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Abstract
The Dean—Kawasaki equation was discovered independently in the physics literature
by Dean [25] and Kawasaki [61] in the nineties, when they studied the evolution of the
empirical density of a system of mean field interacting particles. The equation was
understood only at a formal level until late 2010s, when Konarovskyi, Lehmann and
von Renesse [64], [63] established a rigorous martingale framework for the equation. In
the same works, the authors prove a negative “ill-posedness vs triviality” result for
the equation and consequently the community shifted its attention to mathematically
analysing regularised versions of the Dean—Kawasaki equation that still maintain
connections to particle systems.

The aim of this thesis is to study the generalised Dean—Kawasaki stochastic partial
differential equation (SPDE) with correlated noise

dip = AB(p) — V- (a(p) 0 € + v(p) (1)

on a C?-regular bounded domain U C R with general Dirichlet boundary conditions.
In equation , o&F denotes infinite dimensional Stratonovich noise that is white in
time and sufficiently regular in space, and the choice of non-linear functions @, o, v
that we are able to handle include the full range of fast diffusion and porous medium
equations ®(p) = p™ for every m € (0, c0), noise coefficient o(p) = ®'/2(p) including
the degenerate square root o(p) = y/p. These choices allow to be interpreted as
the fluctuating hydrodynamics of the zero-range process with polynomial jump rates.

As a first result, based on the first paper of the DPhil [82], we present the well-
posedness of stochastic kinetic solutions of equations of the type on a bounded do-
main with Dirichlet boundary data. The results apply to a wide class of non-negative
boundary data. In the porus medium regime ®(§) = €™, m > 1, the boundary data
includes all non-negative constant functions including zero and all smooth functions
bounded away from zero. In the classical and fast diffusion cases ®(§) = ™, m < 1 we
can consider any non-negative constant boundary data including zero. This extends
the well-posedness theory on the torus of Fehrman and Gess [44].

Subsequently, based on the preprint [81], for € € (0,1), K = K(e¢) € N, under a
joint scaling e — 0, K — oo, we prove a central limit theorem and conjecture a large
deviations principle for the SPDE

0up" = AD(p°) = VeV - (a(p) 0 £5) = V - w(p), (2)

where X denotes a finite dimensional truncation of space-time white noise. In the
study of the central limit theorem we quantify the rate of convergence of towards
the zero noise hydrodynamic limit

Oip = A®(p) = V- v(p).

The large deviations principle allows us to quantify the probability of seeing rare
events. That is, whilst we expect p© — p with explicit rate given by the central limit
theorem, the large deviation principle quantifies the probability that we see a profile
that is very different to p for small € and large time. We explicitly propose a rate
function I such that

P(p® € A) =~ exp(—€el(A)).
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The proof of the large deviations is rigorous up to proving the well-posedness of
a parabolic-hyperbolic PDE that appears in the rate function. This is the aim of
forthcoming work, and in the present work we only give a sketch poof, so we refer to
the large deviations result as a conjecture.

Both the central limit theorem and large deviations principle results have connec-
tions to the corresponding results for the zero range particle process.
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Chapter 1

Introduction

The aim of this thesis is to study the class of equations known as the generalised Dean—
Kawasaki stochastic partial differential equations (SPDEs). The Dean—Kawasaki
equation was derived in the physics literature in the nineties by Dean [25] and
Kawasaki [61]. In the most simple case, Dean [25] considers the N-particle system
X; = (X})i=1... n consisting of independent d-dimensional Brownian motions evolv-
ing on the torus T¢. To track the position of the particles he considered the empirical

measure, defined by
N 1 o
e =N Z Oxi-
i=1

A simple application of It6’s formula shows that for any smooth test function v, the
evolution of the empirical measure is governed by

o = o+ 3 [ sy e 23 [(vurs-a
2 J, W N <, $) 4B

where the angled brackets represent integration of a function against a measure,
defined rigorously below in equation (|1.18). The final term in the equation above is
the sum of independent martingale noises, whose quadratic variation is

1 tN 2
— V|2 ds.
N/Oms,r Y|°) ds

The crucial observation made by Dean [25] was that this is the same quadratic vari-
ation we would get if we replaced % Zfil Oxi dB? by a space-time white noise of the
form \/LN\/MV (2)&(t, ) where £(, ) is a vector valued space-time cylindrical Wiener
procesg’} This motivated that the interacting particle system can be studied by in-
stead considering the Dean-Kawasaki SPDE

0= 320 - %Nv (7). (L.1)

!The definition and existence of such a white noise is given in the lecture notes by Walsh [94].




This derivation is discussed in more detail and in a more general setting in Sections
L1 and [L.3] below.

In Section [1.2] we motivate how the Dean-Kawasaki equation arises when studying
the fluctuating hydrodynamics of the zero range particle process. Briefly, by studying
the rate of convergence of equation towards the heat equation as N — oo, and
studying the rare event behaviour of equation , one obtains the corresponding
information about the fluctuations of the zero range particle process. This is impor-
tant because as we will illustrate in Section [I.4], the zero range particle process is a
good model for many real world phenomena, and in these cases it is important to be
able to quantify the probability observing rare events.

All this being said, on a mathematical level, a negative result on the well-posedness
of martingale solutions of the Dean—Kawasaki equation was established in the
late 2010s by Konarovskyi, Lehmann and von Renesse [64], [63]. We will outline
this result in Section Consequently, a primary aim of this thesis is to study a
regularised version of the Dean—Kawasaki equation that still maintains the correct
fluctuating hydrodynamic behaviour as the particle system. We focus on the equation
with correlated noise.

We now present the equation and provide an outline of the main results of the
thesis. This thesis is concerned with the generalisedﬂ Dean—Kawasaki initial boundary
value problem on a C?-regular and bounded domain U C R?,

O = A®(p) =V - (a(p) 0 € +w(p), on U x (0,71,
®(p) f on U x (0,7, (1.2)
p(,t=0 on U x {t =0}.

Where there is no confusion, throughout the thesis we abuse terminology and refer
to equations such as as the “generalised Dean-Kawasaki equation”, or simply
the “Dean—Kawasaki equation”, not emphasising the fact that it has correlated noise.

In Chapter [2] we set up the problem by defining the noise and by deriving the
kinetic equation corresponding to equation (|1.2)), which allows us to define stochastic
kinetic solutions. For a sequence of continuously differentiable functions F' := {fj :
U — R}ren and a sequence of independent, d-dimensional Brownian motions {B* :
[0, 7] = R%}en, the Stratonovich noise of¥ in (T.2)) is white in time and sufficiently
regular in space, defined pointwise by

~—

¢UX0,T) =R, P t) = fulz)Bf. (1.3)
k=1

The spatial colouring is dictated by an assumption on the spatial component of the
noise coefficients F' given in Assumption [2.1.2]

We also provide the assumptions on the non-linear coefficients @, o, v, as well
as the assumptions on the boundary data f that are needed for well-posedness. The
assumptions allow us to consider a wide class of relevant SPDEs such as the full range

2The word “generalised” refers to the fact that we have general non-linear functions ®, o, v present

in equation (|1.2)).



of fast diffusion and porous medium equations, i.e. ®(p) = p™ for every m € (0, 00)
and the choices (p) = ®/2(p) and v(p) = ®(p), including the degenerate square root
noise coefficient o(p) = /p. These choices allow equation to be interpreted as
the fluctuating hydrodynamics of the zero-range process with polynomial jump rates,
where the v term models the case of non-symmetric jumps of the particle system.

The irregularity of solutions to means that we can only express the boundary
condition f indirectly via ®(p). This is done using the trace theoremﬂ, see Chapter
5.5 of Evans [35]. The boundary data does not depend on time, f = f(z), for z € OU.
The well-posedness results apply to a wide class of non-negative boundary data, which
is based on certain a priori estimates for the solutions. In the porus medium regime
®(&) = &, m > 1, the boundary data includes all non-negative constant functions
including zero and all smooth functions bounded away from zero. In the classical
and fast diffusion cases ®(§) = €™, m < 1 we can consider any non-negative constant
boundary data including zero. On the particle level, the Dirichlet boundary condition
enables us to model sources and sinks.

Chapter|3|is dedicated to the uniqueness of stochastic kinetic solutions of equation
(1.2). The main result is the following theorem.

Theorem 1.0.1 (Uniqueness, Theorem below). Suppose that the coefficients of
noise £ and the coefficients ®, 0, v of equation satisfy Assumptions and
respectively. Suppose p* and p* are two stochastic kinetic solutions of n
the sense of Definition with Fy-measurable initial data p§, p3 € L'(Q; LY(U))
respectively and with the same boundary data f. Then almost surely

1 2 1 2
sup lp"(-,t) = p°(, )l vy < lleo = Pollerw)- (1.4)
t€[0,T
The proof is based on analysis of the kinetic equation corresponding to equation
(1.2). The L'(U)-contraction of (1.4) is a stronger statement than just uniqueness
and is used to prove the existence of a dynamical system corresponding to solutions
of the SPDE, which is important for the proof of the large deviations principle later
on.
In Chapter |4 we prove the existence of solutions to equation ([1.2)). We combine
energy estimates for a regularised version of the equation with tightness arguments
to obtain the result. The main result can be stated as follows.

Theorem 1.0.2 (Theorem below). Suppose that the spatial components of the
noise £¥, the non-linear functions ®, o, v and the boundary data f satisfy Assumptions
12.1.4,12.2.1) and |[2.2. 9 respectively. Let further py € L*(Q; L*(U)) be non-negative and
Fo-measurable.

Then there exists a stochastic kinetic solution to the generalised Dean—Kawasaki

equation (L.2)) in the sense of Definition[2.3.4,

3The trace theorem requires that ®(p) is in the Sobolev space H'(U). Such a statement is true
for ®(p) via a priori entropy estimate for a regularised version of the equation, but is not true for p
itself.




With the well-posedness in hand, we study small noise fluctuation theory for the
generalised Dean-Kawasaki SPDE. For € € (0,1) and K = K(¢) € N, we study
fluctuations the SPDE

Oup” = AD(p) — VeV - (0(p%) 0 £5) = V- (p), on U x (0,77,
®(p) = f, on OU x (0,7, (1.5)
pe(,t=0) = po, on U x {t =0},

where 5 K denotes a finite dimensional truncation of R?-valued space-time white noise.
That is, for L?(U)-orthogonal functions {e; : U — R}xen and independent Brownian
motions {B* : [0,T] — R%},en, for every K € N the noise £¥ is defined pointwise by

FUX0,T] =R, 8 t) =) en(x) B (1.6)

k=1

We note that the scaling for K € N will be chosen entirely a function of €, so
we do not make the K-dependence explicit in the superscript of equation (|1.5). For
every fixed € € (0,1) and K € N, the well-posedness of equation follows from
the well-posedness results of equation (|1.2)).

We study the convergence of equation as € = 0, K — oo towards the zero
noise, hydrodynamic limit p, which is the unique solution to

0ip = A®(p) =V - v(p). (1.7)

For this chapter, in line with the work of Clini and Fehrman on the torus [20], we
will assume that the initial data and boundary data are the same random positive
constant. This implies that the solution of the hydrodynamic limit equation is
given by that constant, and we are looking at convergence of the SPDE towards a
constant function.

As a preliminary result we are able to establish a quantitative law of large numbers
result for a regularisedﬁ version of equation . That is, for the regularised equation
p™¢ defined in Definition [5.1.9 and the corresponding regularised hydrodynamic limit
p" defined in equation ({5.11]), we show in Propositions |5.1.18| and |5.1.20| that under
a suitable scaling regime ¢ — 0, K — o0, arbitrary p > 2 and n € N, we have that

E {/OT/U(pn’E—ﬁ”)p} 0. (1.8)

The estimate is independent of the regularisation n. The central limit theorem quan-
tifies the rate of this convergence. To this end, define

v = e Y2(p¢ — p). (1.9)

4The regularised equation involves adding a %Ap regularising factor to the equation and smooth-
ing the potentially degenerate non-linearity o.




We will show that under an appropriate joint scaling regime ¢ — 0, K’ — oo, solutions
v converge in probability in a space of distributions to the linearised SPDE

O = A (p)v)) = V - (0(p)E + 1V (p)v), (1.10)

with zero initial and boundary data, where § denotes space-time white noise and p
denotes the solution to the hydrodynamic limit equation ([1.7)).
The linearisation present in ((1.10)) can be formally seen by observing that v¢ solves

O = A (B(%) — B(p)) ~ V- (¢ 2(w(p) = (p)) = V- (06) 0 €¥)
N (U;b(pf) - <}><ﬁ>) . (veuw) - g(p)) v (oo (n

pe—p pe—p

with zero initial condition and boundary data. Owing to the law of large numbers
(1.8), p° — p, and also by definition §K — § which gives the formal convergence
of v to v. Solutions p¢ to the singular equation ([1.5)) can only be considered in a
stochastic kinetic sense. However, the non-linear nature of this solution theory makes
it incompatible with convergence in the space of distributions. As a result, the central
limit theorem is first proven for the regularised equation.

Theorem 1.0.3 (Theorem [5.2.9 below). Suppose that the non-linear functions ®, o, v
satisfy Assumptions|2.2.1 and|5.1.15, and that the spatial components of the noise ¥
satisfy assumption |5.1.4  Suppose that py and f satisfy the simplifying Assumption
5.1.7. Fix an arbitrary reqularisation constant n € N. For K € N and ¢ € (0,1)
let v™¢ denote the weak solution to the reqularised equatimﬂ , and let v™ be the
solution of the reqularised, linearised SPDE (|5.38]).

There exists a joint scaling regime ¢ — 0, K — oo such that

EHUn’E — Un”%,z([O,T];H—S(U)) — 0. (]_].2)

In Theorem [5.2.9] we obtain a quantitative bound for the rate of convergence.
The bound is not uniform in the regularisation n, so we can not deduce the de-
sired convergence for the singular equation . To get around this, we prove an
L>(U x [0, T])-estimate, stated in Theorem[5.3.1] We show a quantitative bound that
illustrates that for ®~1( M) the constant solution to the hydrodynamic limit equation,
under a joint scaling regime ¢ — 0, K — oo, we have

E|l (/)6 - q)fl(M)), || oo xjo,77) = 0. (1.13)

Formally, this estimate says that if our initial condition satisfies py = ® (M) for some
M > 0, then along appropriate subsequences, the solutions of equation satisfy
p¢ > & 1(M)/2 uniformly in space and time with high probability. The estimate is
consistent with the intuition that as e — 0, the solutions of the SPDE p¢ converge to
the constant solution of the hydrodynamic limit p¢ — p = ®~!1(M). Using this and
the pathwise uniqueness of stochastic kinetic solutions given by Theorem above,

Sp™€ is like v¢ (1.9)) but with p¢ replaced by p™¢ and p replaced by p".

5



in Theorem [5.3.2] we prove the central limit theorem in probability for the singular
equation.

In Remark we identify an appropriate joint scaling regime between ¢ — 0
and K — oo under which the convergences (1.§)), (1.12) and (1.13)) hold. Formally the
scaling depends on how fast the spatial coefficients {ej }ren of the noise and their
derivatives grow. A canonical example of the noise coefficients are the eigenfunctions
of the Laplacian with homogeneous Dirichlet boundary data, see Example [5.1.4] In
this case, the scaling limit is explicitly given by

e K% 0. (1.14)

Even though we expect the convergence of p© to p, we are interested in quantifying
the (un)likelihood that we see a profile very different to p after a long time. Whilst
unlikely, the occurrence of a rare event can have catastrophic consequences, for in-
stance mechanical failure of a machine or a population going extinct, see Section [1.4
for further examples which are relevant on the bounded domain. The study of rare
events is quantified by the large deviations principle, and this is the content of the
final chapter, Chapter [} The main result is the following conjecture.

Conjecture 1.0.4 (Conjecture below). Suppose that the non-linear functions
®,0,v, the boundary data f and the spatial coefficients of the noise £X satisfy As-
sumptions |2.2.1], 12.2.9 and |5.1.4 respectively.

For py € Ente(U) and arbitrary p € L' (U x [0,T]), define

1

P .-t : 2 O — V.
1;,(p) -—2geLZ((}g{g’W){||9||L2(UX[0,T};Rd>-@sp—A@(p) V- (a(p)g +v(p))

®(p)|ov = [ and p(-,0) = o} (1.15)

Then under Assumption ‘6.].% for every p € LY(U x [0,T)]), p + I{O(p) is a rate
function on LY(U x [0,T1), the family

{11 (-): f e H'(U), po € Ents(U)}

of rate functions has compact level sets on compacts, and solutions {pE’K(E)}ee(o,n of
(1.5)) satisfy the uniform large deviations principle on L*(U x [0, T|) with rate function
Ir

PO’

Since we have for Borel subsets A € B(L'(U x [0,T])) that

1 I(A)=0
0, otherwise,

P(p" € A) m exp(—el(4)) — {

as € — 0, it follows that rare events become exponentially unlikely in € unless I(A) =
0, in which case the probability of such events converges to 1. Using the form of the
rate function ([1.15), we have that I(A) = 0 if and only if the infimum over the set



of g is zero. That is, if the subset A contains the solution to the hydrodynamic limit
equation p as in (|1.7)).

The large deviations result is based on the variational representation of infinite
dimensional Brownian motion introduced by Budhiraja, Dupuis, and Maroulas [11].
As mentioned above, the result is conditional on the well-posedness of the PDE ap-
pearing in the rate function , and is the topic of forthcoming work.

1.1 Application to mean field interacting particle
systems

In this section we we motivate how generalised Dean—Kawasaki type equations appear
as approximations of weakly interacting particle systems. The discussion in this
section follows the recent paper by Djurdjevac, Ji, and Perkowski [31], which in turn
is an extension of the earlier work by Djurdjevac, Kremp and Perkowski [32].

In their work, Djurdjevac, Ji, and Perkowski use a regularised version of the
Dean—Kawasaki SPDE to approximate a mean field interacting particle system X; :=
(Xf)i=1,..., ~ on the d-dimensional torus T?. The dynamics of the particles are given
by the distribution dependent stochastic differential equation

dX] = b(X], 1) + V25X, ) - dB, (1.16)

on T Here, B = (B")Y, denotes independent d-dimensional Brownian motions, for
(z, 1) € T? x P(T?), we have

b(z,u) € RY, S(x, p) € R,

and finally the probability measure pl¥ is the empirical measure of the particle system

1 N
N .__ § )

Equation ((1.16) conveys that a single particle will evolve with drift and diffusion
according to its own position and the state of the whole system through the empirical
measure. An important example is the choice

b(x, ) = (K * p)(x), Bz, p) = o((G* p)(x))

for smooth interaction kernels K, G and appropriate o : RY — R9*¢. This choice
gives that the evolutions of the particles (1.16]) satisfy

N N
aXi = J§1:K(Xt — X7)dt + V20 (N ]Ele(Xt - Xg)> . dB.

Following the computations of Dean [25] and Kawasaki [61], we calculate the
formal quadratic variation of the empirical measure. For a smooth test function

7



f € C(T%), define

N

Gl = [ S (@) de = 55 3 FX0), (1.15)

i=1
Applying Itd’s formula to (f, u), we have using equations (1.17) and (1.16]) that
d(f, i) = (G, px) - VIl ) dt+ (20, px) - 20 px)'] 2 V2) fopg) dt + dM;,

where the superscript ¢ denotes the transpose of a matrix and the semicolon : denotes
the Frobenius product of matrices. By the definition of the empirical measure (|1.17)),
the quadratic variation of the martingale term M can be written as

2 BRI ATy

(5 )
((=Coy - 9)1)" i) dt
> | (W) it

where {e, } ez« denotes the canonical basis of L2(T¢, C) given by Plancherel’s identity.
The above computation suggests that in order to capture the quadratic variation of
the empirical measure (1.17) %, with N particles, we can consider the SPDE

d[M], = d[{f, n")]e =

dt,

2l 2z

L2(T4)

dm) =V?: [S(,m)E(,mY)'m] dt — V- (b(-,mY)ym}") dt

+%v-{ m{VZ(-,miV)-th}, (1.19)

where (W;);>o denotes the d-dimensional real cylindrical Wiener process on L*(T¢).
This is nothing other than the Dean—Kawaski equation with generalised coefficients.
However, as mentioned above, equation satisfies an “ill-posedness vs trivial-
ity” resultﬂ. Consequently, Djurdjevac, Ji, and Perkowski [31] instead consider an
approximation of the SPDE ([1.19)), given by

dmy =V?: [S(,m)S(,mY)'m)Y] dt — V- (b(-,m; )ym[Y) dt

2 N N N N
+ \/_NV' [N (mM)S(,myY) - dWN ], (1.20)

where f¥ : R — R, is a well-chosen approximation of the square root, and (dW™) yen
denotes a family of noises which are white in time, coloured in space and which
approximate the genuine space-time white noise. After showing the well-posedness of
probabilistically strong L?(T¢)-solutions to (1.20]) under growth conditions on b and
¥, the main result of [31] is to prove a quantitative bound on the weak error of the

6This phenomenon is explained precisely in Section m
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approximation of the SPDE ([1.20]) and the particle system (1.17)). That is, for every
continuous functional F : P(T?) — R, the smoothed Dean—Kawasaki equation (T.20)
approximates the particle system in a weak sense, with a quantitative upper bound

EF (i)~ BF(m{)| < N~ log(N), (1.21)

where the the constant ¢ € (0,00) is independent of N. The superscript e in m;
corresponds to an H~!(T9)-taming of the equation which is needed to compensate for
the equation’s quadratic growth, see Section 2.1 of [31].

1.2 Application to hydrodynamic fluctuations of
particle systems

In this section we will explain how equations such as arise in the study of
fluctuating hydrodynamics for particle systems. Consider the concrete example of the
symmetric zero range process on the torus T% := (Z¢\ NZ%). That is, the waiting
time for a jump when there are k particles at a site is exponentially distributed with
parameter k, Exp(k), after which one particle jumps to a neighbour uniformly at
random. Jumps at different sites x,y € T% occur independently.
For every N € N, let
n™ :10,T] x T — Np

denote the configuration of the zero range process on T4,. That is, n” (z) denotes the
number of particles at site z € T4 at time ¢ € [0,T]. Let

. 1
iy T Nd Z 5x/N'77%2t(13)

2€(Z4/N74)

denote the parabolically rescaled empirical measure for the particle system. The
rescaling in space rescales everything back to the unit torus, the rescaling in time
allows for more frequent jumps and the factor ﬁ in front rescales the height of the
particles to be comparable on every scale.

It was shown in Theorem 1.1 of Chapter 5 of Kipnis and Landim [62] that the
discrete measure i’V converges to the deterministic, continuous measure pdx where

1
p:T4 %[0, 7] - R uniquely solves the heat equation 0,p = éAﬁ.

Precisely, it was shown that for every continuous f : T¢ — R and § € (0,1), we
have for every ¢ € [0, T],

lim P [|(f, ") = (f,p)| > 6] =0,

N—oo

where the angled brackets again denote the integral of a function against a measure,
just as in (1.18). See Theorem 2.1 of Ferrari, Presutti, Vares [46] for a similar result.



This formally illustrates that we expect particles to uniformly spread out on the torus,
which can be understood by the fact that sites with a larger number of particles jump
more frequently on average.

Suppose more generally that if there are k£ particles at a site, we wait an ex-
ponential time Fxp (g(k)) before making a jump, for some non-decreasing function
function

g:Ng— Ry satisfying ¢(0) =0 and g(k) > 0 for k& > 0.

In this case p instead solves the non-linear diffusion equation
1 _
Ohp = B A®(p)

for the expected value of the jump rate ®(a) = E,_[g(n™V(0)] where v, is a param-
eterisation of the invariant measure of the zero range process E,_[n"V(0)] = a, again
see Chapter 5 of Kipnis and Landim [62] for further details and a precise statement.
Furthermore, nonequilibrium central limit fluctuation results were obtained by
Ferrari, Presutti, and Vares [45], Jankowski [58] and by Gielis, Koukkous, Landim
[51]. The measures
m .= N2 (N — pdx)

are shown to converge in the space of distributions as N — oo to a measure m
satisfying the linearised SPDE

dim = A@'(5)m) = V - (2'2(5)€), (1.22)

where £ is d-dimensional space-time white noise and p is the solution to equation
2.

Simulating particle systems to observe central limit convergence and rare event
behaviour is expensive when there are a large number of particles. The central limit
theorem result described in Theorem above and in the subsequent paragraph
illustrates that if we instead consider the solution p¢ to the SPDE , then under
a joint scaling ¢ — 0, K — oo, fluctuations of

e ("= p)

also Convergem to the solution m of equation . That is to say, solutions to SPDEs
such as correctly describe the non-equilibrium fluctuations of particle systems.
Let us now discuss the large deviations. Based on the central limit theorem
m — m, a natural object to study the deviations of is the measure arising from the
first order expansion
o = pde + N~?m.

"To align with the particle system scaling we could replace the scaling e~'/2 for the SPDE
by €~%4/2. We would then need to amend the SPDE to have a factor e~ %2 in front of the noise
term, and we would end up with a different joint scaling regime , with € replaced by €. We
use € /2 as it is more common in the literature.
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Schilder’s theorem and the contraction principle prove that pV satisfies a large devi-
ations principle with the rate function

5t Ll
5 11 Ry -
2 geL2(Ux[0,T};RY) INL2x[o,7):R)

0p—p) =A@ (B)p—p) = V- (@"%(p)g) : p(-,0) = po}.

]Po(p> =

However, it was shown by Benois, Kipnis and Landim [8] that the large deviations of
the particle system p” are governed by the rate function

inf {9z

1
5 geL2(Ux[0,T];R4)
dip = AD(p) — V- ('2(p)g) : p(-,0) = po}.

This does not coincide with the rate function I,, from the first order expansion. On
the other hand, as illustrated by Theorem above, even on a bounded domain
the SPDE p¢ correctly captures the large deviations of the particle system pu'.

1.3 Background and relevant literature

As we previously mentioned, the Dean—Kawasaki equation was derived independently
in the physics literature by Dean [25] and Kawasaki [61] by an analogous derivation
as presented in Section above, with the choices ¥(z, 1) = 1/v/2 and pairwise
interaction b(x, ) = (VV x p)(x) in equation That is, Dean [25] considered the
N-particle system (X*);—;_y following Langevin dynamics

N
. . 1 . .
AX{ = dB; — = > VV(X] - X]) . (1.23)
j=1

Choices for the interaction kernel V' in equation include Coulomb type inter-
actions, Lennard-Jones type interaction or hard sphere repulsion.

By the same arguments as Section [I.1, Dean showed that the empirical measure
pN = % ZZN:1 ) Xi of the particle system satisfies an equation whose quadratic varia-
tion agrees with those of solutions to the SPDE

Op = %Ap + V- (p(VV xp))+ \/LNV : (pl/Qé) : (1.24)

where & denotes space-time white noise.

