3" A2 < 4oco does. Therefore, we are imposing
£>2

terexample it suffices to consider the sequence A\, =

a slightly stronger condition on @ than simply being of trace-class.
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such a notation every time we want to emphasize the dependence of the solution on the initial
datum.
Finally, we denote by {etA}tZO the heat semigroup on T which acts on f € L?*(T;R) as follows

f =™ frer, t>0, fe L} T;R).
keZ

Equivalently, e f, ¢ > 0, can be expressed as the convolution with respect to the space
variable on T between the periodic heat kernel GI" (defined in Appendix [B} equation (B.1))
and f, i.e.

=GP« f, t>0. (2.8)

2.2. Statement of Main Results. As explained in the introduction, in the first part of
this paper we study the number of stationary solutions of the PDE (1.2), when V and F are
as in . The main result of this first part is Theorem below. In order to state and
explain this result, let us start by recalling that stationary solutions of the PDE can be
characterised as solutions of an appropriate fixed point problem; namely, the following holds.

Lemma 2.1. Consider the stationary problem associated to the evolution (1.2)), i.e.
00rap(a) + 0, [(V!(@) + (F' % p) (@) pla)] =0, (2.9)

with V, F any two functions in C°(T;R). If p € Pae(T)NH(T; R) is a weak solution to (2.9)),
then p is smooth, i.e. p € Pu(T) N C°(T;R) and solves the following fixed point equation
1
() = Zfe*%("@HF @) e, (2.10)
ag

where Z, is the normalization constant so that ||p|[z1rr) = 1. Conversely, any probability

measure whose density satisfies (2.10) is smooth and it is a solution to (2.9).

The proof of the above lemma is standard, but we could not find it in the literature for the
exact setup we are considering here, so we briefly sketch it in Appendix [A]

We are interested in solutions of the problem (2.9) when V' and F' are as in (|1.5)), i.e. in
solutions of the following problem

Opap(z) + Oy [(—251n(2x) + /1r sin(z — y)p(y) dy> p(ac)] =0, zeT, (2.11)

so we further specify the fixed point equation (2.10)) for such choices of V' and F'. To this end,
by the addition formula for the cosine we have

(F*p)(z)=— / cos(x — y)p(y) dy = —my cosz — masinz, (2.12)
T
having set
my = / cosyp(y)dy, ma:= / sinyp(y) dy. (2.13)
T T
Hence, for our choice of V' and F' we can rewrite the fixed point problem ([2.10)) as follows
1 1 .

_ ——(cos(2x)—m1 cos z—ma2 sinx) eT 214
pmhmz(x) Za(mme)e ) T ) ( )
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where

Zg(ml,mg) — / ef%(cos(lr)fml cos x—myg sin x) dr
T

is the normalization constant. By multiplying both sides of ([2.14)) by cos z (sin x, respectively),

we obtain
COS T 1 .
_ — < (cos(2z)—m1 cosz—ma sinx) d 215
m e x, .
' /11‘ Zy(m1, my) (2.15)
sinx 1 .
_ —=(cos(2x)—m1 cosz—my sin x) d 216
m e o xX. .
= [ Zotm (210
Then, if we define the map
go : R? — R?
(2.17)
(m1,m2) = go(m1,m2) = (g1,0(m1,M2), g2,0(m1,Mm2)),
where
COS T 1 .
— ——(cos(2z)—m1 cosz—ma sinx) d 2.18
rolmima) = [ S no2s)
sin x 1 )
— ——(cos(2z)—m1 cosz—m2 sinx) d 2.19
9.o(M1, mo) : e T, .
o2 (mima) = [ St (2.19)

it follows that the density pm,, m, is stationary solution of if and only if (mj,m2) is a
fixed point of the map g,. We have therefore reformulated the problem of finding solutions
of equation as a two parameter problem of finding fixed points of the map g,. This is
the basic approach that allows one to prove the following result.

Theorem 2.2. There exists o, > 0 such that if o is either sufficiently small (i.e. 0 < 1) or
% < o < . the stationary problem (2.11)) has exactly three solutions, while for o > o, it has
exactly one solution. Furthermore, the density

1 7(:05(2z)
po,o(:c) = m@ o, T e T, (220)

1s always a solution of , wrrespective of the value of 0. The two additional stationary
solutions for o < 1 and % < 0 < 0. are centered around the minima of the double well
potential V, i.e. around x = £5. Finally, the critical value o. can be explicitly characterized
as the (unique) zero of the function f.: (0,400) — R defined as

felo) = % -2+ %ro <;> . o>0, (2.21)

where ro is the modified Bessel function, see (3.29) for a definition. Analytical computations
show that o, ~ 0.7709.
The proof of Theorem [2.2] can be found in Section

Note 2.3. Results in the spirit of the above theorem have been known for a long time, see e.g.
[5L @] [T6] 16, [19] 22 25| [42] and references therein and indeed parts of the (long) proof of the
above theorem is inspired by [5], 42]. More precisely,
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e As we mentioned in the introduction, the setup of Theorem can be seen as being a
non-rotationally invariant modification of the Kuramoto model considered in [4, 5] 22]
(or of the Smoluchowski equation of [9, [I0]). Because of this break of rotational
invariance, most of the arguments used in [4], 5l [0l [10) 22] cannot be adapted in the
current setup.

e Other results similar to Theorem are those in [16], 25]: besides the fact that the
state space considered in [I6 25] is R as opposed to the torus, also in [16, 25] the
authors consider a double -well potential and an attractive inter-particle force and
they reduce the problem of finding stationary solutions of the PDE they consider to
a fixed point problem; however, because of the exact analytic form of the attractive
force they consider, they can reduce the fixed point problem to a one-parameter
fixed point problem. In our case, because of our choice of F' (|1.5)), we end up with
a two-parameter fixed point problem (see ), which cannot be a priori further
reduced to a one parameter problem, again because of lack of rotational symmetry.

e We further conjecture, based on numerical evidence, that has exactly three sta-
tionary solutions for any 0 < o < o, but we have been able to prove it only for o < 1
and % <o <o

e Similar results could be obtained for multi-well potentials (i.e. by considering V (z) =
cos(mz)). This is done (for m = 4) in [30].

Let us now move on to the second part of the paper, where we study the SPDE (2.2).
We clarify that, when studying , we always consider V, F' to be arbitrary coeflicients in
C>°(T;R), i.e. we no longer restrict to the choice . We first state the main results of part
two, Theorem and Theorem below, and then comment on them.

Theorem 2.4. Let @Q satisfy the standing assumption — and let V, F € C*(T;R).
Then, for any T > 0 (independent of w € Q) and initial datum uy € L*(T;R) there exists
a unique mild solution (in the sense clarified in Subsection u to equation ; such a
solution is P-a.s. in C ([O,T]; LQ(']I‘;R)).

The proof of Theorem [2.4] is in Section [

Assumption 2.5. The covariance operator Q) satisfies the standing assumption ([2.3)-(2.4))
and, moreover, the eigenvalues {Az}kez of Q satisfy the following growth condition: there
exist ¢ > 0 and v < 1 such that

M >ce(1+k)7, kezl (2.22)
Theorem 2.6. Let V and F be as in the statement of Theorem[2.4] and let P, be the semigroup

associated with the SMKV equation (2.2)), see (2.7).

i): If Q satisfies the standing assumption (2.3)-(2.4]) then the semigroup is irreducible.
ii): If, furthermore, Q satisfies Assumption then Py is Strong Feller as well, hence
the dynamics (2.2)) admits at most one invariant measure.

SLet us point out that (2.22) combined with (2.4) implies that v > 1 so that when both (2.4) and (2-22))
are required we will be working in the v € (%, 1) regime.
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The proof of part i) can be found in Section [5 the proof of ii) in Section @

Note 2.7. Some comments on Theorem [2.4] and Theorem 2.6l

e The scheme of proof of Theorem uses the trick of reducing the SPDE at hand to

a PDE with random coefficients by “subtracting the noise". In particular, we mostly
use a combination of the arguments of e.g. [I5] developed for the stochastic Burgers
equation and of those developed in the PDE literature for the evolution , with
particular reference to [§]. Let us note that, while the PDE (1.2]) (which is in gradient
form) preserves total mass and positivity, the SPDE does not enjoy any of these
properties; this is one of the main reasons why in this paper the PDE arguments
typically used for (which heavily rely on such properties) could be used very
sparingly and we rely instead on the methods for Stochastic Burgers’.

The similarity between the nonlinearity we consider and the Burgers’ nonlinearity

may become apparent once we observe that, taking the convolution with F’ (which is a
smooth function on the torus, hence bounded), the nonlinear term 9, ((F’ *u(x))u(z))
is, substantially, the derivative of an expression which is quadratic in the unknown u.
As mentioned in the introduction, the works [27, 28] deal with strong well-posedness of
infinite-dimensional McKean-Vlasov SDEs (via Galerkin approximation). Such equa-
tions are different from , as in |27, 28] the solution of the process depends on
the law of the process itself, whereas this is not the case for . In particular the
evolution enjoys both the Markov Property and the Markov family property
(see [35]), while the evolutions in [27) 28] satisfy the Markov property only. Moreover
[28] contains some very nice results on averaging for McKean-Vlasov type SPDEs;
producing such a result requires studying the ergodic properties of a linearization of
(2.2) (namely, in our context, the equation obtained from by replacing F * u
with F’ x v, for a given v), but not of itself. So Theorem above constitutes,
to the best of our knowledge, a first attempt at a partial description of the ergodic
behaviour of .
The ‘basic’ method to prove the Strong-Feller property requires the covariance op-
erator () to have bounded inverse, see [30, B9] and references therein. Our proof of
the Strong-Feller property relies on the use of Bismut-Elworthy-Li type of formulas
(see Section [6] formula and Note in particular), where the inverse of the
operator ) appears. While we do not require ) to have bounded inverse, we still
need to control the growth of @1, hence Assumption . In other words, we need to
require that the eigenvalues of ) do not decay too fast, i.e. that the noise is ‘strong
enough’. This is not unexpected, see e.g. [7] (we will make more comparisons with [7]
in Section @ It is worth mentioning that by using the same technique of Section |§| a
strong Feller result can be obtained in the weaker noise setting as well, at the cost of
changing space. Namely, it can be shown that when in Assumption [2.5| we take v > 1
then the semigroup generated by is strong Feller in the fractional Sobolev space
HY(T;R)(see 2] for its definition), but we don’t do this here for brevity.
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e The method of proof we use to show the Strong-Feller property relies on proving first
that such a property holds for a class of equations with Lipshitz non-linearity, where
the nonlinearity depends on the derivative of the solution (and for this reason it is
different from the nonlinearities considered in |7, 36]); this general result is contained
in Subsection [6.11

e In this paper we do not cover the purely cylindrical noise case, i.e. @ = I, I being the
identity operator. While our proofs of irreducibility and Strong Feller property would
still hold if @ = I, our well-posedness proof requires some smoothness. We leave this
further extension for future work.

e Finally and most importantly, in this paper we do not study the existence of the
invariant measure for . It turns out that this is not a straightforward task so, to
contain the length of this paper, we will do so in separate forthcoming work.

3. PROOF OF THEOREM [2.2]

In this section we prove Theorem [2.2] The main argument of the proof is described below
and it is divided into four steps. The first three steps are proved in Subsection[3.I]to Subsection
respectively, step four is proved in Appendix |[A] (as the ideas are completely analogous
to those in Subsection . The proof that the critical value o, is a zero of the function f.
and the consequent approximation for the numerical value of o, can be found in the
proof of Theorem [3.3]

Proof of Theorem[2.3 From (2.17)), (2.18)) and (2.19) it follows that g,(0,0) = (0,0). Hence,
(m1,mz2) = (0,0) is a fixed point of g, for any o, so that (2.20) is a stationary solution to

for every o > 0 (note that Z,(0,0) coincides exactly with the normalization constant
Z, appearing in )

Second, exploiting the symmetries of sin and cos functions, it is also easy to see that the axes
M := {(m1,0)},, cg and My := {(0,m2)},, g are invariant for g, i.e. go(m1,0) € My and
9o (0,ma) € My for all mq,my € R.

We now divide the proof into four steps. In Step 1) we show that all fixed points of g, lie
on either My or Mly. This allows us to reduce the search of fixed points to two one-parameter
fixed point problems, one on M; and the other on My. In Step 2) we consider the fixed
point problem on My and show that there exists . € (0,1) such that for 0 < o < o, there
are exactly two additional stationary states other than , while, for ¢ > o, those two
additional solutions collapse into which lies on My, so for o > o, there is exactly one
steady state of which lies on M. At this point what one would want to show is that
the only fixed point on M is (0,0), irrespective of the value of o. However, we are able to
prove this fact only for 0 < 0 < 1 (Step 3) and for o > % (Step 4). Hence, from steps 1 to 4,
we deduce the uniqueness for ¢ > o, and the existence of exactly three stationary states for
%§U<Ucand0<a<<1.