Equation is nothing other than the Dean—-Kawasaki equation with non-local
transport. Hence, Dean [25] noticed that the empirical measure of the particle system
and solutions to equation can be seen to agree as semi-martingales.
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Finally, since it appears in the next subsection, we note that in the same work,
Dean formally realised that by considering the coarse grained free energy of the sys-
tem, denoting by p = p(z) the time equilibrium density ﬁeldﬂ, we can re-write equa-

tion ((1.24]) as

oF
dup(a,t) =V -  pla, )V £V (e (@, 1), (1.25)
dp(z) plz;t)
where % denotes the functional derivative of F', for the free energy F' defined by

Flp] := % / / dz dyp(z)V(z —y)p(y) + T / dzp(x)log p(x).

That is, formally the deterministic part of Dean’s equation can be written as a gra-
dient flow of the free energy functional F[p] with respect to the Wasserstein-Otto
Riemannian structure on the space of probability densitiesﬂ

1.3.1 Well-posedness results

The irregularity of space-time white noise implies that equations such as ,
, or our equation if considered with space-time white noise, are
not renormalisable using Hairer’s regularity structures [55] or Gubinelli, Imkeller and
Perkowski’s paracontrolled distributions [53], even in dimension d = 1. Since the
derivative hits space-time white noise in these equations, one can only consider solu-
tions p in the space of distributions rather than function valued solutions, in which
case the square root /p as well as the product \/ﬁ§ have no pathwise classical mean-
ing.

One might hope that there exist non-atomic solutions to these equations. The
well-posedness of martingale solutions was studied by Konarovskyi, Lehmann and
von Renesse in the non-interacting case in [64] and the smooth interacting case in
[63]. In the first work [64], the authors study for @ € R the Dean-Kawasaki SPDE

Dyt = %Au + V- (VEE), on RYx (0,T], (1.26)

with initial data uli—o = po, where f is a vector valued space-time white noise.
Theorem 2.2 of Konarovskyi, Lehmann and von Renesse [64] proves that solutions

8 denotes the equilibrium configuration of the system. That is, p(x) denotes the average number
of particles at point x.
9That is, the metric tensor at p is defined by

9p(&1,&2) = /Up(x)V(bl (2) - Vo(x)dx, where & = —V - (pV1);).

The corresponding gradient flow reads 0;p = —gradw, F(p), and the noise term in (1.25) can be
seen as a stochastic perturbation of this Wasserstein gradient flow.
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of the corresponding martingale problem with parameter o and initial condition g
exist if and only if @« = N € N, and the initial condition is of the form

1 N
Mo = N;éxla

for points z1,...zy € R% In this case, the solution is uniquely in law given by the

empirical measure
N
! )
=Y dxi
N Nt
i=1

where {X}¥ are N independent diffusion processes each with generato %A and
starting from point z;.

Such a result is called an “ill-posedness vs triviality” result. On the other hand,
if one adds a non-linear operator = to the equation, formal solutions to the SPDE

Ot = SAn+E(n) +V - (Vi) (1.27)

were constructed by von Renesse and Sturm in [93].
In the second of the works by Konarovskyi, Lehmann and von Renesse [63] obtain
a similar ill-posedness vs triviality result for the equation

Oppr = %A,u +V- (utv(;};zut)) + V- (pg), on RIx (0,7
t

for smooth potentials F.. The above equation is analogous to (|1.25)), and hence the
conclusion is that the only martingale solutions of the above equation are given by the
measure valued Langevin system studied by Dean . It is important to remark
that such a statement is false for arbitrary drift F', which is illustrated in the case
that @ > 0 by the discussion of equation above. The existence of non-trivial
solutions in the case & = 0 was shown by Marx [7§], and the works by Konarovskyi
and von Renesse [66], 65].

It is due to this ill-posedness vs triviality result that the Dean—Kawasaki equation
is described as a “rigid mathematical object” by Cornalba et. al. [2I]. As already
illustrated in Section above, the rigidity can be overcome when suitable regu-
larisations of the equations are considered, for instance smoothing the square root
non-linearity or truncating the noise. Below is a non-exhaustive list of well-posedness
results in this direction. We will not repeat the discussion contained in Section [1.1
based on the works by Djurdjevac, Kremp and Perkowski [32] and Djurdjevac, Ji and
Perkowski [31].

Firstly we present work that could not handle the square root noise coefficient,
and in Section [1.3.3| we outline work that was able to handle the square root using
kinetic solution theory.

10That is, the X? are independent Brownian motions, dX? = dB*. The authors obtain a more
general result, that the same conclusion holds when the Laplacian A corresponding to the first term
on the right hand side of is replaced by a generic symmetric Markov diffusion operator L,
and the process takes values on a general polish space E rather than simply R?.
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1. Fehrman and Gess [39, 40] proved the well-posedness of pathwise kinetic solu-
tions, which is a solution theory that combines the rough path techniques of
Lyons [76] with kinetic solution theory. In the first of the works [39], the authors
consider the stochastic porus-medium equation

O = A(|u|™ " u) + V- (A(z,u) odz), on T x (0,00), (1.28)

with L?(T%)-integrable initial data. The noise z is an n-dimensional a-Hélder
continuous geometric rough path'!| for o € (0,1), and A(z,&) = (a;;(z,¢)) :
T xR — M**" is a matrix valued non-linearity whose regularity is determined
by the regularity of the rough path z. In the second of their works [40] they
study the well-posedness of same system with linear multiplicative noise. That
is, the system

Ou = A(Ju]™ 1u) + Z fe(x)uodzF, on U x (0,00),
k=1

for a smooth bounded domain U C R? and homogeneous Dirichlet boundary
data. This result on the bounded domain was extended to the case equations
of the form by Clini [I9]. The proofs are motivated by the theory of
stochastic viscosity solutions, see the works of Lions and Souganidis [74] [73]
75], and stochastic conservation laws see the works of Lions, Perthame and
Souganidis [71], [72], as well as the works by Gess and Souganidis [49, [50].

Rough path techniques require sufficient regularity on the noise coefficient A to
overcome the roughness of the noise z. For instance, in the case of Brownian
noise, the coefficient is required to be six times continuously differentiable, so
the works fall well outside of the critical square root case.

2. Another approach was by Dareiotis and Gess [24] where they construct proba-
bilistic solutions to equations with non-linear gradient noise of the form

du = (A®(u) + V- G(x,u)) dt + i (V-o"(z,u)) 0odBf on T*x (0,T).

k=1

The proof is via an entropy formulation, based on the earlier work of Dareiotis,
Gerencsér and Gess [23]. The entropy approach in [24] requires C}-regularity
from the noise coefficient o, which is an improvement upon the six times dif-
ferentiability using rough path techniques in the previous point. However, this
still remained far from the critical square root case o(p) = /p.

3. In Martini and Mayorcas [77] the authors study local well-posedness of the
parabolic-elliptic Keller—Segel-Dean-Kawasaki model in two dimensions with
additive space-time noise, which is the coupled system

{atp =Ap+ V- (pVP,) + V- (Jé)’ on T*x (0,7}, (1.29)

AD, = p—(p,1)2(1a), on T?x (0,7

— =

HUImportantly this includes the case of n-dimensional Brownian motion.
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Due to the genuine space-time white noise £ , the results of Konarovskyi, Lehmann
and von Renesse [64] [63] from above apply, so that indeed the equation with

smooth drift and o = ,/p only admits solutions that are empirical measures of

underlying interacting particle systems.

Hence, motivated by the theory of linear fluctuating hydrodynamics, the authors
instead consider the noise coefficient in equation (1.29) given by o = (p)/?
where p is a solution to the corresponding zero-noise PDE

Op=Ap+ V- (pV®;), on T2 x (0,7,
A@ﬁ = ﬁ — <ﬁ, 1>L2(Td)7 on T2 X (O, T]

The well-posedness results of the system (|1.29)) are via Gubinelli, Imkeller and
Perkowski’s paracontrolled distribution theory [53].

. We conclude by noting that there is an extensive literature surrounding the
well-posedness of stochastic non-linear diffusion equations on smooth, bounded
domains in R? with homogeneous Dirichlet boundary conditions. This literature
pre-dates that of the previous points. Dating back to the mid 2000s, Barbu et.
al [2] show the well-posedness of martingale solutions to stochastic porous media
equations with additive noise,

dp = A®P(p)dt +odW;, on U x (0,00),

where U C R? is a bounded open set, and the equation has homogeneous
Dirichlet boundary data. Here, W, denotes a cylindrical Wiener process, o =
V/Q where Q) is linear, non-negative, bounded and of finite trace, and ® satisfies
a polynomial growth condition.

Well-posedness in the multiplicative noise setting for dimension 1 < d < 3
was shown by Barbu, Da Prato and Rockner [3, 4]. Subsequently, Barbu, Da
Prato and Rockner [5] proved the well-posedness of strong solutions to the more
general equation

dp = AP(p)dt + o(p)dW;, on U x (0,7T],

in arbitrary dimensions with homogeneous Dirichlet boundary data. Here, ®
satisfies more general monotonicity conditionsff] so that a wider class of porus
media type non-linearities can be considered compared to Barbu et. al [2], and
o is Lipschitz.

1.3.2 Kinetic formulation

The kinetic formulation and the notion of kinetic solutions was first introduced in
the deterministic partial differential equation (PDE) setting in the mid-nineties by

12In particular no continuity is assumed for ®, and no growth conditions are assumed at infinity.
For instance, ®(£) = exp(a|¢|P) is permitted, which has exponential growth at +oc.
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Lions, Perthame and Tadmor [70]. The authors considered the kinetic formulation
for multidimensional scalar conservation laws, which can be written in the form

Ou+V-Al) =0, on R?x(0,00), (1.30)

where A = (A;)%_, are C*“-regular functions from R to R for some a > 0. The kinetic
formulation was based on entropy solutions of . They chose the term “kinetic
equation” due to its analogy with the classical kinetic models such as Boltzmann or
Vlasov models, see for instance Cercignani [I3]. The kinetic formulation helped the
authors establish uniqueness of solutions of equation (|1.30)).

Relevant extensions to degenerate parabolic-hyperbolic PDEs were given by Chen
and Pertame [16], Bendahmane and Karlsen [7], and Karlsen and Riseboro [59]. In
the most general setting, kinetic solution theory was developed for PDEs of the form

Ou+V - (A(z,t,u)) = V- (B(u)Vu) + q(z,t,u), on R?x (0,7],

with various assumptions integrability and growth assumptions on A, B and q.

Let us now comment on the use of the kinetic formulation in the stochastic set-
ting. To the author’s best knowledge, the first work extending the kinetic solution
framework to the stochastic setting was in 2010 by Debussche and Vovelle [2§8], who
extended the PDE results of Lions, Perthame and Tadmor [70] to the case of scalar
conservation laws with stochastic forcing

du+V - A(u)dt = o(u)dW,, on T x (0,T],

where again W denotes a cylindrical Wiener process. The results hold for the same as-
sumptions on A, and o sufficiently regulaﬂ. The results were subsequently extended
by Hofmanova [56] to the degenerate parabolic case

du+V - (A(u))dt = V - (B(z)Vu) dt + o(u)dW,, on T*x (0,T] (1.31)

and subsequently to the quasilinear caseE| by Debussche, Hofmanova and Vovelle [27].

1.3.3 Kinetic formulation applied to Dean—Kawasaki type
equations

The well-posedness results of stochastic kinetic solutions of the generalised Dean—
Kawasaki equation contained in Chapters|3/and [4| primarily follow the techniques
on the torus by Fehrman and Gess [44]. There, the authors also consider the same
noise given by , whose spatial correlation is justified from the particle system
point of view due to the natural correlation length given by the grid size of the

particled™]

13The regularity of o is characterised in terms of the regularity of the functions {o(u)ex}ren,
where u € R and {ej }ren are the spatial components of the cylindrical noise W = 3", ., e, B for

independent Brownian Motions {B*};en.

14The same equation as where B now depends on the solution B = B(u).

151f particles evolve on a lattice with grid size e > 0, then we would expect the noise to be constant
on blocks of size €/2, not uncorrelated.
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Even though the noise is sufficiently regular in space, the well-posedness of equa-
tion ([1.2)) is tricky in the case of the square root noise coefficient. Indeed, the Ito-
to-Stratonovich conversion of , see equation below, introduces a term
with factor (o/(p))*Vp that creates a singularity at zero. This motivates the use of
stochastic kinetic solution theory.

We remark that the Stratonovich noise in equation is essential to the analysis
here, as the mentioned “bad” Ito-to-Stratonovich correction term cancels exactly with
an Ito correction term when It6’s formula is applied, for instance see equations ([2.28
and ([2.29)) below in the derivation of the kinetic equation, as well as equations (4.10
and (4.13) in the L?(U x [0,t]) a priori energy estimates.

It is worth mentioning the relationship between stochastic kinetic solutions and
weak solutions in the context of the Dean—Kawasaki equation. When the noise coef-
ficient o is sufficiently regular so that we can make sense of weak solutions to ([1.2)),
a weak solution is shown to be a stochastic kinetic solution, see Proposition 5.21 of
Fehrman and Gess [41]. Conversely, under additional assumptions on o, stochastic
kinetic solutions are also weak solutions, see Corollary 5.31 of Fehrman and Gess [41].

Below we describe a sequence of works relating to kinetic solutions for the Dean—
Kawasaki equation which all followed from the result of Fehrman and Gess [41].

1. Motivated by the particle system work of Dean [25], see in particular equation
(1.24) above, Wang, Wu and Zhang [95] showed the well-posedness of stochastic
kinetic solutions to the SPDE

Op=Bp— VeV - (Voo )=V (p(Vxp), on Tx(0.T]. (1.32)

The interaction kernel V' is assumed to satisfy the Ladyzhenskaya-Prodi-Serrin
(LPS) condition, a regularity condition first studied in the context of Navier-
Stokes equations by Prodi [84], Serrin [90], and Ladyzhenskaya [68] and applied
to SDEs by Krylov and Rockner [67] and distributional dependent SDEs by
Réckner and Zhang [87].

The non-local nature of the convolution extends the well-posedness theory be-
yond the case of local transport v(p) which is considered here and by Fehrman
and Gess [41].

2. An extension by Fehrman and Gess [43] proves the well-posedness of the gener-
alised Dean—Kawasaki equation with correlated noise ((1.2)) on the whole space
R? x (0, 00).

3. Recent work of Fehrman [37] extended the well-posedness theory to equations
with non-stationary noise with square root non-linearities on a bounded domain
with Neumann boundary data. Specifically, Fehrman [37] studies equations of
the form

dp =V - (a(x)Vd(p)) — V - (ﬁos(x)éF), on Ux(0,00), (1.33)

with no-flux boundary conditions on a smooth bounded domain U C R?, where
the matrix a := ss’ is spatially inhomogeneous and uniformly elliptic. On the
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level of particles, the no-flux boundary condition corresponds to reflection of
the particles at the boundary and ensures that the equation preserves mass.

1.3.4 Central limit theorems

Let us now discuss literature in the direction of central limit theorems. Central limit
theorems for stochastic heat equations with Lipschitz continuous noise coefficients
were studied by by Huang, Nualart and Viitasaari [57], and Chen, Khoshnevisan,
Nualart and Pu [I8]. A central limit theorem for the stochastic wave equation with
Lipschitz continuous noise coefficients was obtained by Delgado-Vences, Nualart and
Zheng [29)].

A central limit theorem for the generalised Dean—Kawasaki equation on the torus
was proved by Clini and Fehrman [20]. Due to the more technical estimates used
in the present work, we are able to handle the full range of fast diffusion and porus
medium non-linearities (&) = ™ for every m € (0,00). In [20] the authors can only
handle the non-linearity for m sufficiently small due to an assumed bound on the
growth of |®”(£)], see Assumption 2.8(ii) of [20].

A central limit theorem for SPDEs capturing fluctuations of the symmetric simple
exclusion process was given by Dirr, Fehrman and Gess [30]. The authors study
fluctuations of the SPDE

Oip° = Ap° — eV - (\/MOSK> :

The well-posedness of the above equation poses the additional difficulty that there are
multiple points of singularity {p® ~ 0} and {p° ~ 1} On the level of kinetic solutions
we require a renormalisation of the solution away from both of these sets. On the
other hand, due to the fact that solutions are [0, 1]-valued, estimates in [30] are often
more simple than in the present work.

1.3.5 Large deviations principles

Large deviations for reaction diffusion equations with additive white in time, coloured
in space noise was shown by Cerrai and Freidlin [I5]. Large deviations for stochastic
porus media equations have been shown using exponential estimates and a generalized
contraction principle by Réckner, Wang, and Wu [86] and more recently using the
weak approach to large deviations by Zhang [100].

The weak approach to large deviations has also developed in the context of Markov
chains and random walk models by Dupuis and Ellis [34], and for several systems
including infinite dimensional Brownian noise in the more recent book by Budhiraja
and Dupuis [I0]. Motivated by the same works, Fehrman and Gess [42] prove a large
deviations principle for the Dean—Kawasaki equation

Oip = A®(p) — VeV - (2%(p) 0 £F)

on the torus, capturing the large deviation behaviour of the zero range process. This
was extended to the whole space by the same authors in [43]. In follow up work, Wu

18



and Zhang [98] prove the large deviations principle for equation with non-local
transport, again on the torus. For the simple exclusion process the corresponding
large deviation result was given by Dirr, Fehrman and Gess [30].

The weak approach to large deviations was also used to study the large deviations
of reaction—diffusion equations with an arbitrary polynomial non-linearity by Cerrai
and Debussche [14], for stochastic Landau-Lifshitz equations on a bounded interval
by Brzezniak, Goldys, and Jegaraj [9], and for first-order scalar conservation laws
perturbed by small multiplicative noise by Dong, Wu, Zhang and Zhang [33].

1.4 Motivation of boundary data

The results contained in this thesis follow several works that were formulated on the
torus, for instance the well-posedness results of Fehrman and Gess [44], the central
limit results by Clini [20], Fehrman and Gess [42], and Dirr, Fehrman and Gess [30],
and the large deviations results of Fehrman and Gess [42].

For mathematicians and physicists, the torus is often a good starting point to prove
properties of an equation due to its nice properties like boundedness, connectedness
and periodic boundary conditions. In practice, when particle systems are used to
model real life phenomena, it is more natural and appropriate to consider the system
as evolving on a bounded domain. In this case, homogeneous Neumann boundary
conditions are used to model reflection of particles at the boundary, and Dirichlet
boundary conditions model absorption or injection of particles. For the Dirichlet
boundary data considered here, if the density of particles around the boundary is
lower than the boundary value, then the boundary data corresponds to injection of
particles. On the other hand, if the density of particles around the boundary is higher
than the boundary value, then the boundary condition corresponds to absorption of
particles at the boundary.

Particle systems are commonly formulated on bounded domains, such as to model
point vortices and biological populations. Below we give several examples motivating
physical systems that can be modelled by the zero range particle process with Dirichlet
boundary conditions.

1. The most basic example would be to consider the heat equation (¢ = v =0 in
(1.2))) which models the heat of a liquid in a container. The Dirichlet boundary
condition considered here corresponds to external fixed heat (thermal reservoir)
being applied to the system at the boundary of the container.

2. The symmetric zero range process can be used to model vehicle traffic jams or
pedestrian movement, see Kaupuzs, Mahnke, and Harris [60], where particles
represent individuals, moving between different road sections. The boundary
data corresponds to individuals leaving or entering the area of interest.

3. In economics the zero range process can be used to model wealth flow, see
Pinasco, Cartabia, and Saintier [80] and Cardoso, Iglesias, and Gongalves [12].
Here the sites represent individuals and the particles represent wealth moving

19



from one agent to another. The boundary data can model wealth entering or ex-
iting the system, though most wealth models in economics assume conservation
of wealth.

1.5 Organisation and main contributions

In Chapter [2] we set up the problem. Firstly, in Section [2.1] we give the definition and
assumptions on the nose . In Section [2.2] we state the assumptions on the non-linear
functions @, o, v as well as the assumptions on the boundary data f that are needed
for the well-posedness. The assumptions on the boundary data are required for the a
priori estimates that are needed to establish existence of solutions.

In Section we subsequently derive the kinetic equation for the generalised
Dean—Kawasaki equation, and define what it means to be kinetic solution. The setup
and kinetic equation are analogous to Section 2 and 3 of Fehrman and Gess [41], the
main difference being that we incorporate the boundary condition in point two of the
definition of stochastic kinetic solution, Definition [2.3.6]

Section is dedicated to the definitions and properties of convolution kernels
and cutoff functions that will be useful in the remainder, in particular in the proof
of uniqueness Theorem Compared to the previous results on the torus, we
need to define a new spatial cutoff function, see equation , that enables us to
integrate by parts without picking up additional boundary terms. It is worthwhile
to mention that the assumed C?-regularity of the domain U arises so that we are
able to differentiate the distance function that forms part of the definition of the
spatial cutoff, as well as to apply Sobolev embedding theorems later on in the a priori
estimates.

Chapter |3| is dedicated to the uniqueness of solutions to the generalised Dean—
Kawasaki equation. In order to illustrate how to use the kinetic equation, in Section
[3.1] we give a formal proof of uniqueness of kinetic solutions for the heat equation.
In Section the uniqueness of stochastic kinetic solutions of the generalised Dean—
Kawaski equation is shown. The main novelty in the proof is in the analysis of the
new terms arising when the gradient hits the spatial cutoff function.

Chapter 4] is dedicated to the existence of stochastic kinetic solutions of the gen-
eralised Dean—Kawasaki equation. In Section we prove various a priori estimates
of an appropriately regularised version of the generalised Dean—Kawasaki equation.
An important novelty is that we introduce partial differential equations (PDEs) with
carefully chosen Dirichlet boundary data, see for example Definition [.1.1] that en-
sures that we are able to integrate by parts in the a priori estimates. Bounding the
resulting terms leads to the assumptions on the boundary data f from Section .
Another novelty compared to the torus is that we have to use techniques from PDE
theory such as the Sobolev extension theorem, see Chapter 5.4 of Evans [35], to prove
higher order spatial regularity for the SPDE.

In Section we prove an entropy estimate for the equation. In Section a
localised version of the entropy estimate is used to prove a bound for the decay of the
kinetic measure at zero, which is a statement that is needed for the uniqueness proof
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but is proven here for convenience. On the torus the statement is not difficult to
prove, but on a bounded domain the arguments do not hold due to a lack of control
of boundary terms that appear when integrating by parts. Hence the estimate in
Section [4.3]is new and is necessary.

With the a priori estimates in hand, the existence of solutions follows from tight-
ness and compactness arguments, and is presented in Section [4.4. The results in this
section are analogous to the torus, and are just provided for completeness.

Section |9 is dedicated to the proof of a central limit theorem for the generalised
Dean—Kawasaki SPDE ([1.5). In Section we define, state the assumptions on,
and give an example of the truncated noise £¢¥. Compared to the torus, the noise
% must satisfy homogeneous Dirichlet boundary conditions at the boundary. We
prove quantitative law of large number estimates for a regularised version of equation
. We are able to prove a new estimate in Proposition which allows us to
subsequently prove the central limit theorem under more general conditions on the
non-linear functions ® and v than was known on the torus.

In Section [5.2] we prove a quantitative central limit theorem for the regularised
equation. One of the novelties of the section is in the proof of uniqueness of strong
solutions to the linearised SPDE (|1.10]). The extension of the central limit theorem
to the singular generalised Dean—Kawasaki equation is given in Section [5.3|

Chapter [0 is devoted to the proof of the large deviations principle. The large
deviations is based on the abstract result on the variational representation of in-
finite dimensional Brownian by Budhiraja, Dupuis, and Maroulas [I1I]. In Section
6.2] we provide a proof idea of the well-posedness of the parabolic-hyperbolic PDE
that appears in the rate function. The lack of LP(U x [0, T])-estimates for the PDE
complicates the proof of entropy estimates on the bounded domain.

Conditions for the large deviations to hold are proven in Section [6.3)], and [6.6]
The uniformity of the large deviations principle is with respect to bounded subsets
of the initial data, and in Section [6.4] we prove a negative result that illustrates that
the uniformity can not be extended to bounded subsets of the boundary data.
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Chapter 2

Setup and Kinetic formulation

The aim of this chapter is to set up the problem by providing a relevant mathematical
background for our problem and introducing a lot of the key tools and objects that
will be needed in the sequel.

In Section we define the noise £ as well as state the relevant assumptions
on the noise that are needed for the well-posedness. In Section we provide the
assumptions on the non-linear functions ®,0 and v that are needed for the well-
posedness of the equation. Separately we will comment on the necessary assumptions
on the boundary data f. In Section we derive the kinetic formulation for the
generalised Dean—Kawasaki SPDE. Along the way we define the kinetic function and
the kinetic measure. We conclude with the definition of a kinetic solution of the
generalised Dean—Kawasaki equation. Finally, in Section [2.4we define the convolution
kernels and cutoff functions that are needed to formalise the uniqueness. In particular,
we define a new cutoff function in space that is needed on the bounded domain.

2.1 Definition of the noise

The aim of this section is to define and state the assumptions on the noise ¢!" which
appears in equation (1.2). In Definition we define the noise. The relevant
assumptions on the noise are given in Assumption [2.1.2] and relevant comments
on the assumptions are provided in Remarks [2.1.3] and [2.1.4] The definition and
assumptions on the noise are analogous to those introduced in Section 2 of Fehrman
and Gess [44].

Definition 2.1.1 (The noise £&). Let F:= {f), : U — R}pen be a sequence of contin-
uously differentiable functions and {B* : [0,T] — R%}ren a sequence of independent,
d-dimensional Brownian motions on a filtered probability space (2, F, (F¢)icpm, P).
The noise ', superscripted by F to denote dependence on {fi}ren, is defined point-
wise by

¢UX0,T) =R, Fa,t) = fula)BYf.
k=1
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For ease of notation we define three quantities related to the spatial component
of the noise,

Fy:U — R defined by Fi(x):= if,f(x), (2.1)
k=1

iU B defned by By(r) = Y A@) Vi) = 33 VR, (22)
k=1 k=1

F3:U — R defined by Fs(z) := i IV fr(2) . (2.3)
k=1

We make the following assumptions on the noise.

Assumption 2.1.2 (Assumption on noise). Suppose that Fy is continuous on U, Fy
is continuous and differentiable on U, and F3 is continuous on U. That is,

F GC(U), FgEOl(U;Rd), F3€C(U)
Furthermore assume that V - Fy is bounded on U.

By Holder’s inequality, the boundedness of F} and Fj imply the partial sums of
F; are absolutely convergent. The fact that F is bounded implies that the noise &
is almost surely finite and L?(U)-bounded.

Remark 2.1.3 (Boundedness of Fy and V - Fy). For every x € U, Fy(x) € R? is
a vector. Hence, when we write the supremum norm (or in general any LP(U;R%)-
norm,)

||F2||L°°(U;Rd) ‘= sup |F2(95)|7
xelU

we will make the choice that |- | denotes the Euclidean norm on R, However, by the
equivalence of norms on R2, it follows that the growth behaviour and boundedness are
the same regardless of the choice of norm on R,

Further, by direct computation we have V - Fy = F3 + >~ | fxAfy. Therefore, by
the triangle inequality and the Cauchy-Schwarz inequality, it holds that

D (Af)?
k=1

Hence the boundedness of V - Fy in Assumption can be translated into an as-
sumption on the uniform boundedness of the sum

D (Af)
k=1

Remark 2.1.4 (Spatial correlation of the noise ). The assumptions on Fy, Fy, Fy
in Assumption imply that the noise £ is spatially correlated.

1/2
1/2
IV Ballzewy < 1Bl + 112 o

Lo (U)
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Indeed, for any z,y € U and t,s € [0,T], using independence of the Brownian
motions, we compute the covariance

E[¢F (2,t) - € ka E[Bf - BY] = (t A s) ka

Hence the spatial covariance kernel is given by

= ful@)fuly)
h=1

In particular, Fy(x) = C(x,x) is the pointwise variance of the noise, while Fy and
F3 encode first and second order spatial reqularity of the kernel. The assumption that
F} is continuous and Fy is finite ensures that C(x,y) is well-defined and sufficiently
reqular, so that £ (x,t) and ¥ (y,t) remain correlated for nearby points x # y.

By contrast, space-time white noise would formally correspond to the covariance
kernel C(z,y) = 0(x —y), which is singular on the diagonal and cannot be represented
by a sequence { fi} satisfying the above boundedness and regqularity assumptions. For
example, on the torus U = T?, the truncated Fourier approximation of white noise,

Z V2(sin(k - x) dBF + cos(k - x) dW),

keZd:|k|<K

satisfies
Ff(x) =2#{k: [k < K},  Ff(z)=2 > [k,
k:|k|I<K

which both diverge as K — oo. This reflects the fact that white noise has infinite
pointwise variance and no spatial reqularity, and is therefore excluded by Assumption
212

Thus, the imposed conditions enforce that the noise admits a reqular, continuous
covariance kernel, which is precisely the signature of spatial correlation.

2.2 Assumptions on the non-linear functions and
boundary data

In the paper of the author [82], the assumptions needed to prove existence, entropy
estimates and uniqueness are given separately in their respective sections. Whilst
this allows the reader to distinguish between which assumptions are needed for which
results, many of the assumptions overlap and it is more difficult to ascertain whether
there exists any non-linear functions ®, o, v satisfying all of the assumptions. In
Assumption the assumptions on @, o and v are all gathered. This is followed by
relevant remarks in Remarks 2.2.212.2.6]

Assumption gives the relevant assumptions needed on f for well-posedness.
As mentioned previously, the assumptions allow us to consider a wide class of non-
negative boundary data, which is based on certain a priori estimates for the solutions.
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We give the definition of the H'(9U)-space that is needed for the assumption in
Definition and we conclude with comments on the assumption in Proposition

2217l and Remark 2.2.101

The assumptions on the non-linear coefficients combines Assumptions 3.1, 4.2,
4.20 and 4.28 of Popat [82].

Assumption 2.2.1 (Assumptions on non-linear functions ®, o, v for well-posedness).
Suppose that the non-linear functions ®, o € C([0,00)) and v € C([0,00); RY) satisfy
the following assumptions:

1. Local reqularity: We have

0 Ch([0,00)) and ve CL.(]0,00);RY).

loc

2. The function ® is strictly increasing and is zero at zero: We have

®(0)=0 with ® >0 on (0,00).

3. Growth conditions on ® and ®': There exists constants m € (0,00),c € (0,00)
such that for every & € [0, 00)

() <c(1+¢7), and P(E) < c(1+E+D(S)). (2.4)

Let @ satisfy points 1 and 2 above. Define g2 € C([0,00)) N CL_(0,00) to be
the unique function satisfying

O02(0) =0, ©4,(§) = (¥'(§)"* (2:5)

Then, either for constants ¢ € (0,00) and 6 € [0,1/2], we have for every £ €
(0,00) that
(05,(6)7" = ()7 < e, (26)

or there exist constants ¢ € (0,00), q € [1,00) such that for every £,n € [0, 00)
€ = n]" < c|@s2(E) — @¢,z(n)|2- (2.7)

Furthermore, assume that there exists a constants ¢, € (0,00), ca € [0,00) such
that for every £ € (0,00) and m € (0,00) as in (2.4), we have

m—+1

Os2(8) > 1€ 2 —co. (2.8)

4. Growth conditions on o,v and other non-linear functiomﬂ: There exists a con-
stant ¢ € (0,00) such that for every & € [0, 00),

0 (&)] < c®(¢), (2.9)

'For the well-posedness we just require the more general growth condition on o, that there exists
a constant ¢ € (0,00) such that o(§) < ¢(1+ &+ ®(£)). The more strict condition is needed for the
entropy estimates, see Section [1.2}
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(] +[o(€)o" (O < c(1+ &+ 2(§)). (2.10)
Furthermore, for each § € (0,1) there exists a constant ¢s € (0,00) such that
for every € € (9, 00),
(@'(€)"

'(S)

5. At least linear decay of o* at zero: There exists a constant ¢ € (0,00) such that

2
lim sup o (¢)
£—0t f

< cs(1+ &+ (6)).

<ec.

In particular this implies that o(0) = 0.

6. Behaviour of oo’ at zero: We have that either oo’ € C(]0,00)) with (c0”)(0) =
0, or that V - Fy = 0 for Fy defined in (2.2)).

7. Growth condition on non-linear function of o: At least one of the following three
conditions holds:

e The boundary data is constant.
o We have that Fy = 0.
e The function ¥, : [0,00) — R defined by

Vo (0) =0, W,(&) = [o"(&) (2.11)

15 well defined, and satisfies the growth condition that there exists a con-
stant ¢ € (0,00) such that for every £ € [0, 00),

Vo (§) < c(1 4 &+ P(E)). (2.12)

8. Regularity of oscillations of of 0% and v at infinity: There exists a constant
c € [1,00) such that for every £ € [0, 00)

sup 0*(¢) S c(1+&+0°()), and  sup [p(§)] < c(1+E+[(E)]). (2.13)
gelog] ¢ef0g)

9. Entropy assumption: We have log(®) is locally integrable on [0, 00).

Remark 2.2.2. We emphasise that Assumption includes the cases of interest,
(&) = &M for the full range m € (0,00) and o(§) = ®Y2(E), including the critical
square Toot.

As an important aside, we note that in the paper of the author, Popat [82], the
bound on the growth of v in is replaced by the same bound on v?. That is

V(O] < e(1+&+2(€)). (2.14)
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The assumption was used in a priori energy estimates to obtain bounds of the form

| e vlo)do < 19l o) (215)

for solutions to different harmonic PDEs denoted above by h. Due to the fact that h
1s harmonic in U, first term on the right hand side can be controlled by norms of the
boundary datcﬂ of h, whereas the bound was used to control the second term.
Howewver, we realise that a bound of the form does not allow us to consider
v of the form v(§) = ®().
In this thesis we therefore bound terms such as the left hand side of by
requiring higher order integrability of the PDE, namely

Vh € L>*(U;RY). (2.16)

In Proposition|2.2.11) we give criteria on solutions of the harmonic PDE h that ensures
that (2.16]) holds true.

Remark 2.2.3. We refer to Remark 4.2 of Fehrman and Gess [{1] for a detailed
discussion on the point 8 above. The assumption is satisfied in the case that the
functions 0% and v are increasing, are uniformly continuous, or grow linearly at in-
finity. The assumption is more general than any of the above three examples and
essentially amounts to a restriction on the growth of the magnitude of oscillations,
rather than frequency of oscillations at infinity. This is illustrated by the fact that for
every m,p € [1,00), the following function is permitted

o(€) = €™ + Esin(€P).
Remark 2.2.4. Fquations (2.6) and (2.7)) in point 3 enable us to consider ®(§) = ™
for every m € (0, 00).
o Ifm <1 then ®'(&)~Y2 = m Y2¢2" s0 satisfies (2.6).

o Ifm > 1 then by the following remark, Remark[2.2.5, we have that ¢|©¢2(£) —
Oas(n)|2 = em|e™ — 0" |2 so satisfies (2.7) with ¢ = m + 1.

The only additional assumptions compared to the torus is the upper bound of
equation (2.8)) and point 7, which we comment on now.

Remark 2.2.5 (Growth assumption on ©g 3). The lower bound on the growth of O 2
in point 8 of the above assumption is essential for obtaining L*(U x [0,t])-estimates
of the solution for k € (0,m + 1) in Proposition below. In the model case
(&) = mé™~! and so the assumption is satisfied since

1/2 ‘ 1)/2 2m'/? 1)/2
Op2(£) = m" / V2 dy = ——— g2,
0 +1
2Testing the PDE against the solution and integrating by parts allows us to precisely estimate
this quantity,

x2x: xah$ x
| P = [ n@ G dste)
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Remark 2.2.6 (Point 7 of Assumption [2.2.1). In the case ®(§) = €™ and o(§) =
®V2(€) = £€™/2 for m # 1 we have that

2

.

\110(5) =

so satisfies the bound (2.12) if m > 1.

If m < 1, then the exponent in €™~ is negative, and so V¥, has a singularity at zero.
This holds also in the case m = 1, for which we have that V,(§) = ;log(€§). Hence,
in the regime when m < 1, the bound 1s not satisfied and we require one of the
other points in the assumption to hold true.

In Popat [82] there are also several assumptions on the boundary data, see As-
sumption 4.2 points 9-11, Definition 4.6 and Assumption 4.9, Assumption 4.20, As-
sumption 4.23 and Assumption 4.28. The assumptions come from the various energy
estimates in Chapter dl The assumptions encompass all non-negative constant func-
tions including zero and all smooth functions bounded away from zer(ﬂ All of the
assumptions are automatically satisfied in the case of constant boundary data, for
example in Chapter

Since we would like to impose as few conditions on the boundary data as possible,
based on a priori estimates we a priori only require the boundary data to be H!(9U)-
regular. We define this space now. Throughout the thesis we denote functions defined
on the boundary 0U with overbars.

Definition 2.2.7 (The space H'(OU)). The space of real valued functions defined on
OU with finite H'(OU)-Sobolev norm is

Hl(aU) = {B 00U - R : HBHLZ(BU) + Hv(‘)Uﬁ”[p(aU;Rd) < OO}, (217)

where Vaph denotes the tangential derivative of h. That is, the gradient of h in
directions tangent to the boundary OU. The L*(OU)-norm from equation (2.17)) is
defined by

T /8 b as(a), (2.18)

where dS denotes the (d — 1)-dimensional surface measure on the boundary OU.

3This is a subtle point which we briefly explain with an example. To account for the boundary
condition, if we want an L?(U x [0, t])-estimate for the solution p, we formally apply It6’s formula
to (p — h)?, where h is the solution of a PDE with the same boundary data as p. Since the Dean—
Kawasaki equation is in divergence form, the only contribution of A in the estimate comes through
Vh after an integration by parts. If the boundary data is constant, then the solution to the PDE
h is given by a constant, and so has no contribution to the estimate since Vh = 0. For the entropy
estimate in the model case we require regularity of a PDE with logarithm of the solution as the
boundary data. This prevents us from considering non-constant boundary data unless it is bounded
away from zero.

28



Remark 2.2.8. On page 176 of Fabes [36] the H'(OU)-norm is rigorously defined
on a Cl-reqular domain in terms of a local coordinate system of the boundary OU.
Briefly, the definition involves considering a covering of OU by a local co-ordinate
chart and measuring the L*(OU)-norms of the function and its derivative in these
charts. The norm is well-defined and independent of the choice of chart, see Seeley
[89].

The H'(OU)-norm is then defined by

H}_ZH%H(E)U) = HEH%Q(E)U) + “VaUBH%?(BU;Rd)'

Assumption 2.2.9 (Assumptions on boundary data for well-posedness). Let ®,0,v
denote the non-linear functions in equation (1.2]), and recall that f denotes the bound-
ary data of various equations (via ® of the solution).

1. LP(0U)-boundary reqularity for non-linear functions: Define ©, : [0,00) — R?
to be the anti-derivative of v, defined element-wise ©, = (©,,)i=1,..4 by

©,:(0) =0, ©,,(&) = ().

We assume that -
a(@71(f)) € L} (0U),
{@,,(@‘1( f)) € L*(0U;R?).
For U, as defined in , we assume that either the boundary data f is
constant, or
f e L2ov),
o7'(f) € L*(0U),

Vo (®71(f)) € L*(9U).

2. Higher order spatial reqularity of non-linear functions: Let the H'(OU)-norm be
defined as in Definition[2.2.7, and let O be as defined in point 3 of Assumption
2.2.1. Fither the boundary data f is constant, or we have that

o~Y(f) € H'(9U).

Further assume that either the boundary data is constant or for the unique
solution to Laplace’s equation hg-1(f)

—Ah@fl(’) =0 on U,
h.:bfl(’) = q)il(f_) on aU,

we have
Vhe-1(j) € L(U;RY),  Opa(he-1(f) € H'(U). (2.19)

The following assumptions are needed for the entropy estimates in Section [{.3, and
are also needed only we don’t have constant boundary data.
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3. LP(0U)-entropy assumptions: Define the unique function Og, : [0,00) — R by

(€)a’'(§)a(§)
o)

@(P,U(O) = Oa @ib,a(é) =

Assume that either f is constant, or
O o (®71(f)) € L}(OU).

For the~ vector valued functions éy,@qw 0 [0,00) — R? defined element wise

éu = (@u,i)¢:1 ..... ds @<1>,y = (@cb,u,i)i:l ..... a by

{éu,z‘(o) =0, ély,i(f) = vi(§)/§,
)

Oui(0) =0, O, (€) = TS,

We assume that

O,(@7 () A1) € L'(AUSRY) O, (d7'(f)) € L (OU; RY).
Fither Fy = 0, or the unique function ©, defined by

0,(0) =0, ©,(¢) = M
satisfies

0,(d1(f) A1) € L (DU).

4. Higher order spatial reqularity of the logarithm: Either the boundary data f is
constant or we have that

log(f) € H'(OU). (2.20)

5. For the unique solution hy,, g to Laplace’s equation with boundary data log(f)
as defined in Definition [{.2.1, we have that

Vhiog(7) € L(U;RY). (2.21)

In the above and throughout the thesis, we will use h. to denote solutions of
Laplace’s equation with Dirichlet boundary conditions. We will use a subscript in the
notation to denote the boundary data of the equation.

We now make some comments on the above assumption.

We begin with a comment on the assumptions that include the phrase “either
the boundary data f is constant, or...”. To the best of the authors knowledge, a
“comparison principle” has not been established for the Dean-Kawasaki equation.
That is, if we have two solutions p!, p? of the Dean-Kawasaki equation (1.2)) with the
same initial data py but different boundary data ®(p')|or = f', ®(p?)|ov = f2, then
does it hold that

fH(x) < fA(x) Vo € U = p'(z,t) < p*(x,t), V(z,t) € U x [0,T)?
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Comparison principles in the context of SPDEs have been studied, for example see
the works of Yang and Zhou [99], Chen and Huang [I7], Wang, Yan and Zhou [96] and
references therein. If such a comparison principle were to hold true, then we could
replace the assumption of constant boundary data in the above assumption and in
point 7 of Assumption by the assumption of bounded boundary data, which
would allow us to handle a larger class of boundary conditions based on the choice of
the non-linearities ®, 0 and v.

Remark 2.2.10. The integrability assumption on the logarithm forms the
restriction on the boundary data that we are able to handle. If the boundary data is
not constant, then we require it to be uniformly bounded away from zero. That is to
say, we can not handle boundary data f that takes the value zero on some part of the
boundary, and is positive on other parts.

We finally comment on the L>(U;R?)-bounds assumption for the gradients of the

PDEs in equations ([2.19)) and ([2.21]). These bounds are motivated by the discussion in
Remark [2.2.2] The following result shows that in our setup such a bound is expected.

Proposition 2.2.11 (Gradient regularity for solutions to the Laplace equation). Let
hy : U — R be the solution to the following Dirichlet boundary value problem for
Laplace’s equation,

3 (2.22)

—Ahy; =0 onU,
hy =h on OU.

If h : OU — R is smooth, then

Vh;, € L®(U;RY).

Proof. Since U is C?-regular and h € C?(9U) do to the choice of boundary conditions,
elliptic regularity theory (see for example Chapter 6 of Gilbarg and Trudinger [52])
implies that the unique solution hj, to (2.22)) satisfies

hy € 02((7)

In particular, Vh; € C1(U;R?), and hence Vh;, € L>®(U;R?).
]

The above gradient estimate is only needed when the boundary data is not con-
stant, in which case Remark [2.2. 10| tells us that the data is a smooth function bounded
away from zero. It follows that ®~!(f) and log(f) are smooth on AU, and so (2.19)

and ([2.21)) are satisfied.

2.3 Kinetic formulation of the SPDE

The aim of this section is to define what it means to be a stochastic kinetic solution of
the Dean—Kawasaki equation ((1.2). After converting equation (1.2]) into It6 form and
noting the singularity that arises, we derive the kinetic equation. Along the way, we
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will define the kinetic function in Definition 2.3.4]and the kinetic measure in Definition
2.3.5 The definition of stochastic kinetic solution is then given in Definition [2.3.6]
We conclude with Remarks and [2.3.8 on the definition.

We begin by re-writing equation using [to6 noise. By Definition of the
noise and the linearity of the divergence operator, we have

Oup = AD(p) — V- (0(p) 0 " + v(p)) = AD(p) ) = > V- (o(p)frodBf).

k=1

Denoting F, (&, z) = o(§)fe(x) for fixed x € U, the Ito-to-Stratonovich conver-
sion formula, see Chapter 3.3 of Oksendal [79], the chain rule and product rule give
formally that

=880 =5 - (" o)+ 37 ()
= 800) - V- (" + ) + 537 (5o 5;)
= AD(p) — V- (0(p)F +v(p ZV (fxo' (p)V (fro(p)))

=A%) ~ V- (0" +1(0)) + 5V - (R (D Vo + (D)o () ), (2.23)

which we will equivalently sometimes write in the formal SDE notation as
1
dpe = A®(p) dt =V - (o(p) d€" +v(p) dt) + 5V - (P[0 (p)]*Vp + o' (p)or(p) F) dit.

Remark 2.3.1. In the model case o(p) = p'/?, the first correction term arising in

the Ito equation (2.23)) is
1 1
3V (Fip7'Vp) = V- (R Vlog(p)).

If the solution p approaches it’s zero set at any time, the above term is a singular.
In fact, until recently it was not even clear how we can define the notion of a weak
solution since we do not know if log(p) is locally integrable. An estimate illustrating
the integrability of the logarithm on the level of the approrimate equation was shown
recently by Fehrman in Proposition 2.14 of Fehrman [37].

The remark below illustrates how to interpret integrals involving the divergence
of the Itd noise in (2.23). We use it when interpreting the kinetic equation ([2.40)
below.

Remark 2.3.2. For (F,)i>o-adapted processes g € L*(Q2 x [0,T]; L*(U)) and h €
L2(Q2 x [0,T]; HY(U)) and any t € [0,T] we define

//gv (hder) (//gkah dB* //ngk dBk') (2.24)
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Remark 2.3.3 (Notation, omitting integrand arguments and integrators). As we did
mn equation , for brevity, when clear from the context, we will not always write
the arguments of the integrands (e.g. g(s,x) might just be written as g) and we will
sometimes omit the integrators (e.g. dx ds). Furthermore, when integrating against
d-dimensional Brownian motions, when we do write the integrators, for arbitrary
vector field F : U x [0,T] — R?, we write

t
//F(w,s)-ddex,
0o JU

to highlight the fact that the noise is multidimensional and so we take the dot product
of the noise with F. This abuses notation, but we consider it clear that the “dB”
term corresponds to the time integral and the “dx” corresponds to the spatial integral.

We are now in a position to derive the kinetic equation for equation (2.23). In
Chapter [f] on the large deviations, instead of (2.23), we will need to use kinetic
solution theory for the more general equation

0ip = A®(p) = V - (0(p)E") = V- (a(p)g) — V - v(p)
+ 3V (R 0V + o) (E), (2.25)

where g € L2(U x [0,T];R?) is an irregular control. Hence we will derive the kinetic
equation for this more general equation, but for the purpose of the subsequent two
chapters, the reader should just think of the case g = 0.

Suppose that we were interested in how functions of the solution behaved. For
smooth function S : R — R, applying [to’s formula gives that formallyﬁ

9:S(p) = S'(p)A®(p) — S'(p)V - (0(p)E") = S'(p)V - (0(p)g) — S (p)V - v(p)

1

+ 35 (V- (B (0'(p))*Vp+ o (p)o' (0) ') + %S”(p) S V) fi)l? . (2:26)

The final term is the Ito correction term, which is be expanded using the product
and chain rule to give

>INV @) i) = BilVa(p) +20(p)0' (0) V- Fs + 0 (p) Fi. (2.27)

We wish to observe cancellation between the Ito-to-Stratonovich conversion terms in
and the Ito correction term above , particularly in the potentially singular
term involving (0’(p))?. However, we notice that the conversion terms involve S’(p),
whilst the correction terms involve the second derivative S”(p). In order to compare

4The computation is only formal because the equation does not have enough regularity to apply
1t6’s formula. To get around this, we would need to add a regularisation aAp to the right hand side
of the equation. So in general the identities would be true with equalities replaced by inequalities.
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these terms, we re-write the conversion terms by bringing S’(p) into the derivative.
Doing this to the first and third terms on the right hand side of equation ([2.26|) as
well as the first term in the second line gives

0:S(p) =V - (S'(p)®'(p)Vp) = S"(p)Vp - VO(p) = S'(p)V - (a(p)E")
— V- (S"(p)a(p)g) + S"(p)o(p)Vp-g—S"(p)V - v(p)

+ %V (F1(0'(p)*S" () Vo + a(p)a’ (p)S'(p) F2)

- % (S"(0)Vp- Fi(0'(p))*Vp+ 5" (p)Vp - a(p)a'(p)Fs)

+ %S”(p) (FiIVa(p)]® + 20(p)o’ (p)Vp - Fo+ 0*(p)F3) .

After the cancellation of terms in the final two lines, the equation simplifies to

0:S(p) =V - (S'(p)®'(p)Vp) — S"(p)Vp - VO(p) — S'(p)VeV - (a(p)E")
=V - (S"(p)a(p)g) + 5" (p)a(p)Vp-g— 5 (p)V - v(p)

+ %V (Fi(0'(p)*S'(p)Vp + a(p)o’ (p)S'(p) F2)

+55"(0) (o)’ D)V Fr 4 0*() ). (2.28)

Rigorously we interpret the above equation by integrating in space and time against a
test function ¢ € C2°(U) and subsequently integrating by parts. This gives for every

fixed ¢ € [0, 7], that
/ w<x>s<p> [ [ v s@eovn- [ [ o9 ver
- / [0S0V - (o) den) + / 90wt
/ [ es"01o)vo g - / [ esev-vio
- / / Vo (B0 ()5 () Vp + 0(0)0' (0)S () )
/ [ 480 @000 P+ ) F). (2.20)

We want to re-write equation (2.29) in terms of the kinetic function.

Definition 2.3.4 (Kinetic function). Given a non-negative solution p of the controlled
SPDE (2.25), the kinetic function x : U x R x [0,T] — {0,1} of p is defined as

X(ZE, ga t) = 10<§<p(x,t)-

The kinetic function of (2.25)) can also be viewed as a map from x : [0,00) x R —
{0,1}, defined by

x(p(x,1),8) == x(z,§,1).
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In Lions, Perthame and Tadmor [70] the kinetic function is called the velocity distri-
bution or velocity profile since there they view £ € R as a velocity variable. Here we
will adopt the same nomenclature and refer to £ as the velocity variable. By analogy
with the theory of gases, x can be called a pseudo-Maxwellian.

To re-write the equation in terms of the kinetic function, we realise that if S(0) =
0, we have the identity

S(p(z,1)) = / S(E)x (. €. 1) de.

This can be substituted into the left hand side of (2.29)), and for the right hand side
we formally introduce artificial integrals in the velocity variable by adding a Dirac

delta term 0¢(§ — p), which gives
// | = ns@@ieve-vo

[ Jvsts
///M PITEWS |Vf’|2 ///M pIS'(E)V - (o(p) de")

g /U‘;()“‘P)S’(f)a(é)w-g+ L[ [ ate=ns@ovo-s

- [ [ [ote=nusiev-vin

1 / / /505 PV - (Fi(0'(€)2S' () Vp + 0 ()0’ (€)S'(§) )

+ 5/]1%/0 /U(SO(S - p>1/15/,(§) (U(S)U,(f)Vp B+ 02(§)F3) . (2‘30)

Finally, equation (2.30) can be re-written by factoring terms involving ¢ (x)S’(§),

| [ waste / / | v wse)-de - o9
_/R/O /Uaf(ws'(g))ao(g p)®'(&)|Vp|* — ///wS’ )0o(§ — p)V - (o(p) d€")
[ [ [ s ate-no

T st onone o [ [ [ ssiosis a9

-3/ / [V ws'€) die - ) (B 7 T0+ ol (OF)
1 [ / / 2
+ 5/}1{/0 /U@s (WS'(£)) (& — p) (0(§)d"(E)Vp - Fa+ 0*(£)F3) . (2.31)

Integrating by parts and using the density of functions of the type ¥ (z)S’(§) in the
space C'°(U x (0, 00)) allows us to conclude that the kinetic function x of the SPDE
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(2-25) distributionallyP] solves

Oix =V - (8o(& — p)@'(E)Vp) + 0(d0(& — p)P'(§)|V|?) — 6o (& — p)V - (a(p)EF)
— V- (60(§ = p)a(§)g) — 0e(00(§ — p)a(§)Vp - g) — do(§ — p)V - v(p)

19— ) (RO + o OF)

— 2000(E — p) (0O (V- Fr+ 0% F). (232)

However, we mentioned previously that the above computation is formal because the
solution p did not have enough regularity to enable us to apply 1t6’s formula to S(p).
This is resolved by adding a regularisation term to the original equation. For n € N,
instead of , we consider the regularised equation

0o = D(pe) + = Ap, — V- (0(pr)i") = V- (7)) — V- v(pn)
+ 3V (B0 ()Y n + 0 (p)0 () )

Repeating the above analysis would then lead to two additional terms in (2.32)),

%v (90§ = pn) V) + %95(50(5 = pa) IV pul?), (2.33)

which can easily be seen from the first two terms of by considering the choice
O(&) = &, for which ®'(§) = 1. At the end of the analysis, in the resulting weak
formulation we wish to take the limit as n — co. We note that L*(U x [0, t])-energy
estimates give the existence of a constant ¢ € (0, 00) such that

1 t
—/ /anPSc
nJjo Ju

almost surely along subsequences in n, see for example Proposition below. This
estimate alongside Cauchy—Schwarz inequality gives us that the first term of ([2.33)
would vanish as n — oo, since in the weak formulation, we have for test function

e CX(U x (0,00)) that

o1
lim —
n—oo N,

/ / / %0(96,5) V - (50(5 - ,On)v,o )d:E dt d§
RJO JU n

I 1
= — lim —/ / (Vb)) (, pp) - Vppdrdt < lim c—/n =0, (2.34)
0o Ju

where we used the notation (V,9)(z, p) = (Vo) (2, §)|e=p to mean that we are only
taking the gradient in the first component, rather than the full gradient Vi (x, p).