Steps 1, 2 and 3 are proven in Subsections respectively, and the details for
Step 4 are referred to Subsection of Appendix [A] O
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3.1. Proof of Step 1. In this section we prove that the fixed points of g, belong to either
the axis M or the axis Ms. More precisely, the following statement holds.

Proposition 3.1. Let (m1,m2) € R? be a fized point of the map g, different from (0,0); then

either mqi =0 or mg = 0.

Proof. If (m1, ms) € R? is a fixed point of g, then we know (m1,ms) satisfies the fixed point
equations (2.15) and (2.16)). Next, we write (m,mg) € R? in polar coordinates, namely we
let (M, ) € Ry x [0,27); that is,

M = (m? +m2)"2, my = M cosp, my = Msing, p€[0,2m), M € Ry.

From the above and from the addition formula for the cosine we can rewrite the fixed point

equations ([2.15)) and (2.16]) as

1 1
_ — 5 (cos(2z)—M cos(z—¢)) 4 3.1
m coszre €z, :
! Za(mla m2) /IF ( )
1 1
__r . — = (cos(2z)—M cos(z—p)) d 3.2
m sinzxe €z, :
27 Zo(m1,ma) /T o
respectively. Define
I(M, 30) — / sin(a: . @)67%(608(233)7MCOS(1‘7§0)) da. (33)
T

If (m1,mq) is a fixed point of g, then it follows that I(M, ¢) = 0. Indeed, from the addition
formula for the sine and from (3.1]) and (3.2) we have

2
[(M’ 90) = COoS 90/ " sinz e—%(cos(2x)—Mcos(ac—ap) dr
0

27
. -1 — —
_ SIHQO/ COST € —(cos(2x)—M cos(z—¢) dr
0

= Z,(m1,m2) (M2 cosp —my sin p)

= Zs(my,ma)M (sin ¢ cos p — cos psiny) = 0.

Our goal is to show that the equation I (M, ¢) = 0 implies either M = 0 or ¢ € {0,7/2, 7, 37/2}.
By applying the change of variable to + — = — ¢, € T and using periodicity we obtain

I(M, (p) — /Tr Sinme,§c05(2w+2g@)eéMcosm dz.
—T

We split the above integral into four parts: I-1(M,¢), Io(M,¢), L(M,p) and Ir(M, ),

namely

2

2 s
I(Mv 90) = Z Ii(M, 90) = Z /( 21)W sinxe‘icog(zm”‘p) eiMCOS"E dz.
i=—1 i=—1 =13

We now apply respectively the changes of variable v+ — z+ 7, * - —rz and z - 7 — =z
to I_1(M, ), Io(M, ) and Io(M,p), respectively, and then add together the resulting four
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expressions we obtain the following expression arriving at

ror.9) - |

us
2 1 1 -1 —2p) L
sin |: e cos(2x+2<p)€ ~Mcosz _ e~z cos(2x 290)€UMcosx

_1 1 _1 _ _1
e crcos(22+2<p)ecMcosaﬁ_’_e — cos(2x 24,0)6 gMcosm:| dr

™

2 1 1 - 1 1
_ / sin |:€ = cos(2z+2¢p) _ e~ s cos(2x 2@)} [eoMcosx —e UMCOSSCi| dur. (34)
0

Our first aim is to prove that I(M, ) = 0 cannot hold when M > 0 and ¢ € (0,%). As a
consequence we deduce that there are no fixed points of the map g, in the first quadrant of R?
(i.e. when m; > 0 and mg > 0). We will then repeat the procedure on the other quadrants,

in turn. In the first place, we note
cos(2x 4 2¢) < cos(2x — 2¢), for all x,¢ € <0, g) (3.5)
Indeed, from the addition formula for the cosine, equation is equivalent to
cos(2x) cos(2¢) — sin(2z) sin(2¢p) < cos(2z) cos(2¢p) + sin(2x) sin(2¢p),
which is in turn equivalent to
sin(2z) sin(2¢) > 0. (3.6)
Clearly, holds for all x, ¢ € (0, g) Hence,
e~ 7 cos(2a+20) e_%cos(%_&p), for all z,p € (0, g) ) (3.7)
Furthermore, since
cosz >0> —cosz, x€ (0, E) ,

we deduce

e%Mcosa: >1> efiMcosm’ for all z € <07 g) (38)

Using (3.4) we then conclude that I(M,¢) > 0 for all ¢ € (0,%) and M > 0.
Similarly, if we let M > 0, @ € (g,w) then

cos(2x + 2¢) > cos(2x — 2¢), forall z,p € (g,ﬂ), (3.9)

which is equivalent to
sin(2z) sin(2¢) < 0. (3.10)

The above holds for all = € (0, %) and for all ¢ € (7, 7). Hence,

e~ v os(2et20) e_%cos(zx_w), for all z,p € (g,ﬂ) . (3.11)

esMeosT 5 5 e_iMcosx, for all x € (0, g), (3.12)

we have that I(M, ) < 0 for all ¢ € (5,7) and M > 0. The remaining cases i.e. M > 0,

pE (71', 37”) and M >0, ¢ € (37”, 277) can be dealt with analogously. O
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3.2. Proof of Step 2. We recall that the axis My is invariant for g,, hence we can define
the map g, : R — R to be the restriction of g, : R> — R? to My; namely

1 1 . 1 :
& - : — = (cos(2z)—msinx) — ——(cos(2z)—msinx)
go(m) : 7 (m) /Tsmme dzx, Zs(m): /Ee dr. (3.13)

Then m is a fixed point of g, if and only if (0,m) is a fixed point of g,. In what follows we
prove that the map has the following property: there exists o, > 0 such that, when
0 > 0¢, §o admits a unique fixed point, while, when ¢ < 0., g, admits exactly three fixed
points. The idea of the proof is inspired by [42) Theorem 2.1]. Thus, let us introduce the map
(s : R — R defined as

(o(m) = /(Sinx - m)(f%ms(h) TINT Ay meR, (3.14)
T

and note that m € R is a fixed point of g, if and only if m is a zero of (, i.e. (,(m) = 0.
Furthermore, (,(1) < 0. The statement is then a consequence of Proposition and Theorem
below, which we first state and then prove in turn.

Proposition 3.2. The map (, : R — R defined in is odd and it admits either exactly
one zero or exactly three zeroes, depending on the value of o. Furthermore, the following
holds:
e If ¢ (0) < 0 then C, is strictly decreasing on [0, +00). Since (,(0) = 0 then we deduce
that (, does not vanish on (0,+00). The function (, is odd so that we can easily
deduce that it admits a unique zero on R.
o If C;(O) > 0 then there exists m > 0 such that (, is strictly increasing in [0,m) and
then strictly decreasing for m > m. Since (;(0) = 0 and (,(1) < 0, we deduce that
(s has a unique zero on (0,1). The function {, is odd, hence it admits exactly three
zeroes on R.

Theorem 3.3. There exists o, > 0 such that the following holds

/

(,(0) <0, o>o0,

3.15
CC/,(O) >0, o<o.. ( )

In particular, due to Proposition|3.2, we have the following:

o If o > o, then {, admits a unique zero (m =0).
o [fo < o, then {, admits exactly three zeroes (one of which is m = 0).

Furthermore, an analytical approximation of o. is given by o. ~ 0.7709.

Before proving the above statements we state and prove some technical lemmata, which
will be needed in the proofs of the above main results. More precisely, we first prove Lemma
[3-4 and Lemma [3.5] after that we move on to proving Proposition [3.2] and Theorem [3.3] To
this end, let us introduce the sequence {sx}reny C R defined as

Sp 1= /(sin:r)ke_icos(%) dr, keN. (3.16)
T
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Since sin z is an odd function, cos(2z) is an even function and (sin x)?
T\ {—g, g}, the following properties hold for {sj }ren:
Sok+1 =0, for all k € N,

Sok+2 < Sok, forall ke N.

15

< 1 for all z €

(3.17)
(3.18)

Lemma 3.4. For every o > 0, the function (, : R — R admits the following series expansion

2k+1
) SQka(U), m e R,

1 m
Co(m) = @k (;

keN

where { L (0)}ken is the sequence defined as

S2k+2
[p(0) i = ——""7FF——0 keN, o .
k( ) (2/@ + 1)82k ’ ’ >0

Proof. From the power series expansion of e”, ¥ = Y~ 77, x € R, we obtain
keN
. _1 m
(r(m) = /(Sln xr—m)e o cos(22)+3 sinz g,
T

_ : _ f%cos(2x) l m koo k
—/T(sma: m)e Zk! (a) (sinz)” dx

keN

— Z% <%>k (Sp41 — msg) = Z% (%>k8k+l - Z% (%)kﬂ Sk-

keN keN keN

From (3.17) we then deduce
1 m 2k+1 o m 2k+1
Golm) =D (2k + 1) (?) S22 = ) (2k)! (?) o2k

keN keN
— Z 1 (@)2“1 Sok ( S2k+42 B a) .
= (2k)! \ o (2k + 1)s9p

By recalling the definition (3.20)) we deduce the assertion.
Moreover, the following property of the sequence {Y(0)}xren holds.

Lemma 3.5. For any o > 0 the sequence {Y(0)}ren is strictly decreasing (in k).

(3.19)

(3.20)

Proof. From the definition of {Yx(0)}ren (see (3.20)) it suffices to prove that the sequence
{%}k N is decreasing. Thus, from the definition of s9; and by integrating by parts we
€

2k+1)52k
obtain

d, . 1 1
Sop = cos:;:—(smac)mc le=5 cos(2) g
T d[]f

=(2k—1) / cos? z (sin x)2k*2e*écos(2’”) dx
T

4
+/cosgzn(sinx)%e_;cos(h) dx
g Jr

4
= (2k — 1)sop—2 — (2k — 1)s9x + ;8% — ESQ]H_Q.
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Rearranging, we obtain

2k+1 2k — 1)s9— 4 4
(2k + D)sor _ ( )S2k 2 Sk 4 sk

S52k+2 S2k+2 52k+2 0 S2k+2 g

From (3.18)) we deduce 82’”2 < 1 for all k € N; using this fact in the above expression gives

(2k + 1)s9p, S (2k — 1)s95_2 _ (2k — 1)s9k_o Sok < (2k — 1)s95_2
Sok4+2 52k+2 S2k S2k+2 S2k 7

and this concludes the proof. O
We can now move on to proving Proposition

Proof of Proposition[5.3 From (3.19) CJ is an odd function. Moreover, since 0 < (251’“% <
2k+1 for all k € N, we deduce from ) that Yy (0) | —o as k 1 +oo for any fixed o > 0.
Hence, if we set k, := min{k € N : Tk( ) < 0}, since {Tk(0)}ren is decreasing for any given
o > 0 we deduce that Tr(o) > 0 for k < k, — 1 and Yi(o) < 0 for k > k,. From this and
the fact that ¢(2*T1(0) = (35:;11) s9kYk(0), k € N, we obtain that the following power series

representation of (, holds

16O s 16O s
o) = O<k<zk -1 (2% + 1)! k>zk (2% +1)!
Taking out m?***1 we have
(2k+1) 2k+1
oo +1 |C (0)] 2k 2k |C (O], 2x—2k
- — o L — a . 21
R PP P ] 2

We can now conclude as in [42] cfr. Step 4, Theorem 2.1]. Indeed, since the function m —
m2=2ks (vesp. m — —m?*=2ko) is strictly decreasing for all k < k, — 1 (resp. for all k > k,)
then we deduce that the factor between brackets in is strictly decreasing for m > 0.
Hence, again from we deduce that if m > 0 is a root of {, then such an m must be
a root of the factor between brackets in (which we know it admits at most one root
because it is strictly decreasing for m > 0). Hence, {, admits at most one zero on (0, +00).
Furthermore, (, is odd so that it admits exactly either one or three zeroes on R. Once this is

in place, we have to determine which situation occurs. From (3.21]) we have

(2k+1) )
Cmy=mPd SO [ (2k;)( ) 2k, _ 3 [« (zk)l(())‘m%_%a . (3.22)
0<k<ky—1 ) ’

By the same argument applied to for (, we deduce that the factor between brackets in
is strictly decreasing. If C; (0) < 0, then k, = 0 and we conclude that C;(m) is strictly
decreasing; hence (;(m) < 0 for all m > 0 so that (, admits a unique zero on R. If on the
other hand ¢, (0) > 0, then, using (,(1) < 0, we know that ¢, admits at least one root on
(0,1). Then it admits exactly one root on (0,400) and the proof is thus concluded. O

In order to prove Theorem we need to state the following asymptotic expansion results.
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Lemma 3.6. Let U and G be two C*°(T;R)-continuous functions. Let us define Uy, =
U+m-G where m is a parameter belonging to some compact interval I of R. Moreover, assume
that Uy, admits a unique global minimum at x,,, such that U;;L(xm) >0 and 0 < zp, < 2.
Then, for any f € C3(T;R), the following asymptotic result holds (as o > 0 tends to 0):

/ F@)e5Un@ dg — |27 = EUn@m) (f(z0) + 70 + om(0)) (3.23)
T Uo

with

(3.24)

Uy Us > o Us ()

Vs = Flam) (241/13 T _f(xm)ﬂf My
(k) om(0)

where Uy := Up,” (zm) for k € N, the notation on,(0) is intended to mean that == — 0 as

o — 0 and the convergence holds uniformly in m € I.