5When we write distributionally, we mean an equality that is satisfied when both sides are
integrated against test functions.
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However, repeating the same computation to the second term in ([2.33)) results in
a non-negative term appearing on the right hand side of ([2.32]),

llm—///¢$§as5of on) [V pul?) da di e

n—oo M,

~ _lim & //afw (2, ) ey [V o it dt de.

n—oo M,

Consequently the equality in should actually be replaced with an inequality
“<”. On the kinetic level, this entropy inequality is quantified exactly by the kinetic
measure, see Section 2 of Chen and Perthame [16], and the derivation of the kinetic
measures dq° in the proof of Theorem [6.6.1, The measure encapsulates contribution of
the first term on the right hand side of as well as the non-trivial limit described
above, and so it is a non-negative measure ¢ on U x (0, 00) x [0, T satisfying that in
the sense of measures

d0(§ = p)@'(&)|Vol* < q. (2.35)

Definition 2.3.5 (Kinetic measure). Let (2, F, (Fi)i>0, P) be the filtered probability
space from Definition [2.1.1. A kinetic measure q is a map from § to the space

of mnon-negative, locally finite measures on U x (0,00) x [0,T] such that for every
e CX(U x (0,00)) we have

(w,t) € (2,[0,T]) —>///1/1x§ (da, d¢, dt)(w ///wxquxft)()

is (Ft)e>o-predictable.

The resulting weak formulation of (2.32)) forms the basis of a stochastic kinetic

solution. To capture the boundary data of the solution we introduce the harmonic
PDE hy, defined by

{—Ahf: 0 on U, (2.36

hf:f on OU.

Definition 2.3.6 (Stochastic kinetic solution of the generalised Dean—Kawasaki equa-
tion (2.23))). Let po € L'(Q; LY(U)) be a non-negative Fy-measurable initial condi-
tion. A stochastic kinetic solution of the generalised Dean—Kawasaki equation
is a non-negative, almost surely continuous L*(U)-valued (Fi)i>o-predictable process
p € LYQ x [0,T]; LY(U)) that satisfies

1. Integrability of flur: We have
o(p) € L*(Q; L*(U x [0,T))) and v(p) € L' LY(U x [0, T]; RY)).

2. Boundary condition, local regularity of solution: For hy defined in (2.36), for
each k € N we have

(2(p) NE) v 1/k) = ((hy AR) V1/E) € LA(Q; LX([0, T]; Ho (U))). (2.37)

Furthermore, there exists a kinetic measure q that satisfies:
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3. Regularity: Almost surely, in the sense of non-negative measures,

8o(€& — p)®'(§)|Vp[* < q on U x (0,00) x [0,T]. (2.38)

4. Vanishing at infinity: We have that

lim E[q(U x [M, M +1] x [0,T])] = 0. (2.39)

M—o0

5. The kinetic equation: For every ¢ € CX®(U x (0,00)) and every t € [0,T],
almost surely,

/ / X (@ €, D), €) da df = /R /U \(@ €t = 0)(, €) d d

/ / < PVt 5Filo ()]2vp+;gl(P)U(P)FQ>'(Vz¢)(az,£)|gpd:cds

// /d£¢$€ dg+5 // p)Vp-Fa+o(p )2F3) (Oe)(x,8)|e=p dx ds
//d}xp (p) dé” dx—//¢$ﬂv v(p) dz ds. (2.40)

We conclude the section with a few remarks on the above definition.

Remark 2.3.7 (Point two of Deﬁnition. By standard properties of solutions to
the Laplace equation, hy € L*([0,T]; H'(U)), so the second point of Deﬁm’tz’on is
Just a condition on the integrability of ®(p). Since we assume ® is strictly increasing,
the integrability implies that locally p € HY(U).

Furthermore, the fact that the regularity condition holds only when solution is
localised away from its zero and infinity set is necessary. The localisation away from
the zero set is due to the singularity at zero mentioned in Remark|[2.3.1]. Additionally,
we do not have stable estimates for Vp when p is large when considering initial data
that is not L?(U)-integrable, which necessitates the localisation away from infinity.

Remark 2.3.8. In the kinetic equation it is essential that we integrate against test
functions ¢ that are compactly supported in U x (0,00). Again noting Remark
the compact support in the velocity variable & € (0,00) ensures that equation ([2.40))
needs to hold only away from the zero set of the solution, so avoids potential singu-
larities arising from the logarithm.

The compact support in space allows us to integrate by parts without worrying
about boundary terms.

2.4 Convolution kernels and cutoff functions

Due to the compact support of test functions in the kinetic equation ([2.40)), we will
need to define cutoff functions that will form part of the test functions. To use the
kinetic function itself as part of the test functions, we will need to smooth it, so
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need to define convolution kernels. The definitions are given in Definition We
conclude with Lemma [2.4.3] which is a technical result about the derivatives of the
spatial cutoff function.

To define the spatial cutoff, we will first need to define interior regions of the
domain U.

Definition 2.4.1 (Interior region of the domain U). Let d(z,0U) denote the usual
minimum Fuclidean distance from a point to a set. Define the interior regions

Uy={xeU:d(z,0U)>~}cU,  0U,={xeU:d0oU)=n~}

Define the real valued positive constant vy € Ry to be the largest distance away from
the boundary such that every point in the interior of the domain at most vy away
from the boundary has a unique closest point on the boundary. That is,

Yo = max{¥y : Vo € OUs, argmind(z,0U) is a singleton}. (2.41)
For a non-trivial C*-regular domain, ~yy is strictly positive, see page 153 of Foote [48].
Definition 2.4.2 (Convolution kernels and cutoff functions).

1. Convolution kernel in space and velocity: For every €,6 € (0,1) let k5 : U —
[0,00) and kS : R — [0,00) be standard convolution kernels/ mollifiers of scale
€ and 6 on U and R respectively. That is to say, let kg € C*(RY), k; € C2(R)
be non-negative and integrate to one. For €, € (0,1) define

ky(x) = —afd (%) KO8 = %/ﬁ:l (%) : (2.42)

To define the convolution on U, we take any integrable function f and x € U,
and define

(4 ki)(@)i= [ Swwste =) d.
U
Let k° be defined by the product
K’E,(S(l’a y7€7n) = K2($ - y)’%(i(g - 77)» (ZL’ - y7€>77) €U x Rz‘

2. Cutoff of small velocity &: For every B € (0,1) let ¢5 : R — [0, 1] be the unique
non-decreasing piecewise linear function that satisfies

2

pp(§) =1 if E> B, ¢3(8) =0 if £ < B/2, ¢u(E) = EHB/KESB-

3. Cutoff of large velocity £: For every M € N let (py : R — [0,1] be the unique
non-increasing piecewise linear function that satisfies

(&) =14 <M, u&)=0ifE>MA+1, (u(6) = —Lu<ecmtr
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4. Spatial cutoff around boundary: The spatial cutoff function is such that it takes
the value 1 in the interior of the domain, 0 along the boundary, and linearly
interpolates between the two. Ezplicitly, for v € (0,vy) we define the function

d(z,0U) Ny
R

1, if d(z,0U) > 7,

, (2.43)
vy td(z,0U0), if0<d(zx,0U) <.

Ly(x) =

We will use that we can approximate the cutoff functions by smooth approxi-
mations, and that we can approximate ¢, by a compactly supported function. An
explicit compactly supported approximation is given in Definition 3.3 of the work the
first author and Wu [83], where one considers for 0 < ' < v < vy the function

1, if d(z,0U) > 7,
L%W' (ZL’) = (/7 - /y/)ild('xv aU’Y’)J lf ’Y/ S d(CL’, aU) S 7)
0, if 0 < d(z,0U) <+

In this way we may abuse notation and describe ¢, itself as being compactly supported
in U.

We will also need to establish how to define the gradient of the spatial cutoff,
stated below as a lemma without proof.

Lemma 2.4.3 (Derivative of spatial cutoff). To define the spatial derivative of the
function v, we will differentiate the distance function appearing in the definition of
the spatial cutoff . Looking at the definition of the cutoff , we only want
to differentiate the distance function for x € U\ U,, so it follows that we only need
to assume this property for points x sufficiently close to the boundary.

The distance function is differentiable if and only if for every x we can find a
unique closest point x* := Ilgy(x) on the boundary to x. The region where this is
true is precisely quantified by vy as in (2.41]), which is the reason for defining v, on
v € (0,vy). In this range, letting v, denote the inward pointing unit normal at the
boundary to point x € U, with x* as above, the first derivative of the spatial cutoff is
gien by

*
L rT—

K 1
z — 2] Lo, (z) =7 v 1w, (2).

Vi, (z) =7

1

)

In particular, this implies that the size of the first derivative is of the order v~

Vi (z)| =7 "Lng, ().
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Chapter 3

Uniqueness

The goal of this chapter is to prove that stochastic kinetic solutions of the generalised
Dean-Kawasaki equation are unique. To illustrate the technique, in Section [3.1] we
give a formal proof of uniqueness of stochastic kinetic solutions of the heat equation.
In Section we will rigorously prove the uniqueness of solutions to the generalised
Dean-Kawasaki equation.

3.1 Formal uniqueness proof for the heat equation

To give the main idea on how to work with the kinetic function, we give a formal
proof of uniqueness of kinetic solutions for the heat equation d;p = Ap on a bounded
domain. One of the objectives will be to illustrate how to handle new singular terms
that appear due to using the spatial cutoff as part of the test function.

The distributional kinetic equation for the heat equation is obtained by setting

o=v=yg=0®¢) =¢in (2.32),
dix =V - (6(€ — p)Vp) + 0(d0(§ — p)[Vp[?). (3.1)
That is, for every ¢ € C°(U x (0,00)) and every t € [0, 7], we have that

/R/UX(%fatW(%f)dxdﬁ—/R/Ux(x,é,t—O)Mx,f)dxdg

—/ /Vp(x,s)~Vw(a:,§)\§:pdxds—/ /851/J(x,£)]5:p\Vp(x,s)\deds. (3.2)
0o Ju 0o Ju

The uniqueness proof is based on the identity that if p' and p? are two stochastic
kinetic solutions with kinetic functions x!, x? respectively, then

PN t) — (e, t)] = / X (. 6,8) — 2o, 6, 8) de.
R

This just follows from the properties of indicator functions. To control the right hand
side, we utilise the identity

X' =X =X+ - 2N (3.3)
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It therefore follows that we can quantify the change in the L'(U)-difference of of the
two solutions in time by considering

8t/U\,01 ]dx—at//x dxd§+8t//x dx d€ — 28t// X2 dwdé. (3.4)

We look to analyse the contribution of each of the terms on the right hand side. On
the bounded domain the main novelty comes from the new spatial cutoff, so we aim
to highlight the contribution of this term. For the first two terms on the right hand
side we pick the test function ¢ = ¢, in the kinetic equation (3.2]), which is only
formal since it is not compactly supported in the velocity variable. We get from
and the fact that ¢ = ¢, is independent of £, that for ¢ = 1, 2,

t
at//XiL,ydIEde—/ /Vp"-VLyda:ds. (3.5)
RJU 0o Ju

The presence of ¢, on the left hand side will not be an issue, we will take the v — 0
limit and use the fact that ¢, converges pointwise to 1. For the final term of (3.4),
we have using the product rule that

@//v%@&://u%%+fmﬂw% (3.6)
R JU RJU

For the first term on the right hand side of the above expression, we use the test
function ¢ = x'v, in (3.2) to get

//levdxzda;dﬁ
rRJU
//Vp (X" ty)|e= pzdxds—/ /Lvé?gx le= 2|V p*|? dz ds.

Using the product rule for the first term on the right hand side and the distributional
identities

aEXi = 50(5) - 50(5 - pl)> voch = 50(5 - pz)vpz’ (37)

we observe the cancellation

t
//le,dele‘dé.:—/ /X1|£:p2Vp2-VL7da:ds
rRJU o Ju

t t
~ [ [ VR - o drds = [ [ n@ule?) - auts? - 4T drds,
0 U 0 U

t t
= _/ /X1|§p2vp2 Vi, dxds —/ /Lvéo(p2)|Vp2|2dx ds.
0o Ju 0o Ju

We get an analogous expression for the final term of ([3.6]), with p! and p? interchanged.
Putting everything together, we get the decomposition

o [ 19~ e = I 4 17",
U
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with error term defined by

t t
L= 2/ /L750(p2)|Vp2’2 dxd3+2/ /Lvéo(pl)|Vpl‘2dx ds
0o Ju 0o Ju

and cutoff term involving terms with the derivative of the spatial cutoff function,

t t
et ::—/ /(Vp1+vp2)-w+2/ /X1|§p2Vp2-VL7dmds
0 JU 0 JU
t
+2/ /X2|§:p1Vp1~VL7da:ds.
0 U

For the error term we can directly take the v — 0 limit, and it follows by Stampac-
chia’s lemma (see Chapter 5, Exercises 17,18 of Evans [35]) that Vp = 0 on the set
{p =0} that

lim | ™| = 0.

¥—0

For the cutoff term, we regroup the terms and use the identity for i # j € {1, 2}
2X |e=pi — 1 =21 picp — 1 =sgn(p’ — /), (3.8)
where sgn denotes the sign function. Here and throughout the thesis, we use the

convention that the sign function is an odd functionl] so satisfies sgn(0) = 0.
This gives that

t
I = / / Vp' - Vigsgn(p® — pt) + Vp? - Vigsgn(p' — p?) da ds
0 U

// — Vp*)Visgn(p® — p') da ds,

where in the final line we used that sgn is an odd function. Using Lemma [2.4.3]
the notation v, := === for the inward pointing unit normal, and the fundamental

|z—x*|

'We remark that the expression 21g< pi<pi = 1 is not exactly equivalent to sgn(p; — p;). However,
in the rigorous argument, the left hand side of ([3.8) is replaced by the limit of a velocity convolution
regularisation. Since the indicator functlon ]10< p;j<p: is discontinuous at p; = p;, taklng the convo-
lution limit produces an additional term ]l pj=p;- This extra contribution ensures that agrees
exactly with the sign function sgn(p; — pJ) satlsfylng sgn(0) = 0.
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theorem of calculus gives
/ / — Vp*)Visgn(p? — p') dx ds

t
—/ /V!pl—p2|VL7d:pds
o Ju

t
:—71/ Vipt — p* - v dxds
o Jow,

t ry
= —'y_l/ / Vip'(z* + 2v,,8) — p*(x* + 20,, 8)| - v, dS(x) dz ds
oU.

=" // DA @ + 204,5) — (" + 204, 5)| dS(x) dz ds
ou. 0%

t
=5 [ [ asters = [l st <o
o Jou o Jou,

The final line non-positive, the first term vanishes by the fact that the boundary
conditions of the solutions coincide, and the second term is non-positive by the fact
that the integrand is non-negative for every fixed v > 0. Consequently we proved
that

lim [ cut < ),
v—0

To conclude, putting all of the above together, we showed that for every fixed t €
[0, 77, it holds that

/|,0 (x,t) xt|d:c—//|x (z,6,1) — x*(z,&,)|* do dé

s/R/ch (2,£,0) = (2, £,0) dxdgz/U|p 0.0) — (0. 0)] do.

3.2 Uniqueness of solutions to the Dean—Kawasaki
equation

In this section we prove the main uniqueness theorem for the generalised Dean—
Kawasaki equation by formalising the above steps. Before that, we formalise the
distributional equality that we used in the formal proof in Lemma [3.2.1] The
uniqueness result is then presented in Theorem [3.2.2]

We begin with an integration by parts lemma against the kinetic function. Since
we will only deal with test functions that are compactly supported in space, the
statement of the first point reads the same as the torus, see Lemma 4.4 of Fehrman
and Gess [41].

Lemma 3.2.1 (Integration by parts against kinetic function). Let v € C®(U x
(0,00)) be a compactly supported test function and x the kinetic function as defined
in Definition [2.3.5, We have that
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1. Formalising the distributional identity V,x(z,&,s) = do(§ — p)Vp(x,s): For
every s € [0,T] we have the equality of vectors

// (Vo) (z,§)x(z, €, 8) dxdfz—/w(:t,p(a:,s))Vp(x,s) dx.
rRJU U

2. Formalising the distributional identity O¢x(x,&, s) = 60(§) — 60(§ — p(z, 5)): For
every r € [0,T] we have

dé[}&wxmsnﬁaaﬁdx@e:—[}¢wx»—wuﬁmaw»dw
- / (e, ple, ) d,
U

where the final equality holds due to the compact support of 1.

Proof. We begin with a proof of the first point. For arbitrary test function ¢ €
C*(Ux(0,00)), define ¥ : U x(0,00) — R be the unique function satisfying ¥(z,0) =
0 and 0V (x, &) = 9(x,&). By the definition of kinetic function, for any s € [0, 7] we
have

p(z,s)
/U / (Vi) (. &, ) dE d = / / (V) €) dé
p(w,5)
=LL Oc(V, ) (z, €) d€ d
:/[](Vz\lf)(q:,p(x,s)) — (V. ¥)(z,0) dz
= [ (7). 5) = @60 pla5) Vpla ) da
- / Uz, plz, ) - i(x) dS(x) — / b(z, p(x,$))Vple, s) dz, (3.9)
oU U

where the final equality is due to the divergence theorem, and recall that n denotes
the outward pointing unit normal at the boundary. The first term in the final line on

the right hand side of (3.9) vanishes due to the compact support of v, which proves
the first point.

The proof of the second point is a direct consequence of the fundamental theorem
of calculus and the fact that v is compactly supported in the £-variable

/R /U (0et)) (2, &)x (2, 5, &) da df = /U /0 p(x’s)@w)(x,g) de da
= [t pte )~ vt 0) e = [ vl plass))
[
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We are now in a position to prove the uniqueness of stochastic kinetic solutions
of (2.23)). For the proof we will assume the following decay of the kinetic measure at
zero, which is proved in Section [4.3}

liminf (5-'q(U x [3/2,6] x [0.7])) = 0. (3.10)

The proof of the uniqueness theorem below follows similar ideas as the torus, see
Theorem 4.7 of Fehrman and Gess [41], but is complicated due to the spatial cutoff
and having to be more careful when integrating by parts. In the following proof and
throughout the thesis, we use ¢ € (0,00) to denote a constant that changes from line
to line, and not specify what the constant depends on unless it is important.

Theorem 3.2.2. Suppose that the coefficients of noise £ and the coefficients ®, o, v
of equation satisfy Assumptions|2.1.4 and|2.2.1 respectively. Suppose p' and p?
are two stochastic kinetic solutions of equation in the sense of Deﬁm’tion
with kinetic measures q',q* respectively, both satisfying the decay (3.10), with Fo-
measurable initial data p§, p3 € L'(Q; LY (U)) respectively and with the same boundary

data ®(p")|ov = ®(p*)|ov = f. Then almost surely

sup [|p' (-, 1) = p* ()|l < llpo — pillr -
te[0,7

Proof. Let x*, x? be the kinetic functions of p!, p? respectively. For every ¢,d € (0,1),
i € {1,2} and k%’ as in Definition [2.4.2} define the smoothed kinetic functions

s @) = (o t) * 59°) (y,m),  t€[0,T],y € Un R,
We have by the symmetry of the convolution kernels that for z,y € U and for £, € R,

Vorgly — ) = =Vyri(y — 2),  0eri(n — &) = —0,K5(n — &).

This implies, as a result of the kinetic equation (2.40)), that for every ¢,0 € (0,1)
there is a subset of full probability such that we have for every i € {1,2}, ¢t € [0,T]

and (y,n) € Uy X (2,671),
// (z,&, ) (y, 2,1,€)
—0

_ (//( v +§F1[ (v +20<p>a<pZ>F) <y,xnp>dxds)

([ L oero

— 78 </ / Vp -y +g< i)2F3) He’é(y,x,n,p") da dS)

// (z,y,p,m)V - (o(p*) deF) dx—// S,y p,n)V - v(p) deds. (3.11)

Above we used the standard notation f(s)|i_, := f(t) — f(0). The fact that (y,n) €
Use X (26,571) ensures that the convolution kernel x%° is compactly supported in space

t = (Xi(v 75)

X2 (w, m| _
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and velocity so that it is an admissible test function. To find an expression for the
difference in solutions we want to deal with a regularised version of the identity

t

/ PN 8) — pA(, 8)] de
U

s=0
t

— /R/UX1<£7/)($, S)) —+ X2(£710(x75>) _ 2X1(§7P(.T, 3))X2(£,;0($,S>> du df

(312)

We begin by treating the regularised version of the first two terms on the right hand
side of equation (3.12)). Testing equation against smooth approximations of
the product of cutoff functions (ar¢st, which are smooth and compactly supported,
and subsequently taking the limit of the approximations yields

/ / Xo3 (o m)Car () ds(n)ey (y) dy dn| =

s=0

/ / /U( IV + 3Rl (iﬂzvﬁﬁa’(ﬁ)o(p")FQ)
X

K0 (w1, ) oas (D) (1) - Vo dy e dis iy
_/R/ /U K (y, 2,1, €0 (Cor (M) b3 ()i (1) d dy diy

///U2 PVp'- F2+a(pi)2F3)
X

Ky, 2,1, p)0n(Car (M) D3 (n)) e (y) dy dx dis
_/R/O . () ds() ey (W)E (y, 2,m, p)V - (0(p") dET) dy d ds dn

- /]R/O o Car ()5 (0)ey (W) (y, 2,1, p)V - v(p') dy dae ds dn. (3.13)

For convenience we split this up into three parts,

t
//st g (mds(n)es(y) dydn| = I + L™ 4 1P (3.14)

s=0

with the cutoff term being the first three integrals on the right hand side involving
derivatives of the cutoff terms, the martingale term being the one that involves the
noise term in the penultimate line and the flux term being the integral in the final
line. The first term on the right hand side containing the derivative of the spatial
cutoff Vi, is a new term compared to the torus case, which a priori diverges like v~

To obtain an expression for the final term in equation , we introduce the
notation (z,£) € U xR for arguments in x! and related quantities and (z/,¢") € U xR
for arguments of x? and related quantities. For brevity we also introduce the notation

KoY, y,m) == 690 (2, y,m, pt(2,8)),  kSa(@' y,m) == w902 y,m, pP(2,s)). (3.15)
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The stochastic product rule tells us that almost surely we have, for 5 € (0,1), M € N,

v E (077U>7 0 € (075/4)7 €< (07’7/4)7

t

/ / XX () )y |

// / Xsl y,n dst(y n) +X52(y 77>dXs1(y n)
+ (XX (v 77)><M(77>¢B(77>Ly(y) dy dn

€,0 €,0 t t
= Xo1(W:m) | Xo2(y,m)
RJU 5=0 s=0

+ L0t |) st dyan
(3.16)

€,0 €,0
} +x52(y,m) {xs,l(ym)

where we smoothed the kinetic function so are allowed to use it as part of an admissible
test function. Compared to the formal computation for the heat equation in Section
[B.1] here we have the additional quadratic co-variation term due to the presence of
noise in the equation. Using equation (3.11)) we can write the first term in the final

line of as
t
/ / X$3(y,m) Xsig(y,n)} L:o Cur(m)dp(n)es(y) dy dn

= [ [ cutmostans >x31yn[ ([ [ @ervsisar o)
+V, (/ /( Fi o’ (pH)]?Vp? +;U(p2)a(p2)F2) %;;gdx'ds>
+ 9, (///me’5(x’,y,§,n)dq2)
——a (/ / 2 By +o(p?)Fy) kS dx’) ds
—/O/UE;;;‘;V-(U( // kOV - v(p?) da’ ds] dydn.  (3.17)

We integrate by parts and move derivatives onto (smooth approximations of) the
product Cas(7)ds(n)ey(y) X5 ®(y,n), which are smooth, compactly supported so can be
done using classical integration by parts. We use the product rule when integrating
in y then the integration by parts lemma, Lemma |3.2.1| noting the convolution kernel
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is compactly supported in space since y,n € U X (26, 00), which gives

Vx % () // (2, €, 5) V5 (y, 2,1, €) d d
- / / (€, 8)V oy, 2,1, €) d dE
/k“;Vp (x,r)d. (3.18)
U

We consequently obtain the decomposition

/R /0 /U X5 (v m)ax s (v m)Car(n)ds(n) e (y) dy dn

— [tl,Z,err _|_Z—tl,2,meas _i_[tl,Q,cut _|_Z—tl,2,mart _i_[tl,Q,flux.

Adding the term

/ / |V SRR S0an)as ) ) i d dy s diy (3.19)
U3

to the error term and taking it away from the measure term below (which will allow
the error terms below to be nicely factorised) gives for each term separately

1 2.err / / / (y)‘I)/(,OQ)VPQ . Vpll_gg’(ilg‘;’g dx da’ dydsdn
U3 7 7

[ [ [ cutmsstmnw (2F1[0'<p2>12w2-vp1+;a%p?)a(p%-wl)
RJo JU3

x kSYSS du da’ dy ds dn
- / /t | S ()os(n)es(v) (o' (P20 (p*)Vp? - Fy + 0(p?)2Fs) KSR da da’ dy ds dn
/ / /U5 1/2 [@'(p )]1/2VP1 : Vﬂ2k€ kS g¢ﬁ( ) (n)ey(y) da dx’ dy ds dn, (3.20)
measure term

t
prame — [ / [ Culosmi (). €SS de? . 5) dwdydy

/ / / J2(@ ()] 2V ! - VP RESRES D5 (1) Cas (m)1s () da da’ dy dis iy,
U3
(3.21)
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cutoff term defined by

e [ / O os ()X (s m)es ()5, € 1) dP (0 € )y

w5 ] 6) (o) B+ ol R
><k;2dx dy ds dn

- /R/{)t 02 o (m)ds () X33 (5, )Vt (9)-

| | .
<<I>’(p2)Vp2 - §F1 [0/ (p*)]*Vp? + éal(pQ)U(pQ)Fg) ksﬁ dx’ dy ds dn,

martingale term

[prmart = ///U SSCar (M ds() i (W)XSY (v, MV - (0(p?) dET) da’ dy d,

and flux term

[RA e — // /2 QCM n)@(y)xé’j(y,n)v-I/(p2)dx'dydsd77. (3.22)
U

In the equations for the terms above, we have an extra spatial integral for the terms
when the derivative falls on the kinetic function due to . An analogous decom-
position holds for the second term on the right hand side of , and we denote the
corresponding error, measure, cutoff, martingale and flux terms of the second term
up to time ¢ € [0,7] by I?"", where we again artificially add the error term (3.19)
and subtract it from the measure term.

Finally we deal with the quadratic co-variation term in equation . Let us
begin by noticing, using Definition of the noise £, that formally

A, XY s(y,m) = d((x* * 590), (P % 590)) s (y, )
— / / A0 X2k (s, )Ry, o, €) dE €' d e’
U2 JR2

= [ [ e = oaute = 9 ( ka dB’“) ( ij dBJ)
x E"‘(sc,y,g,n)ns:z(x 2, &\ n) dE de’ dx da’
=3 [ G o IVR) (5 PIVE + oY) B B,
o x kS kSsdw da’

o0

= / (Fed' (P )Vp" + a(p)V i) (fu0' (p*)Vp* + o (p*)V fi.) KSSkSS dar dad’ dis.
U2

k=1
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The above can be made rigorous by integrating against smooth approximations of the
product ¢s(aty, and rather than the multiplication of delta functions and using the
integration by parts lemma, Lemma [3.2.1L Consequently one obtains that

/// (T X520 (0, m) ds(m)Car (m) ey (y) dy diy

Z/R/O U3 (fk /(‘ 1) pl 0(p1) : fk) ) (fka,(Pz)VPQ +U(PQ)ka)
k=1
X %S:i%zngbﬁ(n)CM(ﬁ)by(y) dz da’ dy ds dn. (3.23)

Putting this together it follows from equation (3 and the subsequent computa-
tions from (3.17] - ) that we have the decomposatmn for the cross term as

t

//Xsl . XE% (Y ) () s (1)t (y) dy dn )

— Iterr + ]Zneas + Itmix,cut + Itmix,mart + Itmix,flua:.
(3.24)

We put all four terms of the quadratic co-variation term (3.23) into the error term,

1,2 2,1 . _y o
' =1,7" + 177" 4+ quadratic co-variation contribution.

The measure term just arises from the first two components of (3.16[), that is
Imeas . Il,Z,meas + IZ,l,meas (3 25)
t =1y t : )

Similarly the contribution of the mixed cutoff, martingale and flux terms just comes
from the first two components of (3.16]),

mix,cut,mart, flux ,2,cut,mart, flux ,Lcut,mart, flux
Jrizscut;mart, fluw _ g1.2,cut;mart, fl | [ Leutmart 1
t -t t .

We call these “mixed” terms since we know from ([3.12)) and the decomposition ((3.14))
that we still have a contribution from the first order terms to add on. Let us explain
this more clearly now. Returning back to the equation of interest that governs the
LY (U)-difference of two solutions, equation (3.12), we have the decomposition
0 0 5 ed
/ / <X§,1 + Xo2 = 2X1Xs 2) PaCrly
RJU

t
_ _2[terr _ 2[tmeas + Itmart + [tcut + [tflux

= (3.26)
The error and measure term were defined above and arise solely from the mixed term
, the final term on the left hand side of . The martingale, cutoff and flux
terms arise from all three terms in the left hand side of equation , and are given
respectively by

I:nart,cut,flux _ ]tl,mart,cut,fluz + ]f,mart,cut,flum . 2lzniac,ma7"t,cut,flua:. (327)
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We deal with each term on the right hand side of (3.26)) separately.
Measure term.

From equations (3.21) and (3.25), the measure term is
t
" = / 2 / Carmoa(n)us (9)r (e, y, € MESS da (2, €, 5) da’ dy dy
R2Jo JU
t
t / / . Cur(m)ds ()i, (W)K (2, y, €, mKSS dg* (2, €, 5) da dy d
R2 U

—2 [ [ G TR e ) dy s
U3

By Hélder’s inequality and the bound ([2.38]) on the kinetic measure from Definition
2.3.6| of stochastic kinetic solutions, we have that

]tmeas Z 0.

Error term.

Combining equations (3.20)) and (3.23)), it follows that we have a convenient fac-
torisation for the error term. Speciﬁcally, using the dominated convergence theorem
and the notationﬂ kS (y.m) == ki (p'(y,s) —n) for i = 1,2, for every fixed v € (0,7v),

€ (0, 8/4), after taking the limit as € — 0 the error term is

2 _ _
ti 1577 =~ [ / L (@02 = @) ) V0 R R sty dy s
1 N
s [ (B0 =62 T Vot Fa (016") = o1)?) R st dy ds
1 t s
5 [ L0+ o R)oe?) — 200 l0) Fo- R st dy s

L[908+ 620006 20 (6200(6) Fa R R s, dydsd
2 | [, ] (@ @Neleh) 40 (0%)a(0?) = 20 (07)o(p) Fo- VRS 1R p5art dy ds .
(3.28)

The definition of the convolution kernels imply that whenever we have

k23 (k5 (y, m)da(m)Car () ey (y) # 0 (3.29)

for 6 € (0,3/4), the difference |p'(y,s) — p*(y, s)| is small. More precisely, owing
to Assumption which gives the local Lipschitz regularity of &', the fact that
@’ > 0, the fact that 6 € (0, 8/4) which implies that o is 1-Holder continuous on the
support of the cutoffs , the triangle inequality, the local boundedness and local

Lipschitz regularity of o and ¢, we have for a constant ¢ € (0,00) depending on M
and [,

(@ (0% = (@ (1)) + (o (p") = o' ()" + (0 (") — o ()’
+ |0’ (P )a(p") + o' (p*)o(p*) — 20" (p")o(p)]
< 0 Lo<ior (y,)—p2 (y) <e5-

2This is similar to (3.15]) without the e-dependence.
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Returning to the error term (3.28]), the boundedness of F; for i = 1,2, 3 and Holder’s
and Young’s inequalities show that there is a constant ¢ € (0, 00) depending on M
and [ such that almost surely, for every ¢ € [0, 77,

limsup |1}
e—0

t
sc / / / S Lo<ipr (ys)—p2(ms)l<es (1 + [V P 4+ |V 0°1?) k21K 2 pCarty dy ds dny.
R JO U
(3.30)

It is then a consequence of the definition of the cutoff functions and convolution
kernels, the local L%([0,T]; H'(U))-regularity property of stochastic kinetic solutions
, the dominated convergence theorem and equation that almost surely,
for every t € [0,T7,
lim sup (lim sup |]f"|> = 0.
6—0 e—0

Cutoff term.
We have for every g € (0,1),M € N,y € (0,7y), 6 € (0,5/4),e € (0,7/4) that for
every t € (0,77,

=[] 2My,x,n,f)@(@(n)@(n))w(y)( 14 2x55) da’ (¢, &, 5) dy d
w5 [ ] L@t B ol KGO - 28)
O (Cu(mdp(n))ey(y) dy dx ds dn
[ 2m@‘*(y,:c’,n,s>an<<M<n>¢ﬁ<n>>w<y>< L 258 dg (0, €, 5) dy

/// PIVP? - Fy+ a(p?)?Fy) ES3(1 — 2x5))
U2

O(Car(m@s(n)) ey (y) dy dx ds dn

X
] (00090 + SR + o)

X kg9 (m)da(n) - Vo (y)(—1 4 2x53) dy dw ds dny

[ ] (069 + Saiweres s e o)

X k3¢ (mda(n) - Vo (y)(—1 +2x5Y) dy da’ ds d.
(3.31)

Let us begin by bounding the final two lines of If* above, comprising of the new

terms involving gradients of the spatial cutoff. The analysis for these terms makes
rigorous the formal calculation for the cutoff term in the heat equation in Section (3.1
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We take the €,6 — 0 limits first and use the distributional equality for 7, j € {1, 2},

Jim FS sy, p) (=14 2005 (1) — bl — 9)do(n — p)sen(p — 1)
= do(z —y)do(n — p')sgn(p’ —p').  (3.32)

Therefore the final two lines of the cutoff term (3.31)) can be simplified in the €,6 — 0
limit as

[ [ (#6990 + 30060190 + 10t
x Cu(p")ds(p') - Ve (y)sgn(p® — p') dy ds
+ [ (#6090 + 3R+ L ol
X Cu(p?)os(p%) - Viy(y)sen(p' — p?) dyds.  (3.33)

We combine the terms in the two lines using the fact that sign is an odd function and
so sgn(p! — p?) = —sgn(p? — p'). We will deal with the first two terms of each line
that have a factor of Vp‘ and the final term separately. First consider the first terms
in both the lines of (3.33)). Begin by defining the function ®,,4 : [0,00) — [0, 00) to
be the unique functlon such that ®,73(0) = 0 and

D 5(8) = Cu(§)dp(§)2'(€) = 0. (3.34)

This says that the function ®,, s is non-decreasing. To make the below computation
rlgorous we define the regularised sgn function sgng := sgn * x% for § € (0,1), where
x§ is the convolution kernel defined in the first point of Definition and similarly
we define as to be a smooth approximation of the absolute value function satisfying
as(0) = 0. Then, using Lemma to define the spatial derivative of the cutoff,
the notation v, := ‘z:% for the inward pointing unit normal and the fundamental
theorem of calculus, the contribution coming from the difference of the first terms of
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(3.33]) is non-negative
! 1 1
[ [ (s Vars(61) - Vi) sn(s? — 1y s

— _lim / / (V021,5(0%) — VOu1.5(pY)) - Vi () ss (@1 5(p%) — Dar 5(p)) dy ds
U

0—0 Jo
t
——tim [ [ Vs (Bara(s) — Baa(e)) - Vos(0) dy s
=0 Jo JU
t
= —lim~y~ 1/ Vas (Parp(p®) = Parp(p')) - vy dy ds
6—0 U\U»y

t v
=71 %li%/ / - Vas ((I>M”3(p2(y* + 20y, 8)) — Parp(p (v + 2y, 8))) - vy dS(y) dz ds

=—~71 hm/ / / 5,9 (®ars(p 2(y* + 2y, 8)) — Parp(pt (v + 2y, 8))) dS(y)dzds
6—0 U,

~~Llim / / a5 (®11.5(0%) — ®ara(ph)) dS(y) ds

6—0

t

— 1 hm/ / as (®ara(p?) — Parp(ph)) dS(y)ds. (3.35)
6—0 au,

But by the dominated convergence theorem and the fact that as converges to the
absolute value pointwise, we have that the 6 — 0 limit can be evaluated to obtain

o [ [aale?) — Banate)] asio) s

—’}/ / / |(I)MB (I)MB 1)‘ dS(y)dSSO
oU,

This term does not vanish a priori, since the first term is an integral over QU and the
second is an integral over OU.,,. However, it is signed since the first term vanishes due
to the solutions coinciding on the boundary, and the second term is non-positive due
to the minus sign and the fact that the integrand is non-negative for every fixed v > 0.
By repeating the same arguments, noting that %Fl(a/ (p*))? > 0, one can conclude
that the combination of second terms of are non-positive for every v > 0. For
the final term of (3.33)), we have by Lemma as well as by the boundedness of F5

and sgn

3 ] @656 = o Do) ()07
x sgn(p? — p')Fy - Vi, (y) dy ds
: 7/ / 0" (010 (0")Car (P03 (0Y) — 0 (97 (0?)Car (02) 83 (67| Linves, () dy .
(3.36)

For ease of notation, for every M, 8 define the function

Gup:R=R, Gupl(§) =0'(§)a(§)Cu(§)es(E), (3.37)
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which is bounded and Lipschitz for every fixed M, due to the fact that o and o’
are locally Lipschitz, and is also identically zero outside [3/2, M + 1] due to the
cutoff functions. For every y € (0,7y), let y* = y*(y) denote the unique closest
point on the boundary to y. Due to the boundary condition being implicitly defined
via ®(p), for i = 1,2 we abuse notatlon and denote by p'(y*) := &' (f(y*)) and
P sy) = (P'(y )\/ B/2) A (M + 1) for y* € OU. By adding and subtracting this
boundary data, the triangle inequality and Lipschitz property of G s, we have

v / /U\UW PG (p")es(p") — o' (p*)o(p*) Car(p*) b5 (p%) | dy ds
= //U\m Gars(p) = Garg(p'(y")] + [Gars (0 (y7) — Gars(p?)]) dyds

<o [ o (Phasl:5) = Phsl6" )1+ 193557, 9) = sty ) dyds
Y
(3.38)
Both of the above terms are handled in the same way. Write for ¢ = 1, 2, fixed distance

from the boundary " € (0,7), fixed time s € [0,¢], and for constant ¢ € (0,00) that
varies from line to line and is independent of the regularisation constants v, M, 3,

/

’Y .
/ Vs W+ 2vy,5) dz| dS(y)
0

/ 1P s(0:5) — Py o0 )] dS(y) = /
U, U,

< / V0 (5, 8)| dy
U\U,/

<|UN U2 IV sl zane, )
< ()Yl
< ()2 IV Py sll 2o,

where in the final line we made the norm independent of 4'. We therefore bound the

terms of (3.38)) by

t
‘1// 10y, 8) — Prp(y7)| dy ds
0 JU\U,
=cy” // /8 1P (ys 8) — Phu (W) dy dy ds
U/
<ecv~ /”sz\m”m o) (/( )1/2dfy) ds

< eyV2|IV o sl o.gsz2 @y (3.39)

which converges to 0 as v — 0 for fixed M, 5. Therefore we managed to show that
the final two lines of the cutoff (3.31)) consisting of the new terms are non-positive in
the v — 0 limit.
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We now make an important comment about the remaining cutoff terms, as well as
martingale and flux terms that are yet to be analysed. Following the computations
of the uniqueness proof in Fehrman and Gess [44], the terms involving F, in the
second and fourth lines of the cutoff term , as well as martingale and flux terms
are handled by integration by parts. More precisely the €,6 limits are taken first,
then integration by parts is performed before taking M, g limitsﬂ On the bounded
domain, the presence of a spatial cutoff ¢, leads to additional terms with factors Vi,
when integrating by parts. We emphasise that these new terms can be bounded by
following the computation from equation to (3.39) above, which we illustrate
Now.

Firstly, to bound the terms involving F5 in the second and fourth line of (3.31]),
analogously to above, in the €, — 0 limit we use the distributional equality (3.32]),
followed by the fact that sgn is an odd function and finally the product rule to evaluate
the derivative of the cutoffs to get

lim< ///U2 PVl Bk (1 — 2x59) 0y (Car()dp(n)) 1y (y) dy da ds diy

€,0—0

/ / /U i PV p? - Fk5(1 2><§’,§)3n(CM(77)¢5(77))Lw(y)dydxdsdn>
/ / V02 — 0 (p)r (") Vo) - FadylCar ()8 (n)
sgn(p” — p') iy (@) da ds

1t _
= 4/0 /U (Vo?(p®) = Vo (ph)) - Fo (Lvr<panr1 + B Lpjacpep)
sgn(p® — p') 1y (x) dz ds. (3.40)

The indicator functions in the final line allows us to re-write the term in the final line
as

[ [o(@ v ns) -
— (0" (' 8) 1 /2) — ' (3/2) ) - Fsealy? = ') s ) s

// ( ((P* V(M +1)) AM) —o*(M))
— (@ ((p" V(M +1)) AM) - UQ(M))) - Fysgn(p® — p') 1(x) dz ds.

Note that o? is not necessarily increasing, so we cannot use that sgn(p® — p!) =
sgn(o?(p?) — o?(p')) as in (3.35). Instead we again first smooth out the sign function
and consider sgn; := sgn * ¢ before integrating by parts.

The terms involving M in the final line of are handled in a similar way to
the terms involving . For convenience introduce the shorthand notation for ¢ = 1, 2,

3Here we also have a spatial cutoff so take the v — 0 limit before the M, 3 limits.

o7



(z,t) € U x [0,T] | |
ph(1) = (o' (.1) V ) A /2.

The terms involving p! and p? are handled in the same way, so we consider the 8-terms

involving p? in the final line of ([3.40). We have

%/o /WU%E) —*(8/2)) - Fsgn(p® — p')i, (2) d ds
g

—tiw o [ [V (@R) - 0?52 - Fasenglo? — ') (o) dnds

0 U
- ~lim % [ (63 = (3/2) V - Fasgny (0 = ') (o) s
—glgg)w A / (03) — *(8/2)) V(* — ") - Falsimy)' (57 — p')is () da s
~lim / [ (663) = ?(5/2) Virfa) - Fosgny(” = pydeds. (340

For the first two terms we can directly take the v — 0 limit since the spatial cutoff
converges pointwise to 1 and so they can be handled analogously as on the torus, see
the proof Theorem 4.6 of Fehrman and Gess [41]. For instance, for the first term,
we have using the boundedness of sgn and V - Fy, the continuity of (%) = 200,
the fundamental theorem of calculus, the dominated convergence theorem and the
assumption that either oo’(0) = 0 or V - F» = 0, that almost surely

_ 4 _ _ 2 _ 1
%gr(l]ig%(lsli]% / / c*(8/2)) V - Fasgny(p® — p")iy(z) da ds
= ——/ / UU p>0V nggn(p —p ) 0.

The corresponding terms involving M in the final line of are treated similarly,
but importantly we have to use the assumption on the oscillations of o2 at infinity
(2.13)).

The only fundamentally new term to handle is the final term of equation (3.41])
involving the gradient of spatial cutoff. For this term, we can group the p* and p'
terms, and repeat the same computation from equation (3.36)) to after realising
that o?(- vV 8 A 3/2) is Lipschitz for every fixed 3 > 0, F, and sgn are bounded, and
noting we take v — 0 limit before M and ( limits.

We mention also that the terms involving F3 in the second and fourth lines can be
bounded in a similar way as described above, using the L?*(U)-integrability of o(p"),
Assumption and the boundedness of Fj.

Returning back to the cutoff term (3.31)), we just need to illustrate how to handle
the first and third lines of the cutoff term involving the kinetic measures. Taking the
derivative of the cutoffs and then taking the limits in €, d, we have that there exists
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a constant ¢ € (0, 00) such that

lim sup
€,60—0

/R2/O /U2 £y, 2,1, €) 0 (G (M) dp(n)) iy (y) (=1 + 2x55) dg' (2, €, ) dy diy
<c(B'¢" (U x [8/2,8] x [0,T]) + ¢"(U x [M, M +1] x [0,T7)).

An analogous inequality holds for the term involving the kinetic measure ¢?>. The
decays of the kinetic measure at zero (3.10)) and infinity (2.39) imply that by Fatou’s
lemma, there almost surely exists subsequences § — 0 and M — oo such that

lim lim (87'¢"(U x [8/2,8] x [0,T]) + ¢" (U x [M, M + 1] x [0,T])) = 0.

M—o0 f—0
Putting (3.31)) and subsequent computations together, we conclude

lim  lim lim I/* <0.
M—o00,—0v—0¢€,6—0

Martingale term.
Following the analysis of the martingale term from Fehrman and Gess [44], we
have that, for the unique function ©,/4 : [0,00) — [0, 00) defined by

On,s(0) =0, Oy () = dp(&)Cum (§)a’(€),

in the €, — 0 limits the martingale term can be written as

i 1777 = [ [ san? =) (007 (O = Ous(s) d€”) o

€,0—0

" / / sen(p — p)is () (8500 ur ()0 () — Orrs(p)) ¥ - deF da

- / / sen(p? — oo (2) (65 (07)ar ()0 () — One () V - de” d.
(3.42)

The final two terms of (3.42) can be handled directly by first directly taking the
v — 0 limit and using identity

lim lim ¢s(p")Cn(p")o(p’) = o(p) strongly in  L*(U x [0,T]), (3.43)

M—o00 B—0

alongside the fact that there exists a constant ¢ € (0, 00) satisfying

|0(p") = Ours(p))| <c | sup [0+ () s+ sup  [0(&) 1y
£€[0,8] Ee[M,(M+1)Ap?]
(3.44)

The first term converges to zero as f — 0 using ¢(0) = 0 and the continuity of o
and the second term converges to zero strongly in L*(Q x [0,T]; L*>(U)) as M — oo
using that o(p') is L?(U)-integrable and the fact that p’ is L' (U x [0, T])-integrable.
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Finally, as a result of the growth of oscillations of ¢ given in (2.13), the final term
of converges to zero strongly as M — oo in the space L?(Q2 x [0, T); L*(U)).

We are left to deal with the first term of . Using again the regularisation of
the sgn function and subsequently integrating by parts gives

/0 / sen(p? — p)is (2)V - (Onrs(0') — Orrs6?)) dEF) de

6—0

~ lim / / sens (0% — p) (Ora(p") — Ours(p?)) Vi (a) - de” da

— lim /O /U (seng)'(0* = ')y (2) (Oarp(p") — Ourp(p?)) (Vo = Vp') - de¥ dx
(3.45)

The bound on the final term of (3.45) follows from the dominated convergence the-
orem and the local regularity of solutions after observing that, due to the fact that
O p is Lipschitz, there exists a constant ¢ € (0, 00) depending on M, §, that for all

6 € (0,3/4),
|(sgny) (0 — p") (Oar,a(p") — Onra(p®))| < cliocipt—p2i<es, and b /4<pi< M+ for i=1,2}

To conclude, we are left to deal with the first term on the right hand side of ,
which is a new term. We can take the § — 0 limit here owing to the dominated
convergence theorem. By using the Burkholder-Davis-Gundy inequality, see Theorem
4.1 of Revuz and Yor [85], as well as the bound on the derivative of the spatial cutoff
given in Lemma [2.4.3] we have

B s / t / sen(o? — p1) (Onrslp') — Ors(p?) Vs () - de¥ da ]
< E / ' ( / sgn(? — 1) (Oars(p") — Orrs(p?)) [V () dx)2 ds] N
<y 'E /OT (/U |(©n,(p") — Onrp(p)| L, (2) df>2 dS] 1/2~

For every fixed M, 3, we have that ©,s 3 is Lipschitz, so this term can now just be
handled in the same way as the final term of (3.33)). The key point is again that we
obtain a factor of 4*/2, which more than compensates the blow up of y~!. We have
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for a constant ¢ € (0, 00) that

E | sup

te[0,7]

/0 /U sgn(p” — p') (Ous(p') — Ounip(p?)) Viy(z) - d” da

|

9 1/2

T 2
<y 'E / (Z ||VP3\4,5||L2(U)73/2> ds
0 i=1

2
S C"yl/z Z E‘|Vp§\4,/6HLQ([O,T];LQ(U))- (346)

i=1

The local regularity property of kinetic solutions ensures that the final term in
equation above is well-defined. Furthermore, it converges to zero in the v — 0
limit for fixed M, 3. This implies almost sure convergence of this new term along a
subsequence.

Putting everything together, it follows that along appropriate subsequences, we

have
lim (hm (lim [[”“”)) = 0.
M—o00,8—0 \ v—0 \ ¢,0—0
Flux term.

The flux term can be handled in the same way as the martingale term above.
After taking the €, — 0 limits and using the distributional identity (3.32]), we
obtain

= [ -t
X (V- v(p")Car(p)os(p") = V- v(p*)Cu (0°)¢5(p%)) dx ds.

First define the Lipschitz vector valued function Wy, 5, = (Wpr5,.)%, such that for

V= (Vz‘)?:l

Ut p0i(0) = 0, Wy ,4(8) = vi(§)Ps(€)Cn (S)-

Then with a similar re-writing as the martingale term, we have

t
i 1 = [ [ sone? =00, @)F - (Parul0) = B 7)) dads
0

€,0—0
+ / / sgn(? — p)is (@) (- (o )ar(P)0s(0") = V - Wars, (1)) devds
= [ [ senlot =@ (9 o) )0(0) = V- B (47) s

This is analogous to the martingale term (3.42), but even more simple due to the
lack of stochastic integral. The final two terms can be handled analogously to the
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final two terms appearing in the martingale term after taking the v — 0 limit, using
identities analogous to and .

The first term can be handled using integration by parts, by a simplified version
of the steps — for the corresponding martingale term. Here we use the
LY (U)-integrability of v(p) and the bound on oscillations of v at infinity to
apply the dominated convergence theorem. This allows us to conclude that along
appropriate subsequences,

!
lim lim lim If “r—=.
M—00,8—0v7—0€,6—0

Conclusion.
Putting everything together, we get from equation ([3.26)) and the subsequent handling
of each term, that there are random subsequences €, 6, 3,7 — 0, M — oo along which

t
//Ixs Xl
s=0

= il T (<207 = 20 e [ et ) <o,
B—0,M—o00 v—0 €,6—0

= et i e xS Pecue,
RJU

B—0,M —o0 7v—0 €,0—0

=0

This gives the desired result, since for every ¢ € [0, 7],
/Ipl(',t)—f(',t)\:// \X%-X?FS// Ixé—X§2=/ |00 — 13-
U RJU RJU U

Remark 3.2.3. The pathwise contraction property in the equation above implies the
pathwise continuity of solutions with respect to the initial condition. This is a stronger
result than the uniqueness of equation , and will enable us to construct a dy-
namical system for the SPDE which will be useful in the study of large deviations
principles, see Proposition [6.3.5 below.

]
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Chapter 4

Existence

In this chapter we construct a stochastic kinetic solution of the generalised Dean—
Kawasaki equation in the sense of Definition . The existence consists
of three steps. Firstly, in Section we will prove L*(Ux|0,])-energy estimates
for a suitable regularised version of ([2.23). We then proceed to prove higher order
space-time regularity results for the regularised equation.

As an aside, in Section 4.2, we prove an entropy estimate for the equation and
a localised version of this argument helps us to prove the decay of kinetic measure
at zero that was required for the uniqueness. For all of the estimates we will
need to introduce PDEs which are solutions to Laplace’s equation, that ensure certain
functions vanish along the boundary when applying 1t6’s formula.

The second and third steps are analogous to Section 5 of Fehrman and Gess [41],
and so we are brief in their presentation. For the second step, in the first part of
Section [4.4] we show that there exists a stochastic kinetic solution to the regularised
equation. The final step, illustrated in the latter half of Section .4 we pass to the
limit in the regularisation.

4.1 A priori estimates for the regularised equation

In this section we start with some definitions and properties of solutions to Laplace’s
equation that we will use in the energy estimates. The PDEs are defined in Definition
[4.1.1] and in Remark we state a remark on the specific form of the PDEs.

In Definition [4.1.4] and [4.1.5] we define weak solutions for a regularised version
of the Dean-Kawasaki equation. In Proposition we prove an L*(U x [0,1])-
estimate for the regularised equation for any ¢ € [0,7]. This estimate allows us to
prove higher order spatial regularity of the solution in Lemma[4.1.11] and higher order
time regularity of the solution cutoff away from zero in Proposition that will
be essential in the tightness arguments.

We begin by introducing two PDEs that allow us to avoid boundary terms in our
energy estimate.