Proof of Prop. [3.6, This is obtained by Laplace method and we refer the reader to [25, Lemma
A.3, Step 1-Step 2.2.] for further details. O

From Lemma[3.6| we obtain the following lemma, the proof of which is postponed to Appendix

(Al

Lemma 3.7. The following two asymptotic expansions hold

s0 = \/?e; 2+ 0(1)), (3.25)
59 = \/?e; (24 0(1)), (3.26)

where the notation o(1) means that o(1) — 0 as o | 0 and we recall that the coefficients sy

have been defined in ([3.16]).

Proof of Theorem [3.3. To establish which case holds, i.e. whether ¢, (0) > 0 or ¢, (0) < 0, we
study the first derivative of (, at m = 0. A straightforward calculation shows that

Go)=2 (SQ - a) = é (82 — 0s0) - (3.27)

g S0

We note that since sy < sp, it is clear from that for ¢ > 1, ¢, (0) < 0. While, from
Lemma [3.7]and (3.27)), it is also clear that for o < 1, ¢, (0) > 0. Since the map o — ¢, (0) is
continuous we deduce that there exists a root o, > 0 of the map ¢ — C:,(O). The uniqueness
of such a o, remains to be proven. To this end, we first note that by using the identity
cos(2z) = 1 — 2sin? z, the factor sy — 0'sg can be rearranged into the following form:

. _1 1
So — 08y = / sin2re o cos(2z) dr — 0./ e cos(2x) dx
T T

1 1
= < - 0'> /e_clrcos(Qz) dr — = / cos(2:v)6_%cos(2m) dz.
2 T 2 Jr

Once this is in place let us introduce the family of functions defined as

(3.28)

I,(z) := / cos(2nx)ezcos(2x) dr, ze€R,neN,
T
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and, consequently,

Int1(2)
In(z)

the family of functions {I,, }nen is commonly referred to as modified Bessel functions of first

rn(2) = zeR, neN, (3.29)

kind. It is well-known that Iy is an even function while r is an odd function and, moreover,
ro(2) > 0, 79(2) > 0 for z > 0 (see [I, (15)]).
By using (3.27) and (3.28)), we obtain the following expression for ¢, (0):

co-30(2) -+ ()50 ) G2 ()

Since o - Iy (%) > (0 for all o > 0, to prove the uniqueness of o. it suffices to study the set of
zeroes of the function f. defined in (2.21]). By taking the first derivative of f. we obtain

fulo) = —% - %ro <1> - ir{) <1> <0, o>0. (3.30)

o o o o3 o

Hence, f. is a strictly decreasing function and, therefore, the critical value . > 0 must be
the unique root of f.. Lastly, since o, is the unique zero of f., an approximation to its value
can be obtained e.g. via the bisection method. This is the procedure that led to the value
oc =~ 0.7709. This concludes the proof. O

3.3. Proof of Step 3. In this subsection we prove that when 0 < ¢ <« 1 the unique fixed
point of the map g, : R? — R? restricted to M is the origin. To this end, we introduce the
map h, : R — R, which is the restriction of g, to M, namely

hg(m) — 1 /Cosxe—i(cos@x)—mcosx) dz, Zo(m> ::/e—;(cos(2x)—mcosx) dr. (331)
Zg<m) T T

Then m € R is a fixed point of h, if and only if (m,0) is a fixed point of g,. We already know
that the map h, has a fixed point, as h,(0) = 0. Our goal is to show that when o < 1 the
map h, does not admit any further fixed point other than m = 0.

Theorem 3.8. When 0 < o0 < 1 the map hy : R — R defined in (3.31) admits a unique fized
point given by m = 0.

The proof of Theorem [3.8| relies on the asymptotic expansions in Lemma [3.9] below. So we
first state Lemma [3.9] and then prove Theorem [3.8] The proof of Lemma [3.9]is in Appendix
Al

Lemma 3.9. The following asymptotic expansions (for o small) hold, uniformly over m €

[0, 1]:

m?
[t gy = [ 2173047 (2 n <c<m> TREE S 2) ot om<a>) ,
T (4— 7)
(3.32)

2 1 m~
/Tcos:z: ¢~ 7 (cos(2a)—meos) g 7702 e’ (1+ 8 ) (T +¢(m)o + Om(a)) , (3.33)
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m2 2
/ cos? g e~ 3 (Cos2a)-meosz) g, 17 5 <1+?) ™o é(m) + 2 s | o+om(o) ],
T 2 8 4 m

4
(3.34)
where OT”U(U) — 0 as o | 0 and c¢,¢,¢ : [0,1] — R are continuous functions such that
c(m),é(m),é(m) — 0 as m | 0. In particular, we have c¢(m) = ¢(m) = é¢(m) = O(m) as
m € [0, 1]. H

Proof of Theorem[3.8 Note that since |hy(m)| < 1 for all m € R, the fixed points of h,
are in the interval [—1,1]. Moreover, since h, is a C*°(R;R)-odd function (continuity and
differentiability is meant with respect to m € R), it is enough to restrict h, to the interval
[0,1] and prove that m = 0 is the unique fixed point for ¢ > 0 sufficiently small. We begin

with computing the first derivative of h,:

/ 1 ! 2
— _ 7;(005(22)7mcosx)
hy(m) o (Za(m))E (/T cosze dx)

+ 1 / cos> xe—%(cos@x)—mcosm) dr.
O'ZU (m) T
In the first part of the proof we are going to prove that if we fix a § > 0 small enough then it

follows that

(3.35)

\h.(m)| <1, for o < 1and m € [0,6). (3.36)

Hence,
he(m) <m, foro < 1andm e (0,0). (3.37)

The bound (3.36) is a consequence of the asymptotic expansions of Lemma Indeed, from
(3-32), (3.33), (3.34) and (3.35)) we obtain

L[ <é(m)+ - 2m2>0+0m(0)

B (m) = H(C(mw@fn;;)ﬁom(a)

1 m 4 2(m)o + om(0)
2+ (c(m) +—4 ) o+ om(0)

(4-17)?

By expanding the square for the second addend, we have

2

m oy (é(m)+ ’ 2m42> o+ op(0)

/ 1 -
hy(m) = -
2+ <c(m) + 42> o+ om(o)
(4-"3)?
1 Lf +2¢(m)o + o (0)
711+ <2c(m) + 82> 0+ om(0)
(4=73)?

6We recall that a function f : [0,1] — R satisfies f = O(m) with m € [0, 1] if there exists a constant, say
D € R such that |f(m)| < D -m, for all m € [0, 1].
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hence,

26(m) — 26(m) + —L 4 2nl2)

—m= g
’ 4 7

tolm) = 4+ <2c(m) +—8 )U—I—om((f).

(4-15)?

If we set £, > 0 small enough then there exists a 6 > 0 such that if ¢ < & then |k, (m)— i <e
for all m € [0, ). This concludes the first part of the proof.

In the remaining part of the proof we are going to show that h,(m) < m for all m € [4,1]
provided o is sufficiently small, where § > 0 is as in . To be precise, we are going to
prove that h,(m) converges to 7 uniformly over the interval [d, 1]. Indeed, again from Lemma
[3.9 we have

B+ c(m)o 4 om(o)

2+ <c(m) + ) o+ om(0)

he(m) =

)

4
(=22

with Oma(o) — 0 as ¢ | 0 uniformly in m € [§,1]. As a consequence, h,(m) < m for all

m € [0, 1], provided o is sufficiently small. This concludes the proof. O

The proof of Step 4 is deferred to Appendix [A]

4. PROOF OF THEOREM [2.4]

In this section we study the well-posedness of the problem (2.2)). As we use a combination
of the arguments of e.g. [15] developed for the stochastic Burgers’ equation, and of those
used in the McKean-Vlasov PDE literature, in particular [8], in places we give only essential
details.

Proof of Theorem[2.7) The stochastic process u(t) is a mild solution of (2.2]) (in the sense
(2.5))) if and only if the process v(t) = u(t) — Wa(t) is a mild solution of the following problem

Biv = Av + 0, [v/@ 4 (F +9) fa} . (0,T) x T,
v(t,0) = v(t,27), tel0,T], (4.1)
’U(O,.CU) = Uo(-ﬁ), zeT,

where 0(t) := v(t) + Wa(t), t € [0,T]. Therefore, to prove Theorem it is enough to show
the global existence and uniqueness of a mild solution to (4.1)), which is what we do in the
following.

As classical, see e.g. [I5], global existence and uniqueness (in mild sense) follow directly
by local existence and uniqueness, plus appropriate a priori estimates for the (mild) solution.

We prove local well-posedness in Proposition and the a priori estimates in Proposition

4.4 O

We recall that a continuous L?(T; R)-valued stochastic process {v(t)}+ejo 77, is a mild solu-
tion to (4.1)) if the following identity holds for every ¢ € [0, T,

o(t) = eug + / t =949, [V’@(s)+(F’*ﬁ)(s)@(s) ds, P—as. (4.2)
0
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Thus, introducing the linear map P : C([0,7]; H(T;R)) — C([0,T]; L?*(T;R)) given by
P[2|(t) == /0 t =949, 2(s)ds,  for z e C(|0,T); H(T;R)), (4.3)
we can rewrite equation as
o(t) = eug + P[V'o + (F x9)3](t),  P-as., te0,T]. (4.4)

Hence an L?(T;R)-valued stochastic process v is said to be a local mild solution to if
there exists a stopping time T™ such that equation is satisfied for all t € [0,T%), P-a.s.

We will make use of the following technical lemma for the operator P, the proof of which
is in Appendix [B]

Lemma 4.1. The map P defined in (4.3 can be extended to a bounded linear operator over
the space C ([0,T]; L*(T; R)),

P: C([0,T]; L*(T; R)) — C([0,T]; L*(T; R)).

Furthermore, if z € C ([O,T]; LQ(T;R)) then, for allt € [0,T],

t
1
1P [2] ()| L2 (i) < 02/0 (t —s)"2[|lz(s)ll L2(m;R) ds, (4.5)
where Cy > 0 is a positive constant.

The above result is well-known in similar settings, see e.g. [I4, Lemma 14.2.1] or [12]
Lemma 5.2 and Lemma 5.4], though we could not find it for the specific setup in which we
work, so we include the proof in Appendix [B]

Proposition 4.2. For any initial datum ug € L*(T;R) and for a.e. w € Q, there ewists a
stopping time T* = T*(w) such that equation (4.1)) has a unique local mild solution (in the
sense defined above) up to time T™*.

Proof. We study (4.2)), or equivalently (4.4)), pathwise for any given w € ', where Q' cQis
the set
Q= {weQ|Wa(w) € C([0,T); HY(T;R)) } . (4.6)

The set Q' is measurable with P(Q") = 1 (as W is a continuous H'(T;R)-valued process, see

Lemma .

So, we fix ug € L*(T;R) and w € €, and choose an m € Ry such that m > |lug|l z2(7r)-
We want to use a fixed point argument on the space

S(m,T%) == {v € C([0,T*]; L*(T;R)) | [lo(t)ll z2(p:r) < m, VE € [0,T*]}
applied to the map G, defined as
G(v)(t) == et4ug + P [v’(v v WA)} (t) + P [(F’ % (v 4+ Wa))(v+ WA)} (1),

for any ¢t € [0,77] and v € X(m,T™*). We therefore need to show that, provided T* is small

enough, the space ¥(m,T*) is invariant under G and G is a contraction on X(m,T™).
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To show that there exists 7% > 0 small enough such that 3(m,T™) is invariant under G,
let v € ¥(m,T™"); then,

19Ol z2mmy < Nl uollzzamy + | P [V (0 + Wa)] 0)

L2(T;R) (47)

+ [P [ s+ wanw+ wa] o

L2(T;R)’
for any t € [0, T*]. Since e/ is a contraction semigroup, we have
A
e uoll L2(rry < lluollL2(riry < m,

for any t > 0. Moreover, by Lemma the second and third addends on the RHS of (4.7))
can be bounded by

Hp [v’(v + WA)} (t)‘

SC/Ot(t—sN

/ t _1
< CIV llzeoerry [ =572 (lv(s)z2emry + [Wa(s)ll L2(rr)) ds
0

L2(T;R)

ds

V@@+Wﬂmhw@

’ * 1
< CIV | poe gy (m 4 p2) (T7)

and

N

|P[F @+ W@+ W] ) , < CIF oy (m? + 13) (T2

L2(T;R)

respectively, where in the above uy = sup,cjo 1) [Wallp2(m;r) and C is a generic positive
constant (the value of which may change from line to line), independent of m. Therefore, we

have the estimate

N

IG(0) )l L2y < llwoll2(rmy + C(m+ pz +m? + p3) (T7)2 .