Definition 4.1.1 (The PDEs hg-1(5) and hg; (o-1(f)))- Recall that f is the boundary
condition of the generalised Dean—Kawasaki equation (1.2)), defined implicitly through
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®(p). Define hg-1(5) : U — R to be the unique weak solution of the unique harmonic
PDE

—Ahg-1(5) = 07 on U, (A1)
hq)—l(f) = q)il(f) on OU.
For fized 0 < My < Ms, define M = (My, Ms). For the function Sy : [0,00) —
[0, 00) satisfying Si(§) = La<e<ar(§), define hg, @15y : U = R to be the unique
weak solution to the harmonic PDFE

—Ahgy @y =0 ol
ht @17y = Sy (®71(f))  on OU.

Since the boundary data f and the non-linear function ® are both non-negative, by
the maximum principle, both hg-1( and hSE\/I(q)—l( ) are non-negative. Additionally,
since S is [0, My — Myl-valued, the maximum principle also tells us that hg (o-1(7)
is bounded by My — M;. The assumption on the PDE hg-1f) is stated in point 2 of

Assumption 2.2.9

Remark 4.1.2 (Choice of harmonic PDEs.). The boundary data of the PDEs are
chosen to ensure certain functions vanish along the boundary when applying Ito’s
formula, and consequently allows integration by parts without picking up boundary
terms. They are all also chosen to be harmonic in U, and this is for several reasons
which we illustrate using the example of PDE hg-1(5) appearing in equation m
the L*(U x [0,t])-energy estimate below, which reads

[ [ Fhan - (V06 + 290 = oo )
0 U

+%F1 o7 (P")*V " + %Ué(p”)an(p”)l%) - (42)

1. The first and second terms above involve integrands with a factor of Vhe-1(f
multiplied by another gradient term. To bound these terms we integrate by parts
and move the deriative onto the Vhg-1(f) term. Since hg-1(f) is harmonic we
have that they turn into boundary terms. That is, for f : U x [0,T] — R such
that the integrals below are well defined, we have for every t € [0,T],

/U Vf(2,t) - Vhgrp () de
g
_ / P Ay o+ [ ) =D (@) ds )
U n

ou

The terms in the final line are then handled using Holder’s and Young’s inequal-
1ty.
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2. For the fourth and final terms of equation , we have to handle integrands
where Vhg-15 s multiplied by terms without another gradient. Due to the
condition in Assumption as well as Remark we use the
L>(U;RY)-bound on Vhg-1(f, giwen by Proposition .

That is, for an L*([0,T]; L*(U;R?))-integrable vector field F : U x [0,T] — R,
we have for every t € [0,T],

t
| [ F@9) Voo (@) de ds < [Vhos plluswimo | Fluswsionzo
0 U

where we will use assumed growth bounds on F to control the final term on the
right hand side.

The normal derivative arising in the first point above is handled by the following
Theorem, see Theorem 2.4(iii) of Fabes [36] for a more general statement and proof,
bounding the LP(9U)-norms, for p > 2, of a whole range of directional derivatives
including the normal derivative by the H?(OU)-norms of the boundary data. Here
we just focus on the case p = 2. See also Lemma 4 of Bella, Fehrman and Otto [6]
for a similar result on the less regular domain of the cube U = [0, 1]<.

Theorem 4.1.3. Suppose U C R? is a bounded, C'-reqular domain satisfying R\U
is connected. Let h; be the solution to the Laplace equation with boundary data h,
defined in . Then there exists a constant ¢ € (0, 00) independent of the boundary
data h such that

< |2l 10y, (4.3)

H Ohj,
L2(8U)

o1
where the H'(OU)-norm is defined in Definition [2.2.7

When equation is satisfied, say that the Laplace equation hj satisfies the
“Dirichlet-to-Neumann map” property, since illustrates that normal derivatives
of h;, can be bounded up to a constant by the norm of the boundary data h and the
tangential derivatives of hj. Importantly, the above theorem allows us to express the
subsequent bounds in terms of norms of the boundary data f directly rather than in
terms of norms the PDEs hg-1(p), hsg\/l((bfl(f‘)).

We once again need to deal with potential singularity from the Ito-to-Stratonovich
conversion and ensure the integrals below are well defined, so need the following
smoothing of the non-linear function o. The smoothing will subsequently be dispensed
of via an approximation argument in Lemma [4.4.3] Furthermore, the addition of
the Laplacian term in the equation below ensures that solutions have the required
regularity to apply It6’s formula.

Definition 4.1.4 (Regularised equation). Let {0, },en be a sequence of functions
satisfying for every n € N,

o, € C([0,00)) N C*((0,00)), with 0,(0)=0 and (0,) € CX([0,00)). (4.4)
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For every n € N, the regularised generalised Dean—Kawasaki equation p™ is a solution
to the equation

0 = AB(p") + A" = V- (0 (") + ("))

SV (RloW (0" PV + 0 (o)om( ), (45)

with the usual initial condition p™(-,0) = po and boundary condition ®(p"™)|ov = f.
For the regularised equation with smoothed o we can make sense of weak solutions.

Definition 4.1.5 (Weak solution of regularised equation ) Suppose that the
spatial components of the noise £F, the non-linear functions ®,o,v and the bound-
ary data f satisfy Assumptions|2.1.4, 2.2.1 and |2.2.9 respectively. Let further py €
L*(Q; L*(U)) be non-negative and Fy-measurable, let hg—1 ) be as in Deﬁm’tz’on
and let Og 2 be defined as in equation (2.5)). For fized regularisation constant n € N,
a weak solution p™ of the regularised equation is a continuous L*(U)-valued,
non-negative (F;)i>o-predictable process satisfying

1. Boundary condition, reqularity of solution: We have that

(P" = ha-1(p)) € L*([0,T]; Hy (U)).

2. The equation: For every ¢ € C°(U), almost surely for every t € [0,T] we have

/ "z, t)(x )dx—/powdx—// Vp" - Vi dxds
__/ /Vp wda;ds+// dea:ds+/ /on VWi - deF ds
—-/ /F1 )2V wdxds—-/ /crn "y - Vi da ds.

As mentioned, the regularisation (4.4) ensures that the first integral in the final
line above is well defined. We arrive to the first result of this chapter. We obtain a
bound for powers of the solution by comparing it with the non-linear function Og¢ o
defined in equation . Such an estimate is required because we are not on the
torus so do not have preservation of mass, and nor do we have enough regularity of
the solution to quantify the flux along the boundary. The proof of this estimate is
precisely where we use the new assumption on Og 2 from Assumption m

Proposition 4.1.6 (Estimate for L'([0,T]; L*(U))-norm of the regularised equa-
tion). Suppose that ® satisfies the polynomial growth condition (]2__4 with constant
m € (0,00), let hg-1(5) be the harmonic PDE defined in Definition El satisfying
point 2 of Assumption and let O o be defined as in equation . For fized reg-
ularisation constant n € N, let p™ denote a weak solution of the reqularised equation
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(4.5)) in the sense of Definition . Then one has for every € € (0,1),t € [0,T] and

k € (0,m+1), the existence of a constant ¢ € (0, 00) independent of the reqularisation
n such that

t t t
I |p"|ksc(—+et||@¢,z<h¢-1<f>>||zw)+e I |V<9q>,2<p">|2).
0o JuU € 0o JuU

Proof. The bound (2.8) on Og 2 given in Assumption m gives for a constant ¢ €
(0, 00) independent of the regularisation n,

t t
2k
[ [t <ase [ [ 1o
0 JU 0 JU

The exponent in the integrand on the right hand side is strictly less than two. Ap-
plying Young’s inequality with € and exponent m“ > 1 and Jensen’s inequality then

gives for a constant ¢ € (0, 00)
m+1 m+1
(m +1-— k)lmﬂf’c ek / 2k k
6 ) A1
e(m+1) T \Uy w2 p)

t t
//\@q>,2<p>m+1§/
0 U 0
ct ¢ A2
< = e Opa(p")?. (4.6)
€ o Ju

Using the trivial inequality a* < 2(a —b)? +2b* with b = Og 5(hg-1(f)), where hg-1(f
is the weak solution of the harmonic PDE from Definition [4.1.1} using that p" and
he-1(f) have coincide on U and so applying Poincaré¢ inequality gives the claim,

NV

t
< +C€/ @@2 @q;g(hq, 1(f))> +C€/ /@@2 hcp 1(f)>
0 JU
t
<——|—ce /‘V @@2 @@2(h¢ ())) +C€t/ @@72(h®_1(]§))2
0 JU U
2
<7 )12 _1(F . .
S +C€/O /[]’V@@Q(ﬂ )‘ + cet @q;.z(hcp l(f)>’H1(U) (4 7)
L]

Remark 4.1.7. Using Jensen’s inequality, the above proposition bounding the L*(U x
[0, ¢])-norm also provides a bound the LP([0,t]; L*(U))-norm of the solution, since

[ e [ G for) v [ o

Since k € (0,m + 1), the proposition implies that for the full range m € (0,00) we
at least have an L' (U x [0,t]) estimate for the solution. Apart from bounding the
LY(U)-norm, the result is primarily useful when m,k > 1, since if k < 1 we can just
use interpolation to obtain the integrability

[ e[ [arim <o



The proposition below is the first energy estimate that we will prove for weak
solutions of the regularised Dean—Kawasaki equation. The estimate is technical as
we make explicit the dependence on the boundary data. In Remark we give a
simplified version of the estimate in the case of constant boundary data.

Proposition 4.1.8 (Energy estimate for solution of regularised equation). Suppose
that the spatial components of the noise £, the non-linear functions ®,o,v and the
boundary data f satisfy Assumptions|2.1.9, [2.2.1) and [2.2.9 respectively. Let further
po € L*(Q; L*(U)) be non-negative and Fo-measurable, let the functions Og 2, O, and
U, be defined as in Assumption and let hg-1(5) be the harmonic PDE defined
in Definition |4.1.1. For n € N, of p" is a weak solution of the regularised equation
in the sense of Definition then one has for every t € [0,T], a constant
c € (0,00) independent of the reqularisation n, the estimate

;Szl[lo?t}za[/l](p( $) — hg 1 ]+EU/|V@M I2]+ E[//IW IQ}

1
< 5lo0 = hor(p) Ba +ct(1+||th> i) (14 100200017 2 )
+ et (2@ (D)2 oy + 10u(@7 (D) s oy + 113200 + 190 (@7 (PN 22orr))
1 P
ret (142 ) 107 Doy (05)

Let the function Sy and the PDE hsi (@-1(7)) be defined as in Definition and
define the vector-valued function ©yy, : [0,00) — R? by

@M,V(O) =0, 92\/[1/(5) = ILM1<§<M2V(€)-

Then we have for every My < My € (0,00),t € [0,T] the existence of constant
¢ € (0,00) independent of the reqularisation n and both My, My such that

e[ t [ tancpras (¥ENT 2+ 1195 )| <B [ i) - a0

+ s @1yl ez Elp" D)l 2wy +c||Sy (@ (f HH1 ou) IVhs: (@-1(f M llzeeiray
<t+t||@¢,2( f)HHl(U)JrE/ / VOs2(p >+CE// My Tn(p" A My)
+ 1000 (@7 ()l ovirey + ctll (a2 (271 (F) A Ma) V My) — o (M1)) || 1 ow)

+ et 184 @ Doy (Lo + 197 Pz oy + 190 @7 ) o)
(4.9)

The L*(U)-norm of solution and the L*(U x [0,t])-norm of |VOg | on the right hand
side of (4.9) are both bounded as a consequence of the first estimate. We do not write
the bound explicitly for readability.

Proof. To prove the first claim we apply Itd’s formula to the square of the solution
minus the solution of the PDE hg-1(f), which ensures that the difference vanishes
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along the boundary. This gives for every t € [0, 7] that

/(,0( s) — he- 1(f)( // — hg-1 ())2 dx

// Pt = haa(py) d(p" = haip)+5 (0"~ hyap) d {0~ by, d

(4.10)

where ((-)s)sejo,r] denotes the quadratic variation process.
For the first term on the right hand side, since hg-1(5 does not depend on time,

it follows that d (p” — he-1( f)) = dp™, and after integrating by parts, we have

t
| [26- i) 47 i)

<p>+2F1[ At )]Zwula;(p“)an(p”)&) dvds. (111)

Similarly, for the the Ito correction term we have that d (p" — he-1( f)> = d(p™) and
using the definition of the noise gives

/Ot/d<p"—h¢1f> dx

/ / (Fi(oh(p™)* V" + 20,0, (p") Fa - Vp™ + Fyo(p")) deds. (4.12)

Putting equation (4.10) together with equations (4.11)) and (4.12)), we have after

cancellation and re-arranging that
o / T+ I

1/(/)( $) = hao107) (@)

/ / (an )Vp" - §F+Vp v(p") + 50,(p")on(p")Vp" - Fy +%Fgai(pn)>

+ /0 /Uth,l(;) : (W(pn) + EVp" —an(p")E" = v(p")

FSFILET 4 o) (413)

We note that the penultimate term in (4.13)) is well-defined because of the regulari-
sation o,,.

We handle each term on the right hand side of (4.13) in turn. The noise term in
both lines vanish after taking an expectation. The second term on the right hand side
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remains as a boundary integral in the following way. As defined in the first point of
Assumption let ©, := (0,,)i=1....4 be such that ©,,; denotes the anti-derivative
of v;. By the divergence theorem and the trivial fact that || = 1, we have the bound

/Ot/UVp”-l/(p")dde:/ot/UV-@y dxds—/ /w ) - ) da ds
< / t / 1Ou@7 () - dwds < 110,87 ()l

where we used the fact that the boundary data does not depend on time. The third
term can be bounded by integration by parts, noting either V- F, = 0 or it is bounded,
the bound 02(¢) < c¢®(€) from (2.9) in Assumption [2.2.1] and the fact that F, - 7 is
bounded on 0U,

//VU - Fydrds
:——// YV - Fydrds + — // VFy -ndS(x)ds
U

< c/ / dxds+ct/(9Uai(q)_1(f))dS(x). (4.14)

In the final term above we again used the fact that f does not depend on time. We
also used, and will repeatedly use below, the fact that we can pick our approximating
sequence o, to also uniformly satisfy the assumptions imposed on ¢ from Assumption
227

The final term on the right hand side of can be bounded by the first term
on the final line of after noting that Fj is bounded and once more using the
bound 0%(¢) < ¢®(¢) from Assumption [2.2.1]

The terms on the right hand side of (4 - 4.13)) involving Vhg-1(5 would all vanish if
the boundary condition was constant. Otherwise they can be bounded precisely as
described in points one and two of Remark[4.1.2] The first and second terms involving
another gradient are reduced to boundary terms using integration by parts and the
fact that hg-1(f) is harmonic,

t 1
/ /thpl(f)- (V@(p") + —Vp”) dx ds
0o JU n

_ M( 1 —1—>
_t/ew o f—i—n@ (f) dS(x).

The fifth term is also handled using integration by parts. Defining ¥, as in point
7 of Assumption [2.2.1] integration by parts, the product rule and the definition of
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hg-1(5) prove that

t 1 1 t
/ / Vhe-1(5) - —Fl[a;(p”)]2Vp” drds = 5/ / Vhe-1(p) - F1VV,, (p") dz ds
0o Ju
1 t
= ——/ / th) Fl)\IJ TL) d$d8+§/ (Vh@—l(}?)Fl) ’f’\Ifo_n(pn) dx ds
0 JoU
n t ahq’ L) -1/ 7
— Vhe-1p) - F2V,, (p") dr ds + Fllll(,n(fb (f))dzds,
0 Ju 2 Jou 0N

(4.15)

where in the final line we used the identity %VF 1 = F5. The fact that F} is continuous

on U helps to ensure that the final integral is well-defined. We handle the first term

in the final line using point 7 of Assumption [2.2.1, The assumption can be used to

illustrate that if either the boundary data is constant or F, = 0, the integral vanishes.

If neither of these are true, then the bound for ¥, holds, and alongside the facts

that Vhg-1(5 and Fy are L>(U; R?)-bounded, we have the existence of a constant
€ (0,00) such that

t
—/ /th)l(f)-Fg\Ifg( ") dxds < c||Vhg-1( HLOOURd)/ / 1+p"+®(p")) dz ds.
0o Ju

The remaining two terms in the final integral of (4.13]) are also handled using the

L>(U;R%)-bound on Vhg-1(f), the boundedness of F» and the bounds (2.10) on v
and oo’ from Assumption [2.2.1] which gives for a constant ¢ € (0, 00),

/ / Vhys ( v(p )—l—;an(p")an(p")Fg) da ds

< ol Vhons g lmwine / / 0 e

Putting everything together, (4.13]) and the subsequent computations give after taking

an expectation
)2 1 2
+E |v®<1> 2(p")] ﬁ \VP |

/U (0. ) ~ hosgpy (@) d“”s 0

gc(1+|yth,_1(f)uLm(U;Rd U/ L+ p" + ®(p ))]HH@V(@1(f)>HL1<aU;Rd>

1
-E
2

Fy

+etllon (@ (D) oy +t /8U 8;7“) <f+ ~07Y () + S, (@ ‘%f))), (4.17)

We look to further simplify the terms on the right hand side of equation (4.17]).
To bound the first terms on the right hand side, the polynomial growth condition
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for ® (2.4) alongside Proposition [4.1.6] gives for a constant ¢ € (0, 00) and arbitrary
€ (0,1),

t
B [ [ (1260 dras
0 JU
t
<ct+ec (E + €t]|Oa 2(ha—1 (7)) || Fr () + €E [/ / IVOs2(p™)|* da ds})

The first three terms remain as part of the estimate, and we choose € > 0 sufficiently
small so that the final term can be absorbed into the left hand side of the estimate.

The second and third terms on the right hand side of equation appear in
the estimate so are left unchanged. For the terms in the final line, they are
further bounded using Holder’s and Young’s inequality, the fact that F} is bounded
as well as Theorem m Taking the supremum in time gives the first estimate .

To prove the the second estimate , for M := (M;, M) and the function Sy, :
[0,00) — [0, 00) defined in Definition [4.1.1] define the function Ug,, : U x [0,00) — R
by

\IJSM(xv O) =0, aE\IJSM (l‘, g) = S;M(S) - hSEVI(CI’—l(f))(x)?

where hg (g-1(5)) satisfies the PDE in Definition and ensures that 0:Vg,, (z, p")
vanishes along the boundary. Applying It6’s formula to a regularised version of the
composition Vg, (x, p") in a similar way to the first part, integrating by parts and
re-arranging gives

t

/ \IISM(:I:7 pn(m7 t)) du
U s=0

= [ s snardns g [ [ @050 ) o) do
=— /t/ S"(p")Vp" - <V<I>(p”) + le" —on(p") " —v(p") - Un(p”)ffé(p”)Fz>

//S/I FO’ //Vhs/ }?) V(I' //Vhs/ — }?)Vp

+ /0 /UVhS’M@*(f)) ' (—Un(p”) der —v(p") + §F1(0;(p”))2vp” + an(p”)aé(p”)Fi) : |
4.18

We deal with the terms in the final equality in a similar way to the first estimate. The
first two terms form part of the estimate so are moved to the left hand side, the noise
terms vanish in expectation and the fourth term can be re-written as a boundary
integral. For the fifth term on the right hand side of the final equality of equation
(4.18), we use the identity

1

ILM1<p"<M20n(/On)o-;z(pn)vpn = §]1M1<p”<M2vo-72L(pn)
1
=5V (on((p" A Mz) Vv My) — o (M)) -
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Then using integration by parts gives

]' ! 1! n n / n n
- / / S (") (0" (") V" - By =
0 U

_‘// (0" A M) V My) — 02(My)) V - F
//aU )N Ma) V My) = 0 (My)) Fy - ).

By the boundedness of V - Fy, and F3 in U and F, - 77 on OU, it follows that there
exists a constant ¢ € (0, 00) such that

! / / S"(p") (on(0")0s (") V" - By + Fyo? (o))
<c// o 0 (P A My) + ct || (o2 f)AMy) Vv M) — o( 1))||L1(8U)'

Again we mention that the terms in involving Vhg: (g-1(f)) would vanish if
our boundary condition was constant. Otherwise they are dealt with in a similar
way to the first estimate, except that we use Holder’s inequality rather than Young’s
inequality in order to keep the M dependence in these terms through hs;w(q)—l(f_')).
Explicitly, we have for the terms that involve another gradient, for ¥, as in point 7
of Assumption [2.2.1] using point 1 of Remark [4.1.2]

t 1, 1 n n
[ [ Fhsywmi - (V060 + 196+ S RGPV

o Vs ey (0L g o R o
_t/aUaﬁ<f+n‘I) (H+5 T, (@ (f)))

/ — R = 1 _ — _ _
< 1850 O sy (10 + 5 197 Dl + @ D o) -

For the remaining terms, analogously to (4.16), we have for a constant ¢ € (0, 00)
that

t
| [ Fhsomii - (v + o—n<p">a;<p">F2 W, (")) dads

The final two terms in are dealt with using Proposition , just as in the
first estimate. Here we cannot absorb the integral involving |VOg2(p™)|? to the left
hand side of the estimate. It stays on the right hand side of the estimate, and it is
bounded as a consequence of the first estimate.

To complete the estimate, we further note that the definition of Wg,, implies
that Vs, (z,p") = Su(p") — hg; @-1())(x)p". Since the product hg (g-1(5)p0 and
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Jo Sa(p™(x,t)) are both non-negative, we can remove these from the left hand side
of the estimate. We further use the bound Sy (po(z)) < (po(x) — M) to simplify
the left hand side of the estimate.

Finally we are left with the additional term hg (g-1()p"(",?) on the right hand
side of the estimate. Applying Holder’s inequality and realising that the L?(U)-
norm of p"(-, ) is bounded using the first estimate completes the proof of the second
estimate. [

Remark 4.1.9. The final two terms on the left hand side of equation (4.8)) are the
approzimate kinetic measures q¢", and the bound in 15 a bound on the approximate
kinetic measures when p™ is bounded away from zero and infinity. The right hand side
of 15 written deliberately to emphasise that it converges to zero as My, My — 0o
due to the fact that hsgw(q)—l(f‘)) =0onU as M, — co.

Remark 4.1.10 (Distinguishing constant and non-constant boundary conditions).
We mentioned several times that the estimates simplify in the case that the boundary
condition is a non-negative constant, for instance f = M > 0. This type of boundary
condition is needed in the classical and fast diffusion cases ®(&) = &™,m < 1, see
Remark[2.2.6 In this case the PDEs hg-1(p) and hg (o-1(p)) as in Definition
are solved by constant functions, for instance

hcpfl(_)(l') = (I)il<M), Vo € U

Hence the gradient Vhe-1(f) as well as the normal derivative 8%8%1(”_) are zero, and
so terms involving either of these factors vanish immediately.

For example, this means that the first energy estimate reads for constant
c € (0,00) independent of the boundary data M,

P | e S g

t
< llpo = he-1(p)ll72w) + C/O /U (L+p" +@(p") + ctl|on (@~ (M) L1 (ov)
<llpo = ha-1(pll T2y + ct (1 + O (@71 (M)) + an(®(M))) . (4.20)
In order to prove tightness of the sequence {p"},en, our goal is to use the above
energy estimate to prove higher order space and time regularity of the solution. We
will need the following lemma that will allow us to prove regularity of (fractional)
spatial derivatives of the solution. The proof here is new compared to the torus since

we need to use the standard PDE tool of the extension operator, see Chapter 5.4 of
Evans [35].

Lemma 4.1.11. Let ® satisfy Assumption|2.2.1. Let z € H'(U) be non-negative and
such that O 5(z) € HY(U). If ® satisfies condition (2.6)), then

IVl wmay < N2ll2 @ IVOs () 2w may. (4.21)
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If @ satisfies condition (2.7)), then for every B € (0,1A2/q), for a constant ¢ € (0, 00)
depending on 3,

2
Iethvssior < e (Bllow + 19002l s ) (122)

Proof. By the chain rule and the fact that ® € C}.
of ©¢ 9 in equation (2.5) that

Vz = (¥(2)*VOss(2). (4.23)
Suppose first that ® satisfies (2.6). Then using (4.23)), (2.6) and Holder’s inequality,

it follows that for § € [0,1/2] as in (2.6)), we have that for some constant ¢ € (0, c0)
that

((0,00)), we have by the definition

1/2
192020y < e]|2*V00a(2)| 1y < ell N2, IV O02(120y
< cll2ll3s )| VO 2(2) 200,

which proves the first claim (4.21)).

We now look to prove the second claim, (4.22]). We will utilise the Sobolev exten-
sion theorem from Chapter 5.4 of Evans [35] which we can apply to ©42(z) since it
is H'(U)-regular. The theorem provides the existence of a bounded, linear extension

operator
E:HYU) - HY(RY),

that extends Og 5 from U to all of RY. The extension EOg agrees with Og o on U,
and since our domain U is C?-regular, we have the existence of a constant ¢ € (0, 00)
depending only on the domain U such that

||E®<I>,2||H1(]Rd) S CH@(D,?HHl(U)' (424)

It therefore follows that if ® satisfies (2.7)), then using (2.7)), for ¢ € [1,00) as in
(2.7)), the fractional Sobolev semi norm satisfies for every g € (0,2/q A 1), for some
constant ¢ € (0, 00) depending on S,

/ |2(x) — 2(y)| da dy < C/ ©2,(2)(2) — Oa(2) (y) [/ d dy

|z — y|dH+P |z — y|a+P
_ 2/q
o [ [Eeale)e) - BOwal )P
U2 |$ - y|d+6

q/2

1
/ VEOs,(2)(y+s(x —y)) (z —y)ds| |z —y| " dvdy
0

SC/
U2

1
<c [ [ IVEw eyt sl )| o~y ds du dy.
U2Jo
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An application of Hélder’s inequality, the fact that d + 5 — 2/q < d, the inequality
(4.24) and Poincaré’s inequality proves that there exists a constant ¢ € (0, 00) which
depends on 8 and ¢ such that

- l/q l/q
[ vy <o [ 1vB0uater i) <o [ 190uatar)
U2 ‘:U—Z/‘ +8 u v

This proves the second claim (4.22)) by using the definition of the fractional Sobolev
norm. O

As a direct consequence, we have the following higher order spatial regularity
estimate.

Corollary 4.1.12 (Higher order spatial regularity of solution to regularised equa-
tion). Suppose that the spatial components of the noise &', the non-linear functions
®,0,v and the boundary data f satisfy Assumptions|2.1.9, |2.2.1] and |2.2.9 respec-
tively. Let further py € L*(Q; L*(U)) be non-negative and JFy-measurable, let the
functions ©,,; and ¥, be defined as in Assumption nd he-1(f) denote the weak
solution of the harmonic PDE defined in Definition |4.1.1. For n € N, let p™ denote

a weak solution of the regularised equation (4.5)) in the sense of Definition .