If we choose T* sufficiently small, then the operator G maps ¥(m,T™) into itself, i.e. the
map G : X(m,T*) — X(m,T*) is well-defined. We now want to show that such a map is a
contraction. To this end, let vy, vy € X(m,T*); then

19D = GOl 22z < [P [V (01 —v)] ()]

+ Hp [(F' % 01)01 — (F * 172)172} (75)‘

L2(T;R)

L2(T;R)

for every t € [0,7*], where 91 := v1 + W4, 02 := va + W4. The first addend on the RHS
can be bounded using analogous calculations to those we have done in the above. As for the
second addend, applying again Lemma and using Young’s inequality for convolutions, we
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have

HP [(F’ £ )51 — (F * @2)@2] (t)‘

L2(T;R)

t
/ 1
< C|F HLw(T;R)/O (t —s) 2 )|o1(s) | z2(rrylvi(s) — va(s)lL2(rR) ds

t
’ 1.
+CIF mray [ (6= 9 H5(6) 2o 01 (9) = 0a(o) 2o
/ NS
< C|F |lpeo(rr) (T7)2 (m+ p2) [[vr — valleqo,re) 2 (TiR)) -
Thus, we obtain
1
1G(v1)(#) = G(v2) ()l p2(rry < C(L+m+ p2) (T%)2 [[vr — v2ll oo, 72 (Tim))

for all t € [0,77] and for any given v1,v2 € X(m,T*). Choosing T* sufficiently small, the
conclusion follows from the Banach fixed point theorem. Note that T™ is a stopping time as,
by construction, it depends on w only through ue. ]

To study a priori estimates for the mild solution to (4.1]), we start by recalling the following
technical lemma, the proof of which can be found e.g. in |31, Lemma A.2].

Lemma 4.3 (Generalized Gronwall’s inequality). Let T > 0, C1,Cy > 0 and ¢ : [0,T] - R
be a non-negative and continuous function and let r > 0. If

q(t) < C1 + Cs /Ot(t — )" M7 q(s)ds, forallt € [0,T], (4.8)

then there exists a non-negative, increasing and continuous function ¢(t) = é(t,Ca,r) > 0,
t > 0 such that

q(t) < Ché(t), forallt €[0,T].

In the next proposition we still work pathwise. After the proof of Proposition [£.4] we explain
how to extend the solution up to a time 7" independent of w € 2.

Proposition 4.4 (A priori estimates). Let T = T(w) be such that a mild solution v to (&.1)
exists up to time T and v € C’([O,T]; L?(T;R)). Then,

t ~
wmﬁmwéwmwmwemQyﬂwmmwmﬁ,temmpﬂ& (1.9)
0
where the non-negative functions a(vy, ¢)(t) and b(ve, ¢)(t) are given by
t
(00, 2)(0) 1= ol + C [ 1) Eacrm ds
b(vo, ) (1) == ||<P(t)H%2(’]I‘;R)
t t
+ (HUOHLI(T;R) +/(; (1 + ||()0(5)||3—11(T,R)) ds) ecf() ”"O(S)HHI(']1‘;]R)ds7

for any t € [0,T], vo € L*(T;R) and ¢ € C([0,T]; H'(T;R)), where C > 0 is a constant
depending on 'V and F.
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Proof of Proposition[{.4} In what follows, unless otherwise specified, C' denotes a generic de-
terministic positive constant, which may change from line to line. Note also that the time T
in the statement of the proposition does exist (for each w, just take some T smaller than the
time 7™ of the local result).

We start with considering a regularised version of the system (4.1)), where we replace the
stochastic convolution W4 with a C°°([0,7] x R)-valued random variable ¢. Namely, we
consider the following random evolution

O = Av + 0, [V/(v + o)+ F x(v+)(v+ w)}
v(t,0) = v(t,2n), tel0,T], (4.10)
v(va) = u0($)7 zeT,
with ug € L?(T;R). We prove in Proposition that, P-a.s., there exists a unique global
solution v to (4.10) and that such a solution satisfies the following a priori estimates for the

L? norm,

Hv(t)H%Q(T;R) < a(ug, p)(t) - exp (/0 b(uo, ©)(s) ds) , te[0,T], P—as. (4.11)

where the functions a(ug, ¢)(t) and b(ug, ¢)(t) are defined as in the statement of Proposition
To extend these estimates to the dynamics (4.1)), we consider a family {yp}nen of
C>°([0,T] x R)-valued random variables such that

on — W4 inC([0,T]; H(T;R)) P —a.s., asn — oo. (4.12)

For any n € N, we denote by v, the unique mild solution to with ¢ replaced by ¢,.
Moreover, we denote by v € C([0,T]; L?(T;R)) the mild solution to up to time T. We
want to show that v, converges to v in C([0,T]; L*(T;R)), P-a.s.

Recall that v and the sequence {vy, }nen satisfy

o(t) = ethug + P [v’@ (F « a)@] (1),
on(t) = eug + P [v’ﬁn (F * an)an} (1),

respectively, with P defined in (4.3)), having set © = v + Wy, 0, = v, + ¢n, n € N. Then, by
Lemma [£.1] and with calculations completely analogous to those in the proof of Proposition
we have

1
[o(t) = vn ()l L2(rry < CTZ [[Wa — @nlloo ;2 (miR))

t
_ 1
e /0 (t = 5)"F 0(s) = vn(5) | 2ram) s

+/0t(t—s)%
+/0t(t—s)—§

Since v € C ([O,T];LQ(T;R)> P-a.s., there exists a non-negative random variable M, 7 =
M, 7(w) < 400 P-a.s. such that [[v(t)||r2rr)y < M, 5, for all t € [0, 7], P-a.s (but we don’t

ds
L2(T;R)

(F’ * f)) (s) (0(s) — ﬁn(s))(

ds.
L2(T;R)

(F’ % (70— ﬁn)) (s)fzn(s)‘
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know the exact dependence of M, 7 on T'). Hence,
/ ~ ~ ~
H (F * v) (0 — Tp) (s)‘

< Cllo(s)ll 2 (i 19(5) — On ()l L2(T;m)

< CM, 7 (llen(s) = Wals)ll 2z + v(s) = va(s) L2 (rmy) -

L2(T:R)

and, similarly,

L2(T;R) = CM2,T||U(S) - Un(s)HL?(T;R),

for all s € [0, 7], where M, 7 = M, 7(w) is a non-negative random variable with M, 7 < 400,

P-a.s. such that ||0nco 7y.02(r.r)) < Mo 7 uniformly in n € N, P-a.s.; such a random variable
exists by (4.11). From the above, we then have

[v(t) — va ()l L2(rr) < ClIWa — enlloory:L2(TiR))
t
_1
OO+ My ) [ (0= 97 Hule) = 0,(6) 2 .
so that using Lemma [4.3] finally gives

[o(t) = vn ()| L2(rsr) < 7 (IWa = @nllcqomc2rry) »

for all ¢ € [0,7], where é&; > 0 depends on HV,HLOO(T;R), ||F/|\LN(T;R), M, 7 and M, 7.
Hence v, converges to v in C([0,T]; L*(T;R)) P-a.s., as n — oo. Finally, applying (4.11) to
{vn }nen and noting that by definition of the functions a and b, a(ug, ) oo, a(ug, W4) and
b(ug, pn) ~=5 b(ug, W4) P-a.s. uniformly in [0, 7] (since ¢, ——— W in C([0,T]; H(T;R))
[P-a.s.), we obtain the a priori estimate for the L? norm of the solution v to . It is
important to note that the constants Mlj" sz‘ do not appear i the definitions of a and b,
they only appear in the estimates used to show the convergence of v, to v. O

Because of the form of the a priori estimate , from a classical argument (see e.g. [15])
it follows that the solution v to can be extended, for almost every w € £, up to a time
T=T(w). |Z| To show that such a time can be taken to be independent of w, referring to the
construction in the proof of the above Proposition we observe (see [14], Theorem 14.2.4])
the following: first, by Proposition the solution of can be defined up to a time
T > 0 fixed a priori and independent of w. Hence all the v,,’s exist on an interval [0,T7], for
any T > 0, independent of w. This, combined with the fact that the sequence ¢, can be
taken so that the convergence is on C([0,T); H*(T;R)), allows one to show that the a
priori estimates of Proposition are in fact valid for any deterministic time interval [0, 7.

5. PROOF OF POINT 1) OF THEOREM [2.6} IRREDUCIBILITY

In this section we prove irreducibility of the dynamics (2.2)) using the methods of [12]
Chapter 5], [14, Chapter 14]. We recall that throughout this section @ is assumed to satisfy

and (),

A difference between [14] and our setting is that in [14, Theorem 14.2.4] estimates independent of the
regularity of ¢ are needed because there the authors consider cylindrical Wiener noise. In our case this further

difficulty is not present.
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We start by considering the control system associated with (2.2)

Oy = Ay+ 0, [Viy+ (Fsy)y| +Qif, teloT],
y(t,0) =y(t,2m), tel0,T], (5.1)
y(0,2) = yo(x), =z €T,
with initial datum yo € L?(T;R) and obtained from (2.2)) by replacing the stochastic forcing
oW with a deterministic control f € L*([0,T]; L*(T;R)). When we wish to emphasize the
dependence of the solution of (5.1) on the initial datum yy and on the control f we use the
notation y(t; yo, f).
In the same fashion as the proof of Proposition we can show that system (5.1]) admits

a unique global mild solution y = y(¢) and that the following estimate (analogous to those
found in the stochastic case) holds:

t
1y(1)1132 1.2 < La(yo, £)()eC (o 0N ds), (5:2)
for all t > 0, for some constant C' > 0 depending on V' and F', and where ¢t — ¢1(yo, f)(%),

t — l2(yo, f)(t) are time-continuous increasing functions, namely

S,

o O = lonlssy + [ @456

L1(T;R)

L[t
ol ) = ool + 5 [ 1QF £ ez s,

for any ¢ > 0.

We want to show that system is approximately controllable. We recall that system
is approzimately controllable in L*(T;R) at time T > 0 via an L? ([0, T]; L*(T;R))-
control if for any yo,y1 € L*(T;R) and for all € > 0 there exists f € L* ([0, T]; L*(T;R)) such
that the solution y = y(¢; yo, f) of satisfies

Hy(T; Yo, f) - ylHLQ('ﬂ‘;]R) <e.

If the dynamics is approximately controllable in L?(T;R) at time 7" for any 7' > 0 then
we simply say that is approximately controllable in L2(T;R).

To show that is approximately controllable in L?(T;R) via an L* ([0, T]; L*(T;R)) —
control, we will first show that it is approximately controllable in C?(T; R) via a C([0, T]; C(T;R))-
control, see Lemma [5.1] Then the smoothing properties of the deterministic part of the
equation allow one to conclude the desired approximate controllability in L?(T;R) (via an
L? ([0, T); L*(T; R))-control), see Proposition . Finally, irreducibility (in L?(T;R)) of the
semigroup {P;}:>0 associated with is deduced once we show that mild solutions of the
SPDE can be approximated by solutions of the deterministic problem . This is the
content of Lemma and Theorem the latter being the main result of this section. We
now begin to carry out the programme described above.

Lemma 5.1. Let Q satisfy (2.3)--4). For any T > 0, yo,1 € C*(T;R) and ¢ > 0 there
exists f € C ([0,T]; L*(T;R)) such that

lv(Tsv0, f) — vl L2(rir) < e (5.3)
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Proof. Let yo,y1 be two arbitrary but fixed points in C?(T;R) and let ay, 4 = g4, () be a
continuous path in C?(T;R), joining yo and y, i.e.

Qyo,y1 (0) = Y0, Oy (T) =Y. (5'4)

To fix ideas, we will take

T—1 t
gy, (1) = 7 Yo + 7Y te[0,T],

and note that oy, 4, is a function of time and space, but we omit the dependence on the space
variable when not needed. Because yo,y; € C?, they belong to the domain of A, hence we
can define the path By, 4, = Byo.y, (t) C C(T;R) as follows:

By (1) = Oporyg , (1) — Aoy g, (£)
— 8, [v’ayo,yl (t) + (F + ayo,yl) (#)orgo.n (t)} , te[0,T].
Then, by definition, oy, ,, is a classical solution to the PDE
Oy yy = Ay yy + O [V'ayo,yl + (F/ * O‘yo,y1> ayo,yl} + Byon, t€10,7T],
Qyoan (8,0) = ayy 4, (8, 2m), t€[0,T], (5.5)
ayon (0,2) = yo(z), =z €T,

such that (5.4) holds. If we prove that for every € > 0 there exists f € C([0,T]; L*(T;R))
such that the following holds

Hy(ta Yo; f) — Qyo,uy1 (t)HL2(']T;R) < CE, for every ¢ € [07 T]: (56)

for some C' > 0 (and independent of €) then the proof is concluded. Indeed (5.3) readily

follows from (5.6 and (5.4]).
We will show that if f is any function in C ([0, T]; L*(T;R)) such that

1Byon (t) = Q7 F() | 2(rary < &t € [0,T], (5.7)

then (/5.6 holdsﬁ So, let f be such that (5.7) holds and set w(t) := y(t;yo, f) — ayg,y (1)
Since ayy 4, is a (mild) solution to (5.5) and y(¢; yo, f) is a mild solution to (5.1)), we have

w(t) = /Ot elt=9)4p, [V/w(s)} ds
+ /Ot elt=3)49, [(F/ * w) (8)0tyg,u (8) — (F, * y) (s)w(s)} ds (5.8)

t t
+/0 e(t_S)AQ%f(s) ds—/ e(t_s)AﬁyO,yl(s) ds.

0
Let now k > 0 be such that

sup [|ly(; o, )l L2rry + SUP_ ooy, (D)l z2rr) < 5- (5.9)
te[0,T] te[0,T]

8The existence of at least one such function is obvious, as Buyo,y, is a continuous function.
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Such a & exists by definition of oy, ,, and because y € C([0,T]; L?) if f € C([0, T); Lg)ﬂ From
[@5) and the L2-contraction property of {e/4};>¢ we obtain

1

Ol <€ [ =97 [Vuts)

+C'/ (t—s)”

+C (t—s)*%
0

+/OtH5yo,y1( ) — Q f(s )’

where C' > 0 is a generic constant (independent of £ € (0,1) but possibly dependent on T').

L2(T;R)

t\.’)\»—A

(F" % w) () (5)]

L2(T;R)

(F s« y)(s)u(s)

L2(T;R)

S

L2(T;R)

Since for every s € [0,t] we have

(" < w) () (5)]

(and acting similarly on the term (F’ % y)w), from (5.9)) we deduce
t 1
o acrzy < OO +) [ =57 0()lagrz

[Pt - @506)

where C' is a positive constant dependlng on ||V’ | oo (T:R) |’ | zeo(r;ry and T > 0. The

o < [ 000

L2(T;R) ”ayoym (3> ”LQ(’JI‘-R)

Leo(TiR) ’ (5.11)
<] oo iy 10 () L2 (mimy Nl i (8) ] 2 r )

ds,
L2(T;R)

conclusion now follows from and from the generalized Gronwall inequality (see Lemma

13). O

Note 5.2. By slightly modifying the above proof, it is easy to see that one can always take
the control f in C([0,T]; C*°(T;R)) — just take f smooth such that holds, then consider
the L* bound in and finally adapt the manipulations in accordingly. However,
we don’t need this regularity in our proofs so we simply consider f in C([0, T]; L?(T;R)).

Proposition 5.3. Let Q satisfy (2.3)) and (2.4). Then the control system (5.1)) is approxi-
mately controllable in L*(T;R) via an L? ([O,T]; LZ(T;R))-contml. That is, for any T > 0,
e >0 and yo,y1 € L*(T;R) there ezists f € L* ([0, T); L*(T;R)) such that

ly(Ts o, f) — ylHLQ(’]T;]R) <e

Proof. From the previous lemma we know that is approximately controllable provided
the initial datum and the endpoint are in C?(T;R). Moreover we recall that, when f = 0,
has smoothing properties (see e.g. [5, Theorem 2.2|); namely, if yo € L?(T;R) then
y(t;40,0) € C* ((0,+oo);CQ(T;]R)) for any ¢ > 0. With this premise, let §; be any point

9To be thorough, note also that x can be chosen independently of ¢ € (0,1), as

|=5)7% e

LR < |1Byo.11 (t)HL2(1r;R) +1, foralltel0,T], (5.10)
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in C?(T;R) and £ > 0 be any positive time. Using the mentioned smoothing properties and
Lemma there exists a function f € L? ([t,T]; L?(T;R)) such that the control

_Jo, t€[0,t),
f(t) = 7o), - (5.12)

will drive system ((5.1)) from yo to an arbitrarily small neighbourhood of #; in time 7' (more
precisely it will drive (5.1)) first from gg to a point in C? and then from such a point to an
arbitrarily small neighbourhood of ;). That is, for any 7; € C?(T;R) and ¢ > 0 there exists
felL? ([O, T); LQ(T;R)) such that
1y(Tsy0, f) = 91l L2 (i) < €
Since C2(T;R) is dense in L?(T;R), to conclude the argument we choose 7; € C?(T;R) such
that ||g1 — y1| r2(r;r) < €5 then from the triangle inequality we obtain
ly(T5 90, ) — il 2ermy < 19T w05 ) = Gill 2oy + 191 — 1llp2ormy < 26
O

Before proving the irreducibility of the semigroup {P:}:>0 we recall the following lemma,
which is relatively elementary, and it is the main place in this paper where assumption ([2.4])

is needed.
Lemma 5.4. Let Q) satisfy and . For f € L?([0,T); L*(T;R)), define
fa(t) := /O t e=DAQ3 f(s)ds, t € [0,T]. (5.13)
Then fa € C([0,T); HY(T;R)) and its weak derivative is given by
Dufalt) = |k|\k (/Ot e~ (1=9F £, (5) ds) e_r, tel0,T). (5.14)
keZ

where fi(s) = (f(s), ex)r2(m;r), 8 € [0,T], k € Z. As a consequence, the stochastic convolu-

tion W4 belongs to C([0,T]; H'(T; R)).

Moreover, for any function f in L> ([0, TY; LQ(T;R)) and for any € > 0 the following holds
P ( sup [|[Wa(t) = fa®llgrrr) < 5) >0. (5.15)

te[0,7)

We give a brief proof of the above lemma in Appendix [B]

Theorem 5.5. Let Q satisfy (2.3) and (2.4). Then, the semigroup {Pi}i>0 generated by

SPDE (2.2) is irreducible in L*(T;R), that is, for any ug € L*(T;R), (Prlg) (uo) > 0 for all

open sets G C L*(T;R) and every T > 0.

Proof. Let u = u(t;ug), t > 0, be the solution to (2.2)) with initial condition uy € L?(T;R).

Throughout the proof uy will be fixed but arbitrary and we don’t repeat this in every state-

ment. Proving the assertion is equivalent to showing that for any 7' > 0, ug € L%(T;R) and
for all y; in a dense set of L?(T;R), the following holds

P (||u(T, uo) — y1llp2(rr) < 6) >0, foreverye>0. (5.16)
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To this end, let us fix T' > 0 for the remaining part of the proof and note that due to
Proposition we know that the set of reachable points at time 7" of the control system ([5.1)
is a dense subset of L?(T;R). In other words, the set

= {y(Tsu0, 1) | f € L2 (0, T); LX(T;R)) }, (5.17)

is dense in L?(T;R). Hence, it suffices to prove that (5.16) holds for any y; € §; in particular
we will show that

P ( sup |lu(t; uo) — y(t; vo, f)llL2(rir) < 5) > 0, (5.18)
t€[0,T]

for every € > 0 and f € L? ([0,7]; L*(T;R)) as in the above. To do so, we follow the method
adopted in Lemma and we start by estimating the difference in the L?(T;R)-norm between
u(t;up) and y(t;ug, f). In turn, because of the non-linearity, this requires a bound similar to
. Since in this case u(t; up) is random (hence, the analogous bound to will not hold
for every w) we proceed as follows. Using the estimates (this estimate is for v, to get
the one for u it suffices to recall that u = v + W4) and , we can see that there exists &
such that

sup [u(t)|| 2(r,ry + sup [ly(&)|l 2rr) < R, forallw € S; and € € (0,1), (5.19)
t€[0,7 ' t€[0,7 '

where the set S: is defined for all € € (0,1) as

S, = {w €Q: sup [[Walt)|lgr(rr) < /%5} , Wwhere (5.20)
t€[0,T]
fe == sup |[fa(®)llgr(rp) +e- (5.21)
t€[0,T]

Similarly to footnote EL K can be chosen independently of € € (0,1). In what follows, we write
in short u(t) in place of u(t; up) and y(t) in place of y(¢,up; f). With this notation in mind,
from the mild formulation of w and y we have that

u(t) — y(t) = /0 Ct-sag, [v

/7

(u(s) = y(s))] ds+Wa(t) = fa(t)

. /Ot e(t=94g, KF’ * u) (s)u(s) — (F' * y) (s)y(s)] ds,

where the above equality holds for all ¢ € [0, T, P-a.s. Now, we first restrict to the realizations

w € S¢ (see (5.20) for its definition). Hence, from (5.19) and (4.5 we obtain

t
) 1
lu®) —y@) 2 (rry < ClIV HLOO(’]I‘;R)/O (t —s)2[|u(s) — y(s)ll L2 () ds

t
/ _1
+C||F \LOO(T;R)F&/O (t —s)"2llu(s) — y(s)llL2(r.R) ds

+ sup [[Wa(t) — fa(®)l|l2(rm)
te[0,7]

where the above inequality holds for all t € [0,7], w € S; and for all ¢ € (0,1). Now, by

applying the generalized Gronwall’s inequality we obtain that there exists a deterministic
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constant Cx 7 € Ry such that

u(®) —y)lr2(rr) < Crr sup [[Wa(t) — fa®)llz2(riw), (5.22)
te[0,7

and the above inequality holds for all t € [0,7], w € S¢ and for all ¢ € (0,1). The proof is

concluded by using (5.22)) and noting that, since [|[Wa(#)|| g1 (r;r) — | fa(O) | 51 (yr) < [[Walt) —
fa@®)l g1 (rr) for all ¢ € [0, 7], the sets

S; =5:N {w : sup |[Wal(t) — fA(t)HHl(’]T;R) < 5}
T€[0,T]

S;l = {w : sup ||[Wal(t) — fA(t)HHl(T;lR) < 5}
T€[0,7)

have the same probability, which we know to be strictly positive due to (5.15), i.e. P (S;) =
P (S;/) >0 for all £ € (0,1). O

6. PROOF OF PART II) OF THEOREM : STRONG FELLER PROPERTY

From Proposition , we readily deduce that the semigroup {Pt}tzo associated with
(defined in ) is a Feller semigroup on L?(T;R). The purpose of this section is to prove
that the semigroup P; is strong Feller as well, i.e. to prove Theorem [6.1] below. We recall that
throughout this section we work under Assumption [2.5} we explain where this assumption is
used in Note [6.3] below and in the comments before Lemma [6.5]

The proof of Theorem requires showing the Strong Feller property for a (class of) SPDE
with Lipshitz non-linearity, see and below. This result is used in the proof of the
main theorem and then proved in Subsection [6.1] - more comments on this matter can be
found at the beginning of that subsection as well.

Theorem 6.1. Let Assumption hold. Then the semigroup {P:}i>0 generated by SPDE
[2.2) is strong Feller in L2, i.e. Py maps By(L?(T;R);R) into Cy(L*(T;R);R), for any t > 0.

Proof of Theorem[6.1] The strategy is inspired by [14, Chap.14]. Let {ér}r>0 C C*°(R;R)

be a family of smooth cutoff functions such that

) S R7
Er(r) = =

(6.1)
0, |z|>R+1.

We consider a ‘damped’ version of the SPDE (2.2)) where we replace the non-linearity (F'*u)u
with the truncated operator
Mp(u) = (F ) uén (lul3emm)) € LATR), (6.2)
Namely, we consider the family of SPDEs
Orup = Aup + 0, |V'up + Mp(ur)| + QiW, (0,T) x T,
UR(t, O) = UR(t, 271'), le [07 T]7 (63)
UR(O>$) = UO(x)a zeT,
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with R > 0. The nonlinear term Mpg(u) is globally Lipschitz-continuous, as opposed to the
non-linearity in the original system . Hence a standard application of the Banach fixed
point theorem gives the well-posedness in mild sense (in L?) of for any initial datum
ug € L?. Therefore we can define the (Feller) semigroup associated to (6.3), and we denote it
by P£. Because the non-linearity in is globally Lipschitz, it is easier to prove the Strong
Feller property for PtR rather than for P; directly. In particular, if we prove the following two
facts

(i) for each R > 0, the semigroup {P/*} ¢ is Strong Feller in L?(T;R);
(ii) for any t > 0 and any @ € By (L2(T;R);R), Pliap converges to Pyip, as R — +o0,
locally uniformly in L?(T;R) (i.e. uniformly on any bounded subset X C L?(T;R));
then {P;}i>0 is Strong Feller in L*(T;R). Indeed, let {u?}nen,uo C L*(T;R) be such that
ug I in L*(T;R) and let X be a bounded subset of L?(T;R) such that {ufl },en, uo C X.