1. If ® satisfies condition (2.6)), then for every t € [0,T] there is a constant ¢ €
(0, 00) independent of n and t, satisfying

Ellp" |z qogmrrwy < clloo = ha-r(p 220
+ ot (1+ [ Vhasipllzewn) (1+ 19820hac ()30 ))

st (|00 (P sior) + 198 Pl o + 1 o
et (10, @ Dy + (14 2) 107 Dl ) (425)

2. If ® satisfies condition (2.7)), then for all 5 € (0,2/qg A1) and t € [0,T] there is
a constant ¢ € (0,00) depending on [3, but independent of n and t, such that

Ellp" 2 qogver @y < ellpo — ho-1(pllZ2
+ ot (14 [Vhasipllzewn) (1+ 10820ha-1 )30 w))

tet (2@ (Mlleron + 1048 (D) asqauasy + 17120

et (10, @ DMy + (143 ) 10 Dl ) - (420

Proof. For both estimates we can use Proposition to bound the L'(U x [0,1])
norms with e = 1. The first estimate then follows from the first item in Lemma[4.1.11]
the fact that 6 € [0,1/2] and Proposition

The second estimate follows from the second point in Lemma the fact that
q € [1,00) and Proposition 1.1.§ ]
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We next aim to show a higher order time regularity result for solutions p”. Since
we want the estimate to be stable with respect to the regularisation n, we can only
do this for solutions cutoff away from their zero set. The result will subsequently
motivate the introduction of a new metric on L*(U x [0,T]) to prove tightness of the
laws of p", see Definition [4.4.4]

Definition 4.1.13 (Cutoff away from zero). For § € (0,1) let ¢5 be the piecewise
linear cutoff in Definition . Let gzgg € C*([0,00)) be a smooth approximation of
¢s. That 1s to say 0 < (5/3 < 1 is smooth, non-decreasing and satisfies for a constant
¢ € (0,00) independent of

@3(5) =1, £E>p
d5(6) =0, £<p)
05(8)| < ¢/f €€ (0,00).

For each (8 € (0,1) we define g € C*°(]0,00)) by

(€)= s(O)E. (4.27)

Proposition 4.1.14. Suppose that the spatial components of the noise &, the non-

linear functions ®, o, v and the boundary data f satisfy Assumptz’ons and
respectively. Let further py € L*(Q; L*(U)) be non-negative and JFy-measurable,

let the functions ©, and VU, be defined as in Assumption and he-1(f) denote
the solution of the harmonic PDE defined in Definition|4.1.1. For n € N let p™ be a

weak solution of the reqularised equation (4.5)) in the sense of Definition .
For every t € [0,T], 6 € (0,1/2) and s > % + 1 there exists a constant ¢ € (0, c0)
depending on 3,6 and s but independent of the reqularisation n such that

E||\I/5<pn)||W571([0,t};H*S(U)) < Ct||,00 - h@—l(f)H%z(U)
+ et (14 [ Vho1 (7|l o wanen) (1 + ||@¢72(h¢,1(f))||§{1w)>

+ et (o@D o) + 196 Pl + 1 o
_ 1 _
et (100, @ Dy + (157 ) 107 DBy )

The proof is analogous to Proposition 5.14 of Fehrman and Gess [41], we just give
the main idea below.

Proof idea. Similarly to the derivation of the kinetic equation, it follows by It6’s for-
mula and then bringing the Wi (p") factor inside the derivative and using the product
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rule, that
AWs(p") = V(" + SVl
=7 (VTR + LT~ Uyl — Wil
9 (GRS + 060 ()0 ()
—Wi(p")Vp"-Vo(p") — %‘If’é(p”)IVp”IQ+‘112§(p”)0n(p”)vp”~d£F+‘112§(p")Vp”~V(p”)

1 1 n n / n n 7,
+ 5 Vsl ) (00 (p")ol (p") Fy - V" + Fyo2(p")) .

Doing this allows us to compute the the fractional Sobolev norm more easily.
Integrating in time, and writing some derivatives in terms of the function Og 5, we
have for fixed 2 € U the decomposition Wg(p"(z,t)) = Ws(po(x)) + I/ + I with
martingale term

g / V- (W (") (0" dET) + / V(") (0" (¥ (") /2O (") - dE”

0

and finite variation term
i [V (U@ ) Y 0ua(e) ~ [ WV
/V (Th(p") V") l/0 V(0 (p”)Vp”)—%/ (™) Vp"|?
1 sy (00(0M)? , 'oom
—|—§/0 V- <F1\I’ ('0)((1)’( ))1/2V@<I>2 ) /V \IJ p")on(p")oy(p >F2)
w5 [ >%F Voual) + 3 [ Vil Fa )

/v (W (") /v (W (" (n))+/0tng(pn)vpn.y

We begin by showing the martingale term is W%%([0,t]; H=*(U))-regular. That is

H[maT‘tH2 B tHImartHZ s t ot “[;”art ImartHH o) o
: wa2([0t;H==(U)) "~ o H=s(U) o Jo lu — o125

< oo, (4.28)

Since s > g + 1, the Sobolev embedding theorem tells us that
H(U) < L™(U), H*(U)— Wh'>(U), (4.29)

so that for test functions ¢ that we use in the definition of negative fractional Sobolev
norm, there exists a constant ¢ € (0, 00) such that

0]l o) + IVl Lo wimey < cl|@]

Hs(U)- (4.30)
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Using this and an argument similar to Lemma 2.1 of Flandoli and Gatarek [47] along-
side the Burkholder-Davis-Gundy inequality, the fact that W} is supported on [3/2, 3]
as well as the bounds in Assumption that the second term in the definition of
the norm satisfies

t t Hlmart _ Imart”?{f
u v ‘()
/ / ‘U _ v|1+2§ dv du
0 JO
t
< & | [ 100a(s" Lapacomcallsr + Ion(s") s
0

<[ [ [ (Vouaton + o) dr].

Analogously for the first term in the norm (4.28)), we have the same bound

E

t t
[t des & | [ [ (0uao) +126m) doau
0 0 U

Putting these together, it follows from the bound (2.4) on the growth of & and
Proposition that

mart (|2
|1 lt||vw?»?([o,t];H*S(U))

t
< 8 [t tlOnatho )y + [ [ 1V0nale ) dod.
0 JU

We next show that the finite variation term is W1([0,¢]; H~'(U))-valued. That is

v 2 t v |
Hj-f. .leyl([O,t];Hfs(U)) ::/0 HI{ HH’S(U) du+/0

It follows from (4.30)), the fact that W} and W} are supported on [3/2, 00) and [3/2, ]
respectively and Young’s inequality, that we can bound the first term by

t t v
L1 Ny dese [ ] [ (9601000 + 1900200
0 0 0 U
/

a,(p")*

1 n n n
+ 5|VP |1 pnsp/2 + W%nwﬂ + o (™), (P") | Lpns g2

(au(p™)a,(p"))?
' (p)

i[f”u

e du < co. (4.31)

H==(U)

1
+ Lpnspgy2 + |V(Pn)|lp”>,8/2 + (1 - E) |Vp”|215/2<pn<5

O e+ 6 PLajacynca ) dadudo
Using the fundamental theorem of calculus, the final term of (4.31]) consists of the
same terms as above but without the inner ds integral. Using that the inner integral

is increasing in v, the fact that n € N and so %x < 1+%x2, the fact that the final three
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terms are bounded over the indicator set, Assumptions [2.2.1] and [2.2.9] to bound the
various coefficients and using Proposition 4.1.6 analogously to the martingale term,
we have

E | Hlel([O,t];H*S(U))

c(1+)E |t + t|Oa2(he-1(7) |7 0 //('V@‘“ I+ |W |2>]
(4.32)

Using the trivial fact that there is a constant ¢ € (0,00) such that (1 +1¢) < ct, the
estimate then follows by the first energy estimate in Proposition alongside the
continuous embeddings W52 Wht < WAL for every 8 € (0,1/2). O

4.2 Entropy estimate

In this Section we prove an entropy estimate for weak solutions of the regularised
Dean-Kawasaki equation. We begin in Definition by defining a family of solu-
tions of Laplace’s equation that are necessary for the estimates. In Definition 4.2.2| we
define the space of functions with finite entropy. The entropy estimate is subsequently
proven in Proposition We recall that the additional assumptions required for the
entropy estimates are marked clearly in Assumptions 2.2.1] and 2.2.9]

We now introduce the family of PDEs {hy,y(f+s) }scjo,1)-

Definition 4.2.1. For every 6 € [0,1) let g4y denote the weak solution of the
PDE

{_Ahlog(f+§) = 07 mn U7 (433)

Piog(Fisy = log(f +6), on OU,

where f is the boundary condition in (1.2)). Let hiog(py = U — R denote the weak
solution of the PDE (4.33)) with the choice § = 0.

We will need to bound normal derivatives of (745 in the 6 — 0 limit, which is

guaranteed by equation (2.20)) in Assumption [2.2.9|
We now define the entropy space.

Definition 4.2.2 (Entropy space). Let ® € C([0,00))NCL_((0,00)) be non-negative,

satisfying Assumptions and by be as defined in Definition |4.2.1, Define the
function Vg : U x [0,00) = R by

‘I’cb,o(f% 0) =0, 35‘If<1>,0(95a5) = log(®(¢)) — hlog(f)(x)' (4.34)
That 1is,
3
Vao(r.€) = [ og(B(€)de’ = Ehyip (o)

0
The space of functions with finite entropy (with respect to ®) is the space

Ente(U) = {po c L"U):po>0 and /U\I&p(yc,po(x))dx < oo} : (4.35)
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The boundedness of the hy,, 7 term in (4.34)) is a consequence of Remark ,
which tells us that when the boundary data is not zerdl] it is smooth and bounded
away from zero, and consequently by the maximum principle /.7 is bounded in U.

Hence the boundedness condition in is just a condition on the integrability
of the first term on the right hand side of .

Example 4.2.3. In the case of interest ®(§) = &™, for m € (0,00) we have that

log(®(p)) = mlog(p).

Since we know that py € L'(U) and that hy, is bounded, we have

[ votmia)) s <0 = [ polog(m) < o
U U

We now present the entropy estimate, the proof follows Proposition 5.18 of Fehrman
and Gess [44]. We once again repeat the comment in Remark {4.1.10] and emphasise
that the analysis below is significantly simplified if the boundary condition is constant.

Proposition 4.2.4 (Entropy estimate). Suppose that the spatial components of the
noise £¥, the non-linear functions ®, o, v and the boundary data f satisfy Assumptions
12.1.9,12.2.1) and|2.2.9 respectively. Let further py € L'(Q); Entg(U)) be Fo-measurable,
let the functions Og 5, O, ¥, be defined as in Assumptio and hg-1(5) denote
the solution of the harmonic PDE defined in Definition . Forn € N let p"
denote weak solutions of the reqularised equation .

For the function Yg o defined in and for every t € [0,T)], there exists a
constant ¢ € (0,00) independent of the reqularisation n such that

e[ [ oty v [ [ [ wwae] Lo [ [ [ L0

<[ [ Waale. o)) ]

t
e+ [ Vhiogep ) (t T t1@aalhe s )2, + E [ / / |V@¢,z<p">|2])
t et (B (D) o0y + 1O (@ (Pl rouer + 2oy

1 = = 1 =
210 )+ 1, (B Dy + € (143 ) el lor(@ ™ Dl
A bound for the the integral involving |V©g2(p™)|* on the right hand side is given by
the first energy estimate in Proposition |/.1.8.

Proof. To obtain the bound, apply Itd’s formula to the composition Vg s(z, p"(z, 5)),
§ € (0,1), for the regularised function Wg s : U x [0,00) — R defined by

Vg 5(2,0) =0, (9eVas)(w,&) =10g(P(§) +6) — Myog(rre) (),

'Tf the boundary data was the constant zero then we would not need to introduce the PDE in
the estimates below at all.
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where Ay, 745 is the unique weak solution of the PDE (4.33)) from Definition and
once again is used to ensure that (0¢Vss)(z, p"(x, s)) vanishes along the boundary.
We get after integrating the first order term by parts and rearranging that

/\I/<1>5(:E p"(z,s) dx _ / / (|V<I> s ;%72!)?;!2) dx ds

//an cI>' vp dg” //(<I>’ VpM( ")

'(p")oy, PV - F2 Fgcp'(p) 2 ()
i 2(‘13( )+5) + 2(D(p") + 9) ) d$d3+/ /Vhlog<f+6 (V@( ")

+ %W" — on(p")dE" —v(p") + %Fl o1, (") PV " + la;(pn)an(pn)pg) dz ds.
(4.36)

The terms are handled in an analogous way to energy estimates already seen thus far
in Propositions [4.1.8 and |4.3.2 so we are brief. For the second term on the left hand
side, we use the distributional equality

1/2 e ") n

[Vo(p™)|? _ 49 (p") PL/2
/U@<pn>+a‘/U<1>< DAl

For the terms on the right hand side, taking expectation kills both of the noise terms.
The second and third terms on the right hand side of (4.36)) can be re-written as
boundary integrals.

to re-write it as

For the second, we use the functions O, 5, for i = 1,...,d defined by
' (&)ri(§)
) ,5:(0) = 07 y i = ’
@ ,v,0, ( ) @,V,é,z(f) (I)(f) + 5
and for the third we define the unique function G4 , 5 satisfying
'(£)a’(§)a(§)
("') o 0) = 07 : - )
D, ,5( ) <I>,o‘,5<€> @(5) +9

and use integration by parts alongside the boundedness of V - F, on U and F5 - 7 on
OU. For the fourth term in the first line of (£.36)), by the assumption o < ¢®!/2, the
trivial inequality = < 1 for every ¢ > 0, and the assumption ®'(£) < c¢(1+§+®(¢)),
we obtain

L[ [ <o f [ [ o

The terms involving Vhlog( 7+6) are handled in the way described in points one and
two of Remark [4.1.2 The first, second and fifth terms in (4.36)) with other gradient
terms are handled using integration by parts and turn into boundary terms.
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As for the terms without derivatives, we use the final point of Assumption to
deduce that Vhy,, 7 and Vi, 715 are both L (U; R?)-valued, which gives alongside
the bounds (2.10) from Assumption [2.2.1]

/Ot/UVhlog(er&) . (—V(P )+ ;an(p Yo (p") Fy — %\pan( )) dz ds

< || Vhugg(pis)llnoe URd)/ / (14 p" 4+ @(p")) dzds.

Putting everything together we get

e[ [ vosterte t))dx]+E[//<‘@)+)5|v<b”2< NP+ s Vo)

<[ [ ot @) de] + e (L [Vhgqripllimwsn) B[ [ [ 41571+ 120D)

+ct]|©g.0,,6 (2 ()l 100y + tO00.5(@ ()l 12 o R0
Ohiog(1+) <— 1o 17 1 F ))
H(/ay o f+n<I> (f)+ Ty (D7(f)) ) |- (4.37)

Once again we used the fact that the boundary terms in the final two lines are
deterministic and do not depend on time. To obtain the desired estimate, we wish
to take the 6 — 0 limit in equation , and therefore we need a handle over the
boundary terms which all depend on . Alongside Young’s inequality, Assumption
2.2.9| precisely allows us to do this. Finally, to bound the integral of p™ and ®(p™) in
the second line, we use Proposition in the same manner as the energy estimates,
noting that we cannot absorb the term involving |VOg (p™)|? into the left hand side,
but the term is bounded as a consequence of the first energy estimate . The
estimate is proven. O

Remark 4.2.5 (Comparing entropy estimate with proof of kinetic measure at zero).
Note that the entropy estimate could be used to prove a statement about the kinetic
measure at zero if we include the assumption that (( < c€.

Since we have

257 Bl x [9/2,6] x 0.7))] < i & | [ / | guanscats’].

n—oo

that assumption would give

11 107) e L
i = g0~ ) (i VB2 + 19,

< lofe =) (AT + LGSV,

One sees that this is the precise quantity which we showed was bounded in the en-
tropy estimate above. Consequently, by the dominated convergence theorem, with the
indicator present, the kinetic measures go to zero.
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The reason we do mot use this estimate is due to the first term on the right
hand side of the estimate, which requires py € L'(Q; Ente(U)). For the definition
of stochastic kinetic solution, Definition we only have py € L*(Q; LY (U)). We
circumuent this in the sequel by choosing a test function that cuts off the logarithm at
1.

4.3 Decay of kinetic measure at zero

In this section we will prove the decay of the kinetic measure at zero required in the
uniqueness proof. After defining the relevant PDE in Definition 4.3.1] we give the
estimate in Proposition [4.3.2]

We consider the following PDE, where the boundary condition is the logarithm
cutoff at 1.

Definition 4.3.1 (The PDE hgig-1(7)))- Define the function G : [0,00) — [0,00) by

1
G(O) = 0, G//(f) == Eﬂo<§<1. (438)
Integrating gives that G'(§) =log(§ A1) and G(§) = (EA1)log(E A1) — (ENT).
Define hero-1(5y) : U — R to be the solution of the harmonic PDE

{_AhG’(él(f)) =0 on U, (439)

hG/(q)—l(]?)) = G%@il(f)) on 8U

Proposition 4.3.2. Suppose that the non-linear functions ®, o and v, the boundary

data f and the spatial components of the noise ¥ satisfy Assumptions and
respectively Let further py € L*(Q; LY(U)) be non-negative and Fo-measurable

and hero-1(f)) be defined as in Definition |4.5. 1]
If p is a stochastic kinetic solution of (2.23)) in the sense of Deﬁm’tz’on with
corresponding kinetic measure q, then it follows almost surely that

lim inf (8~'g(U % [8/2, 8] x [0,T])) = 0.

Proof. Let us begin by noting that, whilst we do not know the precise form of the
limiting measure ¢ due to the presence of a parabolic defect measure in the limit, see
Chen and Perthame [16], for the regularised equation we have a precise equation
for the kinetic measures, see proof of Proposition 5.21 of Fehrman and Gess [41] as
well as the derivation of the kinetic measure from Section 2.3l The kinetic measure
for the regularised equation is given by

/ mn n 1 n
dg" = do(€ — p) (cb IV + 219 |2) da dt de. (4.40)
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By Fatou’s lemma for measures, we observe that

B—0

:hgl_fgle |:/R/O /[‘]E]lg/ggggﬁdq}
T
< liminf liminf E -1 dq"| .
< lim inf T in UR/O /U5 B/2<€<8 q}

Analogous to the energy estimates of Proposition 4.1.8|and to the entropy estimate of
Proposition[d.2.4] for fixed regularisation constant n € N we apply Itd’s formula to the
composition ¥(z, p"(z, s)) for a regularised version of the function ¥ : U x[0,00) — R
defined by

hrﬁn_)i(l)quﬁ_lE [q(U x [B/2,0] x [0, T])] < liminfE [/5/2/ /Uédq]

\I[({L', O) = 07 (aflll)(flf,g) = G/(g) - hG’(é—l(f))(w)'
Using equati, one obtains for the functions ©,, ¥, and ©, as in point 3 of

Assumption [2.2.9] that there exists a constant ¢ € (0, 00) such that

T 1 n r 1 1/ n n|2 1 n|2
E // /ﬂogggdq =E / /n10<pn31 (") "+ —|Vp"[7 ) dudt
rJo Ju o JUP n

<E [/U (W(x, po) = W(z, p"(-,1))) dw] + T+ T)0,(@7 () A ) 11 ormay
T
+T00, (27 (F) ADl|zsow) + T (14 Vhor17pll =) /0 /U (1+p" + (")

+ T 1og(®~"(f) A )| o0y <Hﬂ|L2(8U) + %Hq’_l(f)Hm(aU) + H‘I’crn(‘I’_l(f))Hm(aU)) :
(1.41)

The terms in the final two lines are handled in the same way as the previous estimates
and we do not comment further on these terms.
Furthermore, we have for the first term on the right hand side, that

U (x, po) = G(po) — pohcro-1(p)(x) = (po A1) log(po A1) — (po A1) — pohero—1(p)) ().

And so by the non-negativity of the solution, the initial condition and hgr(p-1(f)), we
have the upper bound

B | [ (W) - v(o ) de]
U
<E U ((po A D) log(po A1) + (0" A1) = p"here-1(py) (7)) da| .
U

Using Holder’s inequality and the L?(Ux|0,¢])-energy estimate ([4.8)), this term is
bounded.

Putting everything together, we showed that the right hand side of (4.41) is
bounded. By working along the dyadic scale ) = 27% for i € Ny, it follows by
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the boundedness of (4.41]) that there exists a constant ¢ € (0, 00) that can be made
independent of the regularisation n such that

00 T 1 . 1
e e 'dqn}SEU/ I dqn]sc.
ZZ:; [R o Ju BO " E<e<p® L), ), ¢loses

The infinite sum being bounded by a constant implies that the individual elements
of the sum converge to zero in L!(2), which implies almost sure convergence along a
subsequence. This proves the claim. O

4.4 Existence of solutions to the Dean—Kawasaki
equation

In this section we begin in Proposition by proving the existence of weak solutions
of the regularised Dean-Kawasaki equation. In Proposition [4.4.2] we then show that
the constructed weak solution is also a stochastic kinetic solution, in the sense that
it satisfies a kinetic equation analogous to equation but with the additional
regularisation terms as in (2.33)) above.

The goal will then subsequently be in Lemmal[f.4.3]to remove the requirement that
o is smooth and bounded, which will be done with an approximation argument. To
take the regularisation n limit, showing the existence of a solution to the generalised
Dean-Kawasaki equation is done in Theorem . Since the higher order time
regularity estimate from Proposition only applied to solutions cutoff from their
zero set, in Definition we introduce a metric on L'(U x [0,7]) whose topology
coincides with the strong norm topology, and tightness of solutions will be proven
with respect to this new topology. The arguments are similar to that on the torus
and so follow Section 5 of Fehrman and Gess [41]. We are therefore brief and just
provide the main ideas for completeness.

We begin with the proof of the existence of weak solutions to the regularised
equation. The proof is more technical than the torus since we need keep track of the
boundary data in the analysis.

Proposition 4.4.1 (Existence of weak solution to regularised equation (4.5))). Sup-
pose that the spatial components of the noise £, the non-linear functions ®,0,v and
the boundary data f satisfy Assumptions|2.1.9,[2.2.1 and|2.2.9 respectively. Let fur-
ther po € L*(Q; L*(U)) be non-negative and Fy-measurable.

For every n € N there exists a weak solution to the regularised equation mn
the sense of Definition[{.1.5. Additionally the solution satisfies the energy estimates

of Proposition |/.1.8.

Proof. We construct weak solutions via a Galerkin approximation with regularised
coefficients and pass to the limits in several steps. Throughout, n € N is a fixed
constant corresponding to a regularisations in the regularised equation (4.5]).

Step 1: Regularisation of coefficients and truncation of noise. Let
() men be a sequence of smooth, bounded, non-decreasing functions with ®,,(0) =
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0, such that ®,, — ® and ®/ — @ locally uniformly, and ®_! — ®~! uniformly
on compact sets. Let (Vp,)men be smooth approximations of v converging locally
uniformly to v.

For K € N, define the truncated noise

Rt x) = fk(x)Bf,

A

and set
K K
FE=>"R,  Ff=> KVh
k=1 k=1

Step 2: Boundary lifting. For every m € N, let hq);;( A denote the harmonic

extension of @ 1(f). That is, the unique weak solution to

_Ah‘bfnl(f) = 07 in U,
hg-1(5) = o, 1(f) on dU.

Step 3: Galerkin approximation. Let (¢;);ey C Hy(U) be an orthonormal
basis of L*(U). For M € N, we define the spaces

Vo :=span{ey,...,enm}, Vit == hg-15 + Varo-

We construct an approximate solution by projecting onto the basis vectors, whilst
at the same time satisfying the boundary condition. That is, let

M
=1

where the coefficients a;(t) are real-valued stochastic processes. We know that the
coefficient a;(t) should denote the L?(U)-inner product of the unknown solution with
e;. Using the weak formulation of the solution (4.1.5]), the coefficients (a;(t))}L, are
defined as the unique solutions of

1
+ / Vm(pMJn’K) . Vej dx dt
U
1
=5 [ (B Pt 4 g (g, (1S - T

+/ on(pM Y dEFE . Ve,
U

Since P,,, v, 0, are smooth and bounded, the coefficients of this system are
globally Lipschitz functions of (ai,...,ap). Hence, this finite-dimensional system
admits a unique strong solution. This allows us to define pM™ X,
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Step 4: Boundary condition. By construction, Vi C Hg(U), and therefore
pMmE(t, ) € Vip C hgoripy + Hy (U).
The trace theorem, see Chapter 5.5 of Evans [35], then implies that
pMmE oy = @2 1(f) forall t € [0, T).

Step 5: Passing to the limits M, K, m — oo. Applying It6’s formula and using
the assumptions on the coefficients, we obtain uniform (in M, K, m) energy estimates
as in Proposition [£.1.8 In particular,

pM K s bounded in L2(Q; L*(0, T; HY(U))).

Using the these bounds and the Aubin-Lions—Simon lemma, we extract a subsequence
such that

pMmE g B strongly in L2(Q; L*(U x (0,T))) as M — oo.

Passing to the limit in the weak formulation yields a solution p™¥.

Using standard stochastic compactness arguments and the convergence of the
truncated noise, we can take the K — oo limit to obtain a limit p™ solving the
equation with full noise.

Finally, using the convergence of the non-linearities from Step 1 and compactness,
we pass to the limit m — oo to obtain a weak solution p of the original equation.

Step 6: Boundary condition in the limit. By elliptic regularity, h(b:nl( n
hg-1(7) in H'(U) as m — co. Since p™m™* — hg-17) € H}(U) and the trace operator
is continuous, we obtain

plov = ®71(f), equivalently ®(p)|oy = f.

Step 7: Non-negativity and continuity. Non-negativity follows by applying
Ito’s formula to suitable approximations of the negative part,similar to what was
done in the estimate ([4.9). Continuity in L?(U) follows from the stochastic integral
representation.

This completes the proof. O

We now prove that the weak solutions of the Dean—Kawasaki equation are also
stochastic kinetic solutions. The proof is analogous to Proposition 5.21 of [41], we
provide the idea for completeness.

Proposition 4.4.2 (Stochastic kinetic solution of the regularised Dean—Kawasaki
equation ([4.5))). Suppose that the spatial components of the noise &, the non-linear
functions ®, 0, v and the boundary data f satisfy Assumptions|2.1.9,[2.2.1 and|2.2.9
respectively. For m as in equation (2.4), let py € L™ (Q; LY(U)) N L*(; L2(U)) be
non-negative and Fo-measurable. Forn € N, let p" denote a weak solution of equation

(4.5) in the sense of Deﬁmtion and let

X" (2,&,1) = Locecpr(an
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be the corresponding kinetic function on U x (0,00) x [0,T]. Then p" is a stochastic
kinetic solution in the sense that for every v € C°(U x (0,00)), t € [0,T] we have
almost surely that

/ / N, € ), €) da dE = / / N, €t = 0)ib(w, €) da d

// (060) (@, €)lepn @/ (€) V0" |2d:cds—/ /Vp V) (@, €)lepr da ds

2 [ [ @1l Vo Prds— [ [ vtV - (0ul e do
_/t/ W(z, PV - v(p") dz ds

/ / MYV - By + o (0" F) (Beth) (i, ) lemy it ds

- (<1>’<p”>vw+2F1[a;<p“>]2w"+1o;<p">an<p“>F2) (Vat) (@, ey dar .
P (4.42)

Proof idea. The proof follows precisely the steps for deriving the stochastic kinetic
equation ([2.40]), see Section Begin by using Ito’s formula to derive an equation
for S(p™) for a smooth and bounded function S : R — R. Secondly derive a formula

for the integral
| st ds
U

for test function ¢ € C2°(U) using Definition of a weak solution. Finally the
kinetic equation is derived, noting the density of linear combinations of functions of
the form S’'(&)y(z) in CX(U x R).