First, we write

Letting n — 400, by (i) we obtain

limsup |(Pe) (ug) — (Peyp) (uo)| < 2 sup_|(Pep)(uo) — (P{) (uo)]| -

n—+oo upg€X

Hence, the conclusion follows by letting R — 400 and using (ii).
Statement (i), i.e. the strong Feller property for {Pf};>0, is proved in Subsection [6.1| under
Assumption More precisely, (i) follows directly from the bound

(1 + t)’Y CL2

< e“HR lug — UOH%Q(’H‘;R) , (6.4)

— tl—l—’y

‘ 2

| (PF) (uo) — (PF) (vo)

where C' > 0 is some constant (independent of R) and Lp is the Lipschitz constant associated
to V' + Mpg. The above bound is proved in Proposition [6.8]
To prove Statement (ii), i.e. to show that the following limit holds

sup ‘Pﬂ/)(ﬂ()) — PthJ(UQ)‘ — 0, as R — +oo, (6.5)
up€X

for any given bounded set X C L?(T;R) and any fixed ¢ € [0,T], we introduce the family of
stopping times {Tﬁ} R>0 given by

Tﬁ) = inf{t >0 : [Ju(t,uo)l[r2(rr) = R} A T.
Let X be a bounded subset of L?(T;R) and fix ¢ € [0,7]. To prove ([6.5)), it is enough to show
that

sup P(qu) <t)—0, as R— +4oc. (6.6)
ug€EX
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Indeed, since u(t;ug) = u(t;up) for ¢ € [0, 72], we have

Petp(uo) —

((¢ (t;u0)) — ¥ (u(t;uo)) 1{750>t})
((1/1 (t;uo)) — Y(uf(tuo)) 1{750<t})
(@t u)) = b(u(t:u0)) 1mp <1y)
and the RHS of the above can be bounded by

[E (@t ) = (5 w0)) Lop <y )| < 216 (r2mmympp PRE < 1)

Hence, to conclude, we need to show . By Proposition we know that there exists an
increasing a.s. continuous random function ¢ € [0,7] — C(t, X) € Ry such that

E
+E
E

[u(t; uo)ll p2(rry < C(t, X), for all t € [0,T] and ug € X, P-a.s,
uniformly in R > 0. From this we deduce that holds and this concludes the proof. [

Let us now introduce some notation that will be needed in Subsection Given two
Banach spaces X and Y endowed with the norm || - ||x and || - ||y respectively, we denote by
£(X;Y) the Banach space of linear bounded operators from X to Y endowed with the norm

[Jllex;yy == sup [ Jally, for any given J € £(X;Y).
lallx <1
We use the shorthand notation £ (L*(T;R)) = £ (L*(T;R); L*(T;R)) to denote the Ba-
nach space of linear bounded operators from L?(T;R) into itself. We further introduce the
Banach spaces C% defined as the set of adapted square-integrable processes with values in
C ([0,T); L*(T;R)). We recall that a map J : X — Y is Fréchet differentiable at a9 € X if
there exists a bounded linear operator D,J(ag) € £(X;Y") such that

|.J(ap + h) — J(ao) — DaJ(ao)h|ly
[[hl|x—0 1Al x

=0,

where D, J(ap)h denotes the operator D,.J(ap) applied to h. Furthermore, if J is Fréchet
differentiable at every point of X then we simply say that J is Fréchet differentiable in X.
Let us clarify that, in what follows, while D, denotes the Fréchet derivative with respect to
an element a in some appropriate infinite dimensional space, 0, denotes the derivative with
respect to x € T.

Note 6.2. See also [17, Example 3.2.4]. Consider the special case X = H and Y = R, where
(H,(, )m) is a Hilbert space, and let J : H — R be a Fréchet differentiable map, with Fréchet
derivative D,J € £(H;R). From the Riesz representation theorem £(H;R) ~ H, hence there
exists a unique point V,J(a) € H such that

D,J(a)h =(V,J(a),h)y, forallhe H.

Then, for any given h € H, with slight abuse of notation we will write (D,J(a), h); instead
of Dy J(a)h.
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6.1. Strong Feller property for gradient form Lipschitz non-linearities. In this sub-
section we consider SPDEs of the form

O = Au+ 0, [F(w)] + Q28,W, (0,T] x T,
u(t,0) = u(t,2m), tel0,T], (6.7)
u(0,z) = uo(z),z € T,

where F € C? (Lz(T;R);LQ(T;R))H and T > 0, and we show that the semigroup P/
associated with the above evolution is Strong Feller (see Proposition . Observe that
the SPDE is a particular case of (6.7), when F(u) = V'u + Mpg(u), hence the re-
sults of this section imply the Strong Feller property for the semigroup Pf. Moreover,
note that since F € C7 (L*(T;R); L*(T;R)), the functions F : L*(T;R) — L*(T;R) and
D,F : L*(T;R) — £(L*(T;R)) are both globally Lipschitz continuous (see [I7, Proposition
3.2.7]); so the non-linearity in is the gradient of a globally Lipschitz continuous func-
tional, hence the name of this subsection. We denote by Lr and Lpr the Lipschitz constants
of F and D, F, respectively.

To show that the semigroup P; is strong Feller we adapt the methods in [7, Chap.4],
which have been developed to prove smoothing properties of SPDEs with globally Lipschitz
non-linearities. In our setting we can’t apply the results of [7, Chap.4| directly, as the type of
non-linearity in is different from the one in [7]. Indeed, in [7, Chapter 4] the non-linearity
is allowed to depend on z and u but not on d,u, which is the case here. However, the general
approach of |7, Chap.4| can still be adapted to our case. We outline the strategy to prove
that P/ is strong Feller in Note below.

We recall that u(t), ¢t € [0,77], is called a mild solution to if u(t) is a continuous
L?(T; R)-valued stochastic process such that

u(t) = eug + P[F(u)](t) + Wa(t), forall t €[0,T], P-as.,

where P is the operator defined in . We emphasize that only throughout this subsection
we denote by u(t) (or u(t;ug) to stress dependence on initial conditions) the solution to (6.7)),
rather than the solution to (2.2]).

Consider the map Z : L?(T;R) x C2 — C2% defined as

Z(ug,u)(t) := eug + P [F(w)] () + Wa(t), tel[0,T]. (6.8)
Since F(u(s)) € L*(T;R) for all s € [0,T], P-a.s., we can apply (£.5). Hence, in a similar
manner of proof of Proposition we obtain

IZ0.0)(0) = Zu0,0) Oy < CPLET sup = vlfaozy, P

for some constant C' > 0. By taking the supremum over ¢ € [0, 7] and then the expectation
on both sides of the above, we have

2
I (w0, w) = Z(uo, v)lga < C*LET u—vlgs

10We recall that CF (L*(T;R); L*(T;R)) is the space consisting of twice Fréchet differentiable functions
from L?(T;R) to L*(T;R) with continuous and bounded first and second Fréchet derivative.
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from which (local and then global) in time well-posedness of (6.7)) follows.
We can then define the semigroup {P{ };>¢ associated to SPDE (6.7), namely

(P ) (uo) :=E (¥(u(t;ug))), o € By(L*(T;R); R), (6.9)

where we recall that throughout this section u(¢) denotes the solution to (6.7)).

Note 6.3. The strategy to show that {P/ };>¢ is Strong Feller is as follows. By definition,
we want to show that Ptf 1) is continuous if 1 is bounded and measurable. We will in fact
show that P/ 1 is Lipschitz if 1 is bounded and measurable (see Proposition . To prove
the Lipschitzianity of P; v, we will find bounds on the Fréchet derivative D, (P{ 1) (uo) (see
Proposition . In turn, in order to find such bounds we will use a Bismut-Elworthy-Li type
of formula, which is a representation formula for Dy, (P; v)(ug), see Proposition This
representation formula is the reason why we impose condition in Assumption More

comments on this before Lemma [6.5]

Lemma 6.4 (Fréchet differentiability of the solution). Let u(t;ug) denote the solution of (6.7))
with initial datum ug and suppose Q satisfies [2.3)-(2.4). Then the map uy € L*(T;R)
u(t;ug) € C2 is Fréchet differentiable E| and, for any h € L*(T;R), the directional derivative
N := Dyyu(t; up)h of u in the direction h satisfies the following bounds:
2
”nh(t)H%Z(’]T;R) < HhH%%T;R)eCLﬂa (6.10)
and

t
2
P e e e (6.11)

P-a.s., fort > 0. As a consequence, the semigroup Pj is Fréchet differentiable with respect
to ug and the Fréchet derivative Dy, (P ¢)(uo) satisfies the identity

<Du0 (Pf¢) (u0)7 h>L2(T;R) =E (<DUO¢(U(t; uO))vnh(t»L?(’H‘;R)) s
for every ¢ € By(L*(T;R); R).
Proof. See Appendix [B] O
We clarify that in the above statement Dy u(t;uo)h denotes the action of Dy u(t;ug) €
£(L*(T;R)) on the element h of L?(T;R) and note that ny,(t) = nx(t, z), as nu(t) € L*(T; R)
for every t > 0, but we omit the explicit dependence on x € T in the notation, as customary.
Since P/ v : L?(T;R) — R, in the last equality of Lemma we have indicated the action of

the Fréchet derivative of P/ applied to a vector h with the scalar product of L?(T;R) - see
Note

Let us introduce the following stochastic process Z,(t), t > 0, defined as
t 1
Zy(t) == < “3p(s), AW > >0, 6.12
0= [ (@ tme.ave), e (6.12)

where 1, = Dy, u(t;up)h is as in the statement of Lemma . Thanks to Lemma and
Lemma below, Z,(t), t > 0, is well-defined as long as ([2.22)) holds.

HNote that one can also prove that the map uo € L?(T;R) — u(t;uo) € C3 is twice Fréchet differentiable,

but we don’t need the second Fréchet derivative in what follows.
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Lemma 6.5. Let Assumption hold and let f be any function in H'(T;R). Then there
exists a constant ¢ > 0 such that
1Q7% fllr2rmy < ellf | g 1 1 oy - (6.13)

Proof. Let fi. := (f, ex) r2(1;r), k € Z, where {eg }rez is the orthonormal basis defined in (2.1).
From the assumption on ) and Parseval’s identity, for any v € R we have

_1 _ _ _
Q™2 fllF2imamy = DA FE = DAl A2 ful* (6.14)
kEZ keZ
Choosing v < 1, we can apply Holder’s inequality with p = ﬁ and ¢ = %, and obtain
—1 -2
1Q72 f12 2z < (Z rm?) (Z A ”rm?) < el 137 iy
keZ keZ

where the last inequality follows by the assumption on Ak, provided v < 1. O

Proposition 6.6 (Bismut-Elworthy-Li formula). Let Assumption hold, and let {P{ }1>0
be the semigroup generated by the SPDE (6.7). Then, the Fréchet derivative of {Pi }i>o
satisfies

(Do (Pet) (o), ) 2y = E 0 (lts 0)) Z4 (1))
foranyt >0,y € C’g (LQ(T;R);R), and any given h € L*(T;R).

Sketch of the proof. This follows a standard argument (see e.g. |7, Proposition 4.4.3]), which

we summarise for the reader’s convenience. From It6’s formula, we have

wlult ) = PEow0) + [ (D (PE,0) (ulsi0). QW ()

for all t > 0, P—a.sH Multiplying both sides of the above equality by Z;(t) and taking the
expectation, we obtain

B (utt10) Z3(0)] = B [ (Duy (7 10) ulsun)), QR ()

L2(T;R)’

-
— & ([ (0w (P ) ulss0). @ 2mts)) )
& ([ (Du (P ) 550060 5 )
=E < /O t (Do [(PEs¥) (uls;w0))] 1) o d8> :

From Fubini-Tonelli’s theorem and using the semigroup property, we then conclude

B (ults ) 20 = (Duo [ B (P 0)(us o)) )

=t <Duo (Pﬁ/;) (uo), h>L2(T;]R) )

L2(T;R)

g

12The proof of the above is straightforward in finite dimension, see e.g. [11], but more delicate in infinite

dimension, see |13, Lemma 4.1].
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The next step toward the strong Feller property is to obtain an estimate of the L?(T;R)-
norm of the Fréchet derivative Dy, P{ 1, for ¢ € CZ(L*(T;R); R).

Proposition 6.7. Let Assumption[2.5 hold. Then,

F 2 1+ CL2 t
uoenggr;R) | Dy (P ) (“0)HL2(T;R) < 1+ HwHL“(LQ(T R);R)?

for any 1 € CZ(L*(T;R);R) and t > 0.

Proof. Let h € L?(T;R). From Bismut-Elworthy-Li formula (Proposition and Ito’s isom-

etry we deduce
2 1
‘<DU0 (’Pt]:¢) (UO)’h>L2(T;R)‘ S tj”wH%w(LQ(TR) ) E |Z(t)|2

t2H¢HLo<>(L2(TR / HQ 21 (s

L2(’]I‘ R)

Applying Lemma and then Holder’s inequality with p = j and p/ “17 we can write

[ et 1

—— / () 25y 1) 2

1=y ¥
<o [ IO ) / 1 (5) g )

(1 2 — _ 2
<ec (Hh’”L2(Twﬂi C’L;t(l v) 1 ’Y) . (Hh’”L2(TR (t—l— l)veCLFt’Y>
= HhHLQ('Jl‘;R) (1+ t)VGCLQFt =7 P-as.,
where the last inequality follows from the bounds (6.10)-(6.11])). Combining the above bounds,

2 (141t) ope
‘<DUO (P ) (UO)’h>L2(T;R)‘ S Ly eCL]:tHd}H%OO(LZ(T;JR);R)HhH%?(T;R)‘

Choosing h = Dy, (P{ 1) (uo) we obtain the statement. O

The strong Feller property of {P/ };>¢ is now a straightforward consequence of the mean

value theorem.

Proposition 6.8. Let Assumption hold. If v € By(L?(T;R);R) then P/ 4 is Lipschitz
continuous (and hence Strong Feller) for every t > 0 (as a function from L? to R), i.e.

2 _ (1418
‘ < 1+

|(PT ) (uo) — (P ) (vo)

for any ¢ € By(L?(T;R); R), ug,vo € L?(T;R) and t > 0. In particular, the semigroup (Pfa))
associated to (6.3) is Lipschitz continuous and satisfies (6.4), for every R > 0.

2
L ) poolluo = voll Fopmy,  (6:15)

Proof. First, recall that if (6.15]) holds for all ¢ € C? (LQ(']I‘;R);R), then it also holds for
all v € By (L2(’H‘;R);R), see [39, Lemma 2.2|. Hence, it is enough to prove (6.15) for ¢ €

CZ (L*(T;R);R). From the (infinite dimensional version of the) mean value theorem, see
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Proposition [I7, Proposition 3.2.7|, and from Proposition we then have

[P Y(u0) = PTo(o)[* < sup || Duy (PF9) (0| Fa(pizy w0 — volF2crmy

uE|uo;vo

(L+1) or2
< e EE Nl e (2 100 — voll72(rm)

where in the above [ug; vo] := {rug + (1 —r)vg : 7 € [0,1]}.
Finally, to show that, for any given R > 0, the semigroup (P/%1)) generated by (6.3) is
Lipschitz continuous, it is enough to note that V'u + Mg(u) € C? (L*(T;R); R). O

APPENDIX A. PROOFS OF SECTION [3]

A.1. Characterization of stationary solutions.

Proof of Proposition[2.1 The approach we use is well established, at least since [18], so we
only give a sketch.
We first prove that for any given p € Puc(T) the solution p, to the linear equation

0= 00mpu(z) + 0 [(V'(z) + (F' * p)(2)) pu()] (A1)
is unique and it is given by

1 —L(JV' @)+ Feu(y)d
pu(@) = e (ursrrwon) = g (A2)

with C, normalisation constant. Indeed, since V' € C*°(T;R) and for any fixed 1 € Pue(T)
the function F % p is smooth, i.e. F' s pu € C(T;R) (see e.g. [4I, Lemma 2.3., p.14] for

further details), the (linear) operator

L(p)() = Daopla) + 0, [(V!(@) + (F' ) () p(a)], x €T,

is uniformly elliptic and with smooth coefficients, hence, any weak solution p, € H HT;R) N
Pac(T) to (A.1) is actually smooth, i.e. p, € C®(T;R) N Py (T), so the derivatives can be
intended in the classical sense. Equation (A.1]) can be then solved explicitly:

Du[(V'(2) + F' % () pu(x)] + 004z pp(z) = 0

(V' (&) + F' 5 (@) py() + 00 pp()] = 0

(V'(z) + F *M( Npou(®) + 00zpu(z) = d

00upp(x) = d — (V'(z) + F' x p(z))pp(),

for some constant d € R. Finally, from the variation of constants formula we deduce that p,,
has the following expression

,reT,

F 2 fO )z dz) (0 Futy) a)
) = (e+5 [ in)e "
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where ¢ and d are real constants to be determined later. From the periodicity of p, we know

that p,(0) = p,(2m) which gives

d 2 %(f(V’(z)—i—F’*u(z)dz)
/e 0 dy,

c=c+ —
o
0
where the above equality is a consequence of the periodicity of V and F’; indeed
2m

[ @)+ F ) dy = Vizm) ~ V(O) + Fx p(2m) — F < (0)

0
_ / F(2m — 2)p(x) dz — F # p(0) = / F(—2)u(z) dz — F % u(0)
T T

= Fxp(0) — F*u(0) =0,

27 Y
— 2 (S V' () +F xp(y) d 2 L f(V/(2)+F xp(z) dz
therefore, we have e (({ ! Y y) = 1. Hence, d [ e (Of : )dy = 0,
0

which implies d = 0. The constant c¢ is now determined by renormalization. We omit the rest
of the argument and just recall that if we consider the map K : Pye(T) — Pue(T) defined as
K(p) := p,, from the above we then have that a solution to the non-linear problem ({2.9) must

be of the form ({2.10]). O

A.2. Step 4 of the proof of Theorem We restrict to the case o > %, the approach
adopted is similar to what we have done for g,. Namely, let £, : R — R be the map defined
as

&s(m) = /(Cosx - m)eiécos(mﬂ%com dx, meR, (A.3)
T

and note that m € R is a fixed point of h, if and only if m is a zero of &;, i.e. {x(m) = 0. Let
us also introduce the sequence {cg }ren defined as

Cp = /(cos x)k 6_% cos(2z) d.%', k € N. (A4)
T

Since cosx, x € T, is an anti-symmetric function and cos(2z), x € T, is a symmetric function

with respect to z = % and (cosz)? < 1 for all z € (0,27) we have

cok+1 =0, forall k€N, (A.5)
Cok+2 < Cok, for all k£ € N. (A6)

In Proposition [3.4] we provide a power series expansion of &,; similarly to what we have done

in Section this power expansion will then allow us to prove the following result.

Proposition A.1. [/2, cfr. Step 1, Theorem 2.1] The function & : R — R admits the
following series expansion

Elm) =3 (21:)! (2)"" enato, (A1)

g
keN

where {1x(0) }ken is the sequence defined as

(o) = ( Q2 5 keN, o>0. (A.8)

2k + 1)cop
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We omit the proof of the above result as it can be done with calculations similar to Lemma

B4

Theorem A.2. I[fo > % then &, : R — R admits a unique zero which is m = 0. This implies
that m = 0 is the unique fized point of hy : R — R for o > %

Proof. Let us note that (2121’“% < % for all £ > 1. With this in mind, from (A.7) we can

write

mn 2k+1
(—) cotr(0).
o

m =
§o(m) = (?) (c2 = oco) + ; 2k)!

By using the identity cos(2z) = 2cos?z — 1 the factor ¢y — ocg can be rearranged into the

following form:

1 1
co —ocy = / cos2 p e~ 7 ©08(22) g O'/ e~ 5 c0s(22) J,
T T

1 . 1
= < - a> /6—;(:05(295) dr + - / cos(2ac)e_%cos(2w) dx.
2 T 2 Jr

Using the modified Bessel functions of first kind (defined in (3.2)) we can recast (A.9) into
the following form

omewm (4o} (2) o1 ()
() 1) Gded) ww

Recalling that the functions Iy(z) > 0, for all 2 € R and I;(z) > 0 for all z > 0, if ¢ > 3
then ¢ — ocp < 0 and, moreover, (o) < 0, for all £ > 1. Hence, since all the coefficients of

(A.9)

the power series expansion of £ are strictly negative, we readily obtain that &,(m) = 0 if and
only if m = 0. This concludes the proof. O

Proof of Lemma[3.7. We begin with proving formula (3.25). We want to apply Proposition
with U(x) := cos(2z), x € T, and G = 0. To this end, we have to look for the minimum

points of the function U on the torus T. Clearly, U admits two global minima x; = I and

2
To = 37” Therefore, in order to apply Lemmawe split the integral into two parts. Namely,

e 27
/e—;cos(Qx) dr = / e—%cos(Qw) dr +/ e—%cos(lr) dx.
T 0 4

Using the m-periodicity of cos(2z) we reduce to a single integral i.e.
T
/ e~z cos(22) g — 2/ ez os(22) o — oF.
T 0

On the interval [0, 7| the function U admits a unique global minimum at 2z = 7. Hence, we
can apply Lemma [3.6] to I and obtain the desired result

I = \/?ei (1+0(1)). (A.11)

Formula (3.26)) is obtained with a similar reasoning. O
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Proof of Lemma[3.9 We want to apply Lemma[3.6|with U(z) := cos(2z) and G(z) := —cosz
so, we consider the function

Un(z) := cos(2x) —mcosx, x €T, mel0,1].

By direct calculation one can see 1, = arccos (%) and x2,, = 27 — arccos (%) are points
of global minimum for U,, as m ranges in [0, 1]. If we now let f € C3(T;R) then by applying
Lemma [3.6] we obtain that the following asymptotic expansion holds

2 1(1ym?
/ Flaye o meon) gp = | 20050V (1 (@4 ) 4 f (2)

-

+ (7{,m + /Yg,m> o+ Om(0)> )

where 1 ,, Y2,m are constants defined as in (3.24]). In our case of interest, since the second,
third and fourth derivative of Uy, at 1 ,, and 2 ,, are respectively

m2

U’r(n2)($1,m) = U’r(T?)(me) =4- i

2
U (@1m) = =UD (w2,m) = 12my[1 = 2=,

7

U (w1,m) = U (w2,m) = gm* =16,
if we set f =1 we have
2 1(ym?
/ o~ 5 (cos(2z)—mcos ) 1. _ 7TC;2 eo (1+ 8 ) (24 (Yom + Y2.m) 0 + 0m(0)) .
T e
Moreover, since f = f' = 0 we have Y1,m = Y2,m and by recalling that Uy, = d—(cos(2$)
msinr)|z=g, ,, we obtain
5U3 Uy c(m) 2

T T T wE T 2 - m

where [0,1] > m — ¢(m) € R is a continuous function such that ¢(m) — 0 as m | 0.

The expansions and are obtained analogously from by using f(z) = cosx
and f(z) = cos? z, respectively. For the reader who would like to check the details we point
out that if f(x) = cosz then since f (x) = sinz it follows that

/ ! ’ 1" / "

f ((L’l m) = _f (x2,m)7 f (ml,m)U (xl,m) :f (x2,m)U (33'2,m)7 (A12)
hence, we obtain %COS) éCSf) and

5U2 I/I / U "(x m c(m
s 4>—f(x1,m) 32+f(1,):()’

A = f ) (

where [0,1] > m — ¢(m) € R is a continuous function such that ¢(m) — 0 as m | 0. If we set
f(x) = cos® x then

’ ! a ’ 1"

f(x)=—2coszsinz, f (x1m)U (z1,m)=[f (@2m)U (z2,m), (A.13)
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. (cos?) _ (cos?)
hence, we obtain vy ;" * =y ,, * and
(cos?) _ BUF Ui\ Us | [ (m1m)  é(m) 1
tm = J@1m) <24u§ 8U2 fa )2u2 L7 T m2
where [0,1] > m — ¢(m) € R is a continuous function such that é¢(m) — 0 as m | 0. O

APPENDIX B. PROOFS OF SECTION M] TO SECTION

We recall that if Gy, t > 0, is the heat kernel on R, i.e.
1 22

Gi(x) == e 4, rzeR, t>0,
(@) V4t
the periodic heat kernel GI*" is defined as
GY(z) =Y Gy(z+2kr), w€R,t>0. (B.1)
k€eZ

Clearly, Gt*" € C*°((0,+o0) x T) and has L'-norm equal to 1.

We also recall that, since

0.G0)] < - Gl) (B.2)

one has
|0:GY" ()] < TGQ?( x), (B.3)

forallz € R, t > 0, with C = \/56_%. Hence,

1.6 uscrmy < . (B.4)
for some constant C; > 0. We briefly recall that follows from writing

0,G1(@)] = hu(a)e™
where 2 € R — hy(z) € R is the even function defined as hy(z) := le] e‘é, zeR, t>0.

4V/mt3
The maximum of h; is attained at x = 2/, from which (B.2) follows. The bounds (B.3))

and (B.4) are then obvious.

Proof of Lemma[f.1. We begin with showing that the bounded linear operator P : C ([0, T]; H*(T;R)) —

C ([O,T];LQ(T;R)) defined by (4.3) can be extended to a bounded linear operator from
C ([O,T];LZ(']I‘;R)) into C ([0 T); L*(T )) satisfying (4 . To this end, first consider z €
C ([0,T); HY(T;R)) and ¥ € L*(T;R). In this case, we obtain

(T;
)-
<€ 0,2 w>L2(T;R) ds‘
< olt=s A¢>

/ 2z 2 (£4-720)|

[(Pl=](t)

ds

L2(T;R)

LATR) ds. (B.5)
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From Young’s inequality for convolutions and (B.4)), for any ¢ € L?(T;R) the heat semigroup
satisfies

er C
H@@mWhmmSWMﬁHummWMm®§;ﬂwmmm
for all ¢ > 0. Thus,
t . A t 1
A|vwwpmmu@(éﬁao\ dSSCﬂwhmmhéﬁ—s)ﬂVEWmmmd&

for all ¢ € L*(T;R) and t € [0, 7). Setting 1 = P[2](t), we have

L2(T;R)

1P 2y scyé@—srﬂvwnpmmds (B.6)

1
< CiTz HZHC([O,T];L2(’]1‘;R)) ) (B.7)
for all t € [0,T]. Therefore, inequality (4.5)) holds for all z € C ([0,T]; H'(T;R)).
Now, let z € C ([0,T]; L*(T;R)) and let {zn}nen C C([0,T]; H'(T;R)) be such that
zn — 2z in C ([0,T); L*(T;R)) as n — +o0. Then from we know that

t
_1
[1PL2n] O 2 () < 01/0 (t = 5)72zn(s)l L2(7im) ds,

for all n € N and t € [0,T]. Moreover, from the linearity of P and inequality we obtain
that {P[zn]},cy is a Cauchy sequence in C ([0, T]; L*(T;R)). Therefore, if we define P[z] as
the limit in C([0,T]; L*(T;R)) of P[z,] as n — +oo (due to such limit is independent
from the choice of the approximating sequence {zy, }nen) then we obtain that inequality
holds for all z € C ([0, T]; L*(T;R)) and for any ¢ € [0, 7. O

We now prove global well-posedness and L? bounds for the solution of the PDE (4.10]) used
in the proof of Proposition . We denote by W1 (T;R) the Sobolev space of bounded

functions with weak derivative in L*°(T;R), endowed with the norm
I fllwree ) = I oo rmy + 102 f [ oo (), for all f € WHe(T;R).

Proposition B.1. For any T > 0 (independent of w) the random PDE (4.10) admits a P-a.s.
continuous L?(T;R)-valued mild solution v on the interval [0,T); moreover such a solution is
a classical solution and satisfies the a priori estimates (4.11]).

Proof. The local existence of a P-a.s. continuous L?(T; R)-valued mild solution can be proven
exactly as in Proposition with ¢ in place of W4. We denote such a solution by v. We
also note that, due to the smoothing properties of A, v is a smooth solution P-a.s. as long as
v does not blow up, since the coefficients V, F' and the external forcing term ¢ are smooth.
In other words, v is a classic solution to defined up to a time 7" = T%(w) > 0 small
enough. In the same fashion of proof of Theorem to prove the global existence of v, it is
enough to show that if v is a solution up to time 7' > 0, then the estimate is satisfied
for all ¢ € [0, 7).

To ease the presentation, we denote v, := v + ¢ and we omit the dependence on time ¢
for v and ¢, i.e. we write v and ¢ in place of v(t) and ¢(t), respectively. In what follows, if
not further specified, C' denotes a generic deterministic positive constant, the value of which

may change from line to line. Because of the non-linear term, to estimate the L?-norm we
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need to start by estimating the L'-norm. To do so, we analyse the derivative %HUHD(T;R).
To differentiate the L!(T;R)-norm of v, since the function x — |z| is not smooth, we need to
approximate it with a family of regular functions. To this end, let us consider the following
convex C?(R; R)-approximation {x.}.~o of the absolute value

7], Ir| > e,
XE(T) = ’f‘4 37.2 3e (BS)
s TR Ty Irlse
Then, we have
d ! ! /
i [ xewd= [ X (O + 0, [VIv + (F wvg)0,] } o
_ /T X, [V + (F 5 vp) o] do (B.9)

- / X/s/(v)axv [axv + Vw4 (F Vy) v} dr, P —a.s.
T

Since |x.(r)] < 1 for all 7 > 0 and all € > 0, the first addend on the RHS of can be
estimated by

[0 [V + (F v o] do
T
< V' + F xv,||0, da:+/ VI 4+ F xu dx
L olioslda+ | | el 510
<V2r||V ”leoo(’IF;R)H‘P”Hl(T;R) + 27 ||F HWLOO(’IF;R)”SOHJ%II('J]‘;R)
+v QTFHF/HWLOO(T;R)”UHLl(T;R)HSOHHI(T;R), P—a.s.

As for the last addend on the RHS of , using the fact that x;’ > 0 and applying Young’s
inequality, we have

_/Xg(v)azv [&TU +Vv+ (F « V) v] dx
T
1 1 1" ]_ 12; !
< - / X ()]0 da + / X (0)]0n0f da + + / @)V Plof? da
T 2 Jr 2 Jr
1 12; 1 1 /
41 / ()| Og0? o+ / X (W)|F v ?of? da
2 Jr 2 Jr

HV/H%OO T:R " HF/ * ULPH%OO TR 7
SQ(J/H‘XE(’U)]’UFdx—l— > (T )Axa(v)]v|2dx, P—a.s.

By (B.8), we note that

" 0, ’r‘ >e€,

2
_g%—i_%? |’I"| ng
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is a non-negative continuous function and » — x. ()|r|? is bounded from above by the constant

3—26. Hence, we deduce
_ / Xo (v)0yv [axv + Vo4 (F % V) fu} dx
T

377“‘/,”%00 T-R /
< O 4 3 F ey (1003 iy + 1y - P
(B.11)

Putting together (B.10), (B.11)) and (B.9), we have

d ! /
T /TXE(U)dl' <V27|V lwree(omy Il (mym) + 27| F ||W1v°°(’]I‘;R)H(P||%{1(’H‘;R)

2
+ 3| 17 0122 oz + [l 12 P
T L°°(T§R)€ v LY(T;R) ¥ LY(T;R) ) a.s.

Finally, integrating with respect to time, letting ¢ — 0 and applying Gronwall’s lemma, we

+ v 27THF/||WL°°(T;R) vl L crsmylloll o orymy +

obtain
! 2 C [t ()l y
Ol < (luola +C [ (1410 ) ds) B I0mant - @

for any t € [0,7], P-a.s.
We can now estimate the L?(T;R)-norm of v. To this end, by differentiating the L?(T;R)-
norm with respect to time and integrating by parts, we obtain

1d /
2dtHUHL2TR /|8xv\ dx—/chpa vdr — /T(F * U, )Vo0zvdx, P —a.s. (B.13)

By Young’s inequality and integration by parts, the second addend on the RHS of (B.13|) can

be estimated as

—/Vlvwaxvdx: —/V(U—HO /V v dﬂc—/ V' 00,0 da
T T

IV || oo (rm / 1
= B) ( ol Z2(rm) + 11V H%oo(ﬂf;R)H@”%Z)(T;R) + ZH({)zUH%z(T;Ry P—a.s.

As for the third addend on the RHS of (B.13)), we proceed similarly and we are going to use
the L!(T;R)-norm estimate of v obtained beforehand:

- /(F/ * V) V00 dx = — /(F/ * v)v0yv dx — /(Fl * V) p0gv dx
T T T (B.14)

- /(F, * p)vOyvdxr — /(F' x p)pdyvdr, P —a.s.
T T

Since F" € L*>°(T;R), by Young’s inequality for convolutions, the first two terms in (B.14])
are bounded respectively by

/ 1 1 1 1
_/T(F * 0o, dar = 2/T(F o)l do < SIF ez ol amlleld gy, P-as.,

and

/ 1 /
—/T(F *0)pOpv dr < ZHaﬂEUH%%T;R) + 27| F | Do oy 0172 r) [0 22 iy, P — s
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As for the latter two addends in (B.14]), by similar arguments we have

/(F, * p)vOyv dx
T

< VI |l el 2oy /T (o] D] da

/ 1
< 2r||F ”%w(mR)HU”%2(T;R)HS@HQL2(T;R) + ZHaxv||%2(1r;R)7 P-as.,

and

/ ]_ /
T(F *@)pdzv dr| < ZHaJJUH%Q(T;R)—’_QWHF H%OO(’]I‘;R)HSOH%Q(T;R)a P—a.s.

Thus, by Gronwall’s lemma and using (B.12)) to estimate |v||;1(1,r), we obtain the estimate
(4.11) for any t € [O,T |. In particular, from these estimates it follows that the solution
v to ([4.10) does not blow-up in L?(T;R) and, therefore, it can be extended up to time T'
P-a.s. O

Proof of Lemmal[5.4 Let f € L%([0,T); L>(T;R)). Writing the deterministic convolution f4
(5.13) in Fourier basis, i.e.

=> X (/6 (= fi(s)d >€k, t e[0T,

kEZ

we can see that, for any ) € C°°(T;R), the following holds

Ot 12 A (t—s)k? d Oy d
(fa,0u) 21wy = Zk/e fi(s) S/T% ¢ dx

keZ

- _ t—s)k?
Z]k\)\k/ e Fu(s) ds/Te_wda:,

kEZ

where we have used the identity dzer(z) = |k|e_k(x), k € Z. From this, we can see that the
weak derivative of f4 is given by . From , since () is trace-class, it is easy to see
that O, fa(t) belongs to L?(T;R), for every t > 0.

In a similar fashion as for what we have done for f4 one can prove that the weak derivative
of W4 (at this stage on a formal level only) is given by

0:Walt,z) = |k|Ax (/ ~(t=s)k? d5§) e_p(x), (B.15)

kEZ

dz-a.e. in T for all ¢t € [0,7T], P-a.s. To prove that the above object is well-defined we intend
to apply |12, Theorem 2.13|. As one can see, |12, Theorem 2.13| hinges on [12, Hypothesis
2.10|. In our context, the operators A and C' of [12, Hypothesis 2.10] correspond to A =
Oz and C = (—A)% Q, respectively. It is clear that the heat semi-group {etA} > Satisfies
conditions (7) and (i7) in [12, Hypothesis 2.10] (see [12] Example 2.11]). Conditions (i) and
(iv) in [12 Hypothesis 2.10] are clearly satisfied since Aey = —k?ey, for every k € Z, and
lex(z)| < f for every x € T and k € Z. As for condition (v) in [I2, Hypothesis 2.10], from
our choice of A and C it follows that condition (v) is equivalent to requiring ; which
is satisfied by assumption. Therefore, one can now apply [12, Theorem 2.13] and obtain
0Wa € L*™ (Q;C([0,T); L*(T;R))) for m > 55 where § coincides with the one in (2.4).
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From the above and the fact W4 € C ([0,T]; L*(T;R)), P-a.s. (see [I12, Theorem 2.9] applied
with A = 8,, and C' = Q) we readily obtain that W, belongs to C ([0,T]; H(T;R)), P-a.s.
g

Proof of Lemma[6-} The part of the statement which is lengthiest to prove is the differen-
tiability of the solution wu(t;ug) of (6.7) with respect to the initial datum ug. To do so one
starts by considering the so-called first variation equation, namely the equation

Biz(t) = Az(t) + 8, [(DF) (ult:uo)) 2(1)], ¢ (0,77,

0t (B.16)

for the unknown z(t) € L?(T;R). We clarify that in the above (DJF) (u(t;ug)) denotes the
Fréchet derivative of F = F(u) (with respect to u), calculated at the point u(t;up). At this
point there are (at least) two possible approaches. One approach, which is the one taken in
[7, Chapter 4], is to observe that the solution w(t;ug) is a fixed point of the map Z defined in
and then apply standard results that allow one to deduce differentiability of the fixed
point from the regularity properties of the fixed point map (Z, in our case), see [7, Appendix
C]. Once the desired differentiability of u is obtained, one observes that n, = Dy u(t;up)h
needs to satisfy the first variation equation; from this observation, the estimates and
(6.11]) are easily obtained (as we will explain below). This approach is lengthy but it works
in general circumstances. Applied to our case, it allows one to obtain that w is once Fréchet
differentiable and (at least) twice Gateaux differentiable. We don’t take this approach here
to contain the length of the paper and because, strictly speaking, we only need one Fréchet
derivative of the solution, but [30] will contain the details of how to use this approach in our
case. The approach we take here is the one of [30, Theorem 2|, namely: one first observes
that the first variation equation admits a mild solution (by standard contraction mapping

arguments). Using this fact, it is easy to show that the following inequality holds:

t t
,ww;mm+éH&d@ﬁmmwwﬂmﬁmmu%méﬁHagﬁmmwa P—as.,
(B.17)

where L is the Lipschitz continuity constant of F and C'is a positive (deterministic) constant,
see e.g. [12, Lemma 5.8 and Prop. 5.9], from which and are then easily deduced.
At this point one shows that there exist a constant C' > 0 and a function vp(h) : L? — R,
such that vp(h) — 0 as ||h]|2 — 0 and

(s uo + h) — ults uo) — 2(8)[3 < Cop(B) [kl sz, P as.

Hence z(t) coincides with the Fréchet derivative Dy, u(t; up)h. The proof of the above follows
the lines of [36, Theorem 2|, with calculations similar to those we have shown so far, so we
don’t repeat it here.

The differentiability of the semigroup P/ now follows from the differentiability of u(t; uo).
Indeed, as a result of the Banach fixed point theorem we know that the continuous dependence
with respect to the initial datum holds, i.e. if {ug}lnen C L?(T;R) such that ug — uo
as n — +oo in L*(T;R) then u(t;ul) — u(t;up) as n — +oo in L? (T;R) for all fixed
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t > 0. Consequently, if » € Cyp(L?*(T;R);R) then from the dominated convergence theorem
it follows that P{ ¢ € Cp(L?(T;R);R) for all t > 0. Hence, {P{ }i>0 is a Feller semigroup.
Furthermore, if ¢ € Cf (LQ(T;R);R) then from the differentiation under the integral sign
and the fact that u(t;ug), t > 0, is Fréchet differentiable in L?(T;R) we deduce that P/ ¢
is Fréchet differentiable in L?(T;R) as well (to be precise, since u(t;ug), t > 0 is Fréchet
differentiable and twice Gateaux differentiable in L?(T;R) we obtain that {P;{ };>0 is Fréchet
differentiable and twice Gateaux differentiable in L?(T;R)).
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