One noteworthy point is that, as mentioned above in the discussion of equation
, the kinetic measure corresponding to the solution p" constructed above is

1
= bl — VIO + Lol — TP
1
= e = ") (IV@nale" )+ 11T )

The measure is finite due to the estimates of Proposition [4.1.8| and satisfies the other
assumptions of a kinetic measure in Definition due to Assumption 2.2.1 The
boundary condition is inherited from the boundary condition of the weak solution,
see the first point of Definition [£.1.5 O

Our aim is now to extend the well-posedness to the generalised Dean—Kawasaki
equation without regularisation (2.23). The first step is to dispense of the regulari-
sation of ¢ in Definition [4.1.4]

Lemma 4.4.3 (Approximating o in C. ). Let o satisfy Assumption m Then

there exists a sequence {0, }nen such that for each n € N, the function o, satisfies the
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reqularity condition (4.4) in Definition|f.1.4. Further, the sequence uniformly satisfy
Assumption [2.2. 1, and

op — 0 in C’lloc((O,oo)).

Proof. The proof follows from constructing smooth bounded approximations by con-
volution which can be done due to the regularity of o from Assumption [2.2.1] O]

The difficulty in extending the well-posedness to the singular equation (2.23)
is that the weak solution of the regularised equation constructed in Proposition
does not have a stable W#1([0,t]; H=*(U))-estimate. We only have stable
WAL([0,t]; H=5(U))-estimate for the solution bounded away from its zero set, as in
Proposition . We deal with this by defining an equivalent metric on L'(U x
[0, 7)) below. Tightness of the cutoff solution Ws(p) as in Definition (4.1.13)) will be
proved with respect to this metric.

Definition 4.4.4 (New metric on L*(U x [0,T])). For 8 € (0,1) let ¥ be as defined
in Definition[{.1.13 Define D : LY(U x [0,T]) x LY(U x [0,T]) — [0,00) by

g9) = iQk ( H‘Ijl/k( ) — ‘I’l/k(g)HLl(Ux[o,T]) > ‘ (4.43)
k=1 LA (1P (f) = Wam(@l Lrwxom)

We now state the result that allows us to use the metric D to prove tightness. We
expand the ideas presented in Lemma 5.24 of Fehrman and Gess [41] to make their
proof rigorous.

Lemma 4.4.5. The function D defined above is a metric on LY (U x [0,T]). The
metric topology defined by D coincides with the strong norm topology on L*(U x[0,T]).

Proof. We split the proof into two steps.

Step 1: Prove that D is a metric. The non-negativity and symmetry of D is
clear from the definition. We next aim to show that D(f,g) =0 <= f = g almost
everywhere. If f = g then D(f,g) = 0 is obvious, so we just need to show the reverse
implication. Suppose that D(f,g) = 0. Then

191k (f) = Prm(g) L oy = O

for every k € N, and so Wy (f) = V1/x(g) almost everywhere. But for any value of
f > 0, we can find a k € N sufficiently large, satisfying % < f, so that the equality
Uy k(f) = Wik(g) is equivalent to f = g almost everywhere.

We are left to prove the triangle inequality. By the triangle inequality for the
LY (U x [0, T])-norm, it holds that for any f,g,h € L'(U x [0,T]) and k € N

W1k (f) = Yin(g) |l o @wxpo,m)
< [ W(f) = Wam(P)| 1wy + [We(h) = Yi/e(9)| 2@ xjo,)-

The observation that ((t) := & is concave, so that ((a +b) < ((a) + ((b), then

implies alongside the above equation that

CUN 1/ (f) = Yayk(@)lLr@wxpo.r))
< CYk(f) = Ya(W) L wxpo,rn) + CUNY1x(h) = Yask(9)l i wxiom))-
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Multiplying by 27* and summing over k € N gives the triangle inequality for D.
Hence D is a metric.
Step 2: Equivalence of topologies. We wish to show that

fo— fin LU x[0,T]) <= D(fn,f)—0.

First we prove that L'(U x [0, T])-convergence implies convergence in the metric D.
This follows by the fact that L'(U x [0, T])-convergence implies that there exists a
constant ¢ € (0, 00) such that for every k € N, as n — oo we have

11 k(fr) = Ya(Ollrwxory < cllfo = fllorwxpm — 0.

The inequality above follows by the fact that ¥,/ is Lipschitz with constant indepen-
dent of k. Convergence in the metric D then follows by the dominated convergence
theorem and the fact that each term in the sum defining D(f,,, f) converges to zero.

We conclude with a proof that convergence in the metric D implies convergence
in LY(U x [0,7]). We first observe by the triangle inequality for real numbers that
for every k € N,

[fo = fI < Waye(fn) = OO+ 1o = Cin(fu)l + [Pn(f) = fI. (4.44)

Observe for the final two terms that |f — Uy ()] = (1 — ¢1/(f))|f], which is zero
when |f| > 1/k, so that

= U] < f 1 < -

k
Integrating (4.44) over U x [0, T] then gives for every k € N that
21U|T
1fo = Fllzrwxom < 1Waye(fn) = Cin(O)llrwxiom + % (4.45)

Since D(fn, f) — 0, we have for each k € N that

27101k (fo) = YAl i) < D(fas £),

which implies that for every k£ € N, as n — oo,

CUY1e(fr) = Yae(F)ll o wxpoan) < 2°D(fn, f) = 0.

By the fact that ( is continuous and strictly increasing, this implies for each fixed
k € N that

N1k (fr) = Wam()ll 1@ xjory) — 0 (4.46)
Using we wish to show that f,, — f in L'(U x [0, T]). To that end, fix arbitrary
€ > 0. Choose k € N sufficiently large so that w < €/2. Based on this k, pick
n € N sufficiently large so that ||Wq/x(fn) — W1/k(f)llzr@wxjo,r)) < €/2, which can be
done by . Equation then illustrates for sufficiently large n, k, we have

| fr — f”Ll(UX[O,T]) <€

That completes the proof. O
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The proposition below is a key element of the existence proof. The statements on
the torus can be found in Proposition 5.26 and 5.27 of Fehrman and Gess [41]. We
give the details for the proof of the first point and refer the reader to Proposition 5.27
of Fehrman and Gess [41] for a proof of the second point.

Proposition 4.4.6 (Tightness of laws of p™ in L' (U x [0, T]) and of martingale term
in C7([0,T))). Suppose that the spatial components of the noise £, the non-linear
functions ®, 0, v and the boundary data f satisfy Assumptions|2.1.4,(2.2.1 and|2.2.9
respectively. Let py € L*(Q2; L*(U)) be non-negative and Fy-measurable. Forn € N let
p" denote stochastic kinetic solutions to the reqularised generalised Dean—Kawasak:
equation (4.5)).

1. The laws of {p" }nen are tight on LY(U x [0,T]) with respect to the strong norm
topology.

2. For each test function ¢ € C(U x (0,00)), v € (0,1/2) the laws of the mar-
tingales

Mt"’w:—— t PV - (o (p™)der
/0 /Uw(x p") (aa(p™)dE™)
are tight on C7([0,T1).

Proof of first point. Owing to Lemma [4.4.5] we just need to show that the laws are
tight on L*(U x [0,T]) with respect to the metric D. We split the proof into several
steps.

Step 1: Uniform bound for the cutoff solution ¥,/ (p"). Fix k € N. Our
aim is to derive uniform in n bounds for Wy ,(p"), where Wg, 5 € (0,1) is defined in
Definition [4.1.13]

Using Corollary m with the fact that ¥/ ,(§) < c for a constant ¢ € (0, 00)
independent of k£ € N, we obtain

o If ® satisfies (2.6)), then we can bound
BNk (0™ 22 o, nwrr )
uniformly in n, by utilising equation (4.25]).
o If & satisfies (2.7)), then for all g € (0,2/¢ A 1) we can bound
E[[ W15 (0" 21 qom1:w5.1 )
uniformly in n, by utilising equation (4.26]).
Furthermore, since Wy ,,(§) < & for every £ € [0, 00), Proposition yields that
E[[1/5(p") | o= 0,732 (07)

is bounded uniformly in n, by utilising equation (4.§]).
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Step 2: Tightness of cutoff sequence. We want to show that for each k € N,
{W1,(p") bnen is tight in L'(U x [0,77]). This is a simple consequence of the Aubin-
Lions-Simon lemma, see specifically Corollary 5 of Simon [91], alongside uniform
estimates from Step 1 and the compact embeddings WHH(U), WY (U) «— L*(U), the
continuous embedding L'(U) < H*(U) for every s > 4 4 1, alongside the higher
order time regularity from Proposition [£.1.14] The claim is proved.

Step 3: Lifting the tightness to p". Our goal is to transfer the tightness of
{W1/k(p") }nen from Step 2 to the regularised solutions {p"}nen. Define the maps

Hy: L'(U x [0,T]) = LY(U x [0,T]) defined by Hy(p) = ¥1,1(p).

The fact that W, is Lipschitz implies that Hj is continuous in the strong norm
topology. Fix € > 0. The tightness from Step 2 proves that for every k& € N, there
exists a compact set Cj, C L' (U x [0,T)]) such that for every n € N we have

P [Uy(p") ¢ Ci] < €/2". (4.47)
Define the sets
Dk = H,;l(C’k), K = ﬂkENDk-
Consequently, by (4.47)) and a union bound, it holds that for every n € N,

[e.e]

Bl ¢ K] < 3B [Wh(0") ¢ C] <

k=1

Step 4: Compactness of K in the metric space (L'(U x [0,T7]), D). To show
that the set K is compact, we prove that any sequence (f,)neny C K has a convergent
subsequence in K with respect to the metric D.

By construction, it holds that

feK = feD, VEeN = Vy,(f)eC, VkeN,

which implies Wy /,(K) C Ci. But since for every k € N, the set Cj, is compact in
LY (U %[0,T7), it follows that {¥yx(f) : f € K} is relatively compact in L' (U x [0, T7).

Using this fact and a diagonalisation argument, for the sequence (f,)nen, there
exists a subsequence (fy;);en such that for every & € N,

W1 /k(fn,) converges in L' (U x [0,T]) as j — oco.
Consequently, by the definition of the metric D, it follows that (f,,);en is a Cauchy
sequence in (L' (U x [0,T)]), D), and so converges to some f € L*(U x [0,T]) with
respect to the metric D. Finally, we realise that K is closed since each of the Dy are

closed. Therefore f € K, and K is compact.

Step 5: Conclusion. We showed that for every € > 0 there exists a compact set
K c LY(U x [0,T]) such that

supP[p" ¢ K] <e.
Therefore, the laws {p"},en are tight in (LY(U x [0,71]), D), and hence by Lemma

4.4.5, the laws are also tight on L'(U x [0,T]) with respect to the strong norm
topology. O]
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The final ingredient to prove existence will come from the technical lemma be-
low, which is an alternative characterisation for the convergence in probability of a
sequence of random variables. See Lemma 1.1 of Gyongy and Krylov [54] for proof.

Lemma 4.4.7. Let (2, F,P) be a probability space and X be a complete separable
metric space. A sequence {X, : Q — X bnen of X-valued random variables converges
in probability as n — oo if and only if for every pair of sequences (ng, my)gen with
Ng, My — 00 as k — oo, there is a further subsequence (ng, My )wen such that the
joint laws (X, Xm,,) converge weakly as k' — oo to a probability measure p on
X x X satisfying

p{(z,y) e X x X o =y}) =1

We are ready to prove the main existence result, whose proof follows the proof on
the torus, see Theorem 5.29 of Fehrman and Gess [41]. The full proof can be found
there, we will just explain the main idea by putting all the previous results from this
section together. Similar arguments in a simpler setting can be found in Debussche
and Vovelle [26]. See also Theorem 6.2 of Wang, Wu and Zhang [95] for a similar
proof.

Theorem 4.4.8 (Existence of solution to the singular equation (2.23)). Suppose
that the spatial components of the noise £, the non-linear functions ®,0,v and the
boundary data f satisfy Assumptions|2.1.9, [2.2.1 and [2.2.9 respectively. Let further
po € L*(Q; L*(U)) be non-negative and Fy-measurable.

There exists a stochastic kinetic solution to the generalised Dean—Kawasaki equa-
tion in the sense of Definition . Furthermore, the solution satisfies the
estimates of Proposition |/.1.8,

Proof. For clarity, we again split the proof into several steps.
Step 1: Tightness. Recall that the sequence of regularised equations defined in
Definition are denoted by {p"},en, the martingales introduced in Proposition

are denoted by M™%, and introduce the kinetic measures for the regularised
equation

1
¢ = bule = ) (I90ual ) + 2157 ) cn e

Proposition gives us existence of stochastic kinetic solutions, and the energy
estimate of Proposition allows us to deduce that {¢" },en are a sequence of finite
kinetic measures.

Using the kinetic equation given in Proposition [4.4.2] one can write an equation
for the kinetic functions x" of p™. We analyse each of the random components of the
kinetic equation x". Fixing a dense sequence of functions {t;};en of C°(U x (0, 00))
in the strong H*(U x (0,00)) topology (for s > d/2 + 1), we consider the random
variables,

1 )
X" .= (pn, V@@}Q(pn% gvpna qn, (mej)jeN)
on the space

X = LYU x [0, T]) x L* (U x [0, T};RY)* x M(U x (0,00) x [0,T]) x C([0, T)™.
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We equip the space X with the product topology, with the strong topology on
LY(U x (0,T)), the weak topologies on L2(U x (0,7T); R?) and M (U x (0, 00) x [0,T])
and topology of component wise convergence in the strong norm on C([0,T])Y, in
particular using a similar metric as was constructed in Definition [4.4.4]

Deo((fr); (gx)) = Zz—k < | fr = gelleqom) ) ‘

— L+ [|fx = gulleqom

To show convergence in probability of the random variables X™, we will use Lemma
4.4.7. To this end, we consider two N-valued subsequences (ng)ren and (my)gen such
that ng, m, — oo as k — oo. Consider the laws of

(X", X™, B),

where B = (B7) ey are the Brownian motions which form part of the noise £, defined
on the space

Y =X x X xO(0,T)".

The energy estimate in Proposition 4.1.8 alongside the two tightness results in Propo-
sition show that the laws of (X™),cn are tight on X.

Step 2: Skorokhod representation theorem. By Prokhrov’s theorem, passing
to a subsequence still denoted by k& — 0o, there is a probability measure x on Y such
that as k — oo, we have the weak convergence of the laws

L(X™ X™ B)—pu onY.

Since the space X is separable, this implies that Y is also separable, so we can
apply the Skorokhod representation theorem. This gives that there is an auxiliary
probability space (€2, F,P) such that for every k € N|

(Y*, AN (X™ X™ B) inlaw on Y, (4.48)
(Y/, Z,B) =4 inlawon Y,
and we have the almost sure convergence in the space Y as k — oo:
(Y* 2% 8% = (Y, 2, B). (4.49)

We denote expectations with respect to P by E. To apply Lemma we would like
to show that ¥ = Z.

Step 3: Characterising Y. It follows from the equality in law of Y* and X"
that there exists

pF e L= x [0,T); LY(U))

Gt G € L(@: LU x [0, T R)
" € L'(Q; M(U x (0,00) x [0,77))
(MF¥3) ;e € LHQ; C([0, TV
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such that ) o i
Yk = (ﬁkJGlvagaqk7 (Mkﬂ/}j)jGN)' (450)

We identify elements of (4.50|) by converting various expectations E into expectations
E using the equality in law (4.48)), which gives for every smooth and bounded function

¢ that . .
E UO /U@Z)(ﬁk) dxds] = UO /Ul/)(p”’“)dxds]. (4.51)

Let us illustrate how this can be used to identify é’f First of all, in analogy with
Lemma [4.4.3] by choosing an increasing approximating sequence for Og 2, it follows

that uniformly in £ we have
[/ /@q:.g dxds}<oo

By (4.48]) and (4.51)), for every compactly supported ¢p € C*(U), A € F and A € F,

we have

E { /0 ' /U (@q,,z(ﬁk)w + wé’f) 1;de ds}

—E[/ / @@2 Vw—i-wvgq)g( ))ﬂAdl'dS =0.

This allows us to conclude that P-almost surely G¥ = V@cp 2(p%). By virtually an
identical argument it follows that Gk’ 1 Vpk’ that ¢* is P—almost surely a kinetic
measure for p* in the sense of Definition El satisfying ([2 , and that the con-
tinuous paths (M*¥i);cy are P-almost surely defined by 1-} with p* replacing p.
Furthermore using the energy estimate of Proposition [4.1.8] it holds that as k — oo,

1
—Vp* =0 weakly in L*(U x [0,T];R%).

ng

Consequently, in the limit as £ — oo we have the characterisation

(P, V@q,g( ) 0,4, (M )JGN)v

where p € L'(Q; L' (U x [0,T ])) and § is the corresponding kinetic measure.
It remains to characterise M7, and to do this we first need to characterise ﬂk
Step 4: The path 3 is a Brownlan Motion. Writing for each k € N, B =
(6%7);en, and the limiting process § = ((7);en, one obtains using the same trick of
interchanging the expectations E and E using equalities in law that for any F : ¥ — R,
s<tel0,T], and k,j7 € N

E[ <Y 0.4 Z¥ 110,51, B |[Os]> < —5’;”)]
E [F (X" |0, X™|i0.5), Blio.s)) (Bl = BI)] =0. (4.52)
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Passing to the limit as £ — oo using the uniform integrability of the paths ﬁNf 4 ij
implied by the second point of Proposition [4.4.6] and using the equivalence in law

(4.48), we have
[o,s}> (5? - /ﬁ)} =0

E[F (Vo Zlos Bloa) (BBi - BB = oyt — )] =0,

E [F (ffl[o,s],zho,s],ﬁ~
Identically for i,j € N, s <t € [0, 7],

where ¢0;; := 1,-; is the Kronecker delta. Using these and the fact that 3 has
almost surely continuous paths, we conclude using Lévy’s characterisation that 3/
are independent one dimensional Brownian motions with respect to the filtration

G =0 <?|[o,t], Z [o,t]7B’[0,t}> :

By continuity and uniform integrability 5 is a Brownian motion with respect to the
augmented filtration G of G.

Step 5: (Mj )jen are G, martingales. We apply a similar argument as the
previous point, see equation . We obtain that for s <t € [0,7] and j,k € N,

B [F (f/kh&sb Zk [o,s},BkHO,S]) <Mtk’¢j — Msk%ﬂ =0.

The fact that (Mj )jen satisfy the martingale property with respect to G; follows by
taking the limit as & — oo using the uniform integrability of the martingales.

Step 6: (Mj)jeN are stochastic integrals with respect to B Again this
follows from the same techniques as the previous points. First proving the results
for the approximations and then taking a limit as £ — oo, one proves that for every
i,jeN,s<tel0,T],

[0,8]>

< (5= 05— [ [ 6n9 @) drai] o

E [F (yl[o,sb Zl10.4, B

where recall (f;);en are the spatial components of the noise £ introduced in Definition
2.1.1 Hence this shows for each i € N,

WG~ [ [ 0@nv- @) sa G- matingale

It is easy to see by uniform integrability and time continuity that the process is also
a G, martingale. Identical arguments show that for 7 € N

gy - | fj ( vt <a</s>fk>)2
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is a continuous G, martingale. Putting everything together, due to an explicit calcu-
lation using the quadratic variation of Brownian motion, for every j € N, ¢ € [0, T1,

b ((Mﬁ -/ t / wj<:v,ﬁ>V-<o<ﬁ>éF>)2) 0,

where £F is defined analogously to £F but with Brownian motion 8 on Q. It follows
that we have the characterisation

W= [ [ wnv - (e

Step 7: Tying up loose ends. One needs to show the following technical steps
in order to finish the proof. The results are technical and follow that of Fehrman and
Gess [41] so we do not include the details here.

1. Show the limiting kinetic measure ¢ is almost surely a kinetic measure for p.
2. Show that o(p) is L*(U x [0, T])-integrable.

3. Remove the set A :={t € [0,T] : ¢({t} x U x R) # 0}. Outside A there is no
ambiguity when writing the kinetic equation for the kinetic function y.

4. Show that p € L'(U x [0,T7).

This is quite a technical step, it involves looking at left and right continuous
representations of p. One needs to study properties of the left and right kinetic
functions y*. Conclude by showing that the measure ¢ almost surely has no
atoms in time.

Step 8: Conclusion. We showed the existence of j with representative in L' (€2
[0, T]; L*(U)) that is a stochastic kinetic solution of the Dean-Kawasaki equation
in the sense of Definition With respect to Brownian Motion 3 and filtration
(g})te[o,T]. That is to say, we showed the existence of a probabilistically weak solution.
We conclude by illustrating how to extend this to a probabilistically strong solution.

In Steps 3-7 above, we characterised the process Y. We repeat the steps to Char-
acterise Z as in (4.49). Repeating Step 3 above, it follows that we can characterise
Z as

Z = (p, VOs2(p), 0,4, (Mj>j€N)'

Continuing, one shows there is an L' (U x [0, T'])-integrable, continuous representation
of p which is a stochastic kinetic solution in the sense of Definition [2.3.6] with respect
to Brownian Motion § and filtration (g_t)te[O,T]-

The uniqueness theorem, Theorem tells us p = p almost surely in the space
LY (U x [0,T)).

By Lemmal[4.4.7] it follows that after passing {p"} to a subsequence ny, on the orig-
inal probability space (2, F,P), there is a random variable p € L'(Q x [0,T]; L' (U))
such that p™ converges to p in probability.
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Working along a further subsequence, it holds that p"* converges almost surely
to p. Repeating the steps above once more, we can show p is a stochastic kinetic
solution of the generalised Dean—Kawasaki equation in the sense of Definition
[2.3.60 Noting that p™ are all probabilistically strong solutions to the regularised
equation, p is also a probabilistically strong solution but for the singular equation.
The energy estimates follow from the estimates for the regularised equations and the
weak lower semicontinuity of the Sobolev norm. O
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Chapter 5

Quantitative law of large numbers
and central limit theorem

This chapter is dedicated to the proof of a law of large numbers and central limit
theorem result for the Dean—Kawasaki equation. In Section we provide a setup
of the problem. We begin by defining and stating the assumptions on the noise .
We then define a regularised version of the equation for which we can define weak
solutions, and conclude with a quantitative law of large numbers for the regularised
equation. In Section we prove a central limit theorem for the approximating
equation. The estimate is extended to an estimate for the singular equation via an

L>(U x [0,T])-estimate in Section

5.1 Setup and quantitative law of large numbers

In this section we begin by defining and stating the assumptions on the noise in Def-
inition [5.1.1] and Assumption respectively. In Example [5.1.4] we give a concrete
example of the noise coefficients that we are able to consider, the eigenfunctions of the
Laplacian with homogeneous boundary data. The simplifying assumption of constant
boundary data and initial condition is given in Assumption[5.1.7 We then define the
regularised equation in Definition and give the definition of weak solutions of the
regularised equation in Definition [5.1.10] Additional assumptions on the non-linear
coefficients @, o and v required for the central limit theorem are presented in Assump-
tion [5.1.13] Remarks illustrate that the assumptions are satisfied in the
cases of interest. Law of large number estimates are then presented via LP(U x [0, T')-
estimates for the regularised equation in Proposition [5.1.18| and [5.1.20] The estimate
in Proposition is an estimate that is p-independent, and Proposition
presents a novel p-dependent estimate.

Recall from the introduction that are interested in studying fluctuations of equa-
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tion (1.5]), defined for € € (0,1) and K = K(¢) € N by

0up” = AD(p) — eV - (0(p%) 0 £5) = V- (p), on U x (0,77,
®(p) = f, on 9U x [0, T, (5.1)
pe(,t=0) = po, on U x {t =0},

with the non-linear functions ®, o, v, the boundary data f, and the initial data po all
the same as in the previous chapters. Again we highlight that K € N will be chosen
as a function of €, so we omit the K-dependence in the notation of the equationﬂ. We
start by defining the truncated noise £%.

Definition 5.1.1 (Truncated noise). Let (2, F, (Fi)i>0,P) be a filtered probability
space with adapted, independent d-dimensional Brownian motions (B*)ren. We view
the sequence (B*)ren as being C([0, 00); (R)>)-valued, equipped with the metric topol-
ogy of co-ordinate wise convergence. Let {fy}ren be a sequence of continuously dif-
ferentiable real valued functions on the domain U C RY. For every K € N, define the
truncated noise

]~

U X 0,T] = RY, 8(x,t) =
k=1

In this definition the superscript “K” denotes the level of truncation of the noise.
In this section, see Assumption below, the sequence { fi }ren are orthogonal, so
one can view the noise £¥ as an approximation of space-time white noise.

For every € € (0,1) and K € N, the well-posedness of stochastic kinetic solutions of
equation is guaranteed by Theorems [3.2.2| and 4.4.8| from the previous chapters.

Analogously to equations —, for every K € N we define the truncated
sums of the noise coefficients

K

Ff.U >R defined by Ff(z) == fi(x), (5.2)
k=1

K | K

Ff U =R defined by Fj(z) := ;fk(x)ka(x) =3 ;Vf,f(x), (5.3)
K

Ff U — R defined by Fi*(z):= Z IV fr(2) . (5.4)
k=1

We need the following assumption on the noise.
Assumption 5.1.2. For every K € N and v = 1, 2,3, we assume that

1. The sums FX are continuous on U, and also that V - Ff is bounded in U.

'Remark gives the precise scaling between K and e. We can make K (e€) integer valued via
the relabelling K () := | K (e)|
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2. For every s > d/2 we have

Z ”ka?{*S(U) < 0.
k=1

Repeatedly, when we want to bound sums of H—*T1(U)-norms of the noise coef-

ficients, we will require s > %, which 1s equivalent to the above assumption.

3. For every k € N, fi satisfies homogeneous Dirichlet boundary conditions. That
is, frlov = 0.

4. For j,k €N, if j #k, then fi, and f; are orthogonal in L*(U).

A key difference between the noise £ from the previous chapter and the noise ¢
is that the spatial components of ¢X are required to be L?(U)-orthogonal, whereas
the noise £ was coloured in space. This gives the following important remark.

Remark 5.1.3. Since the noise coefficients fi, are assumed to be orthogonal in L*(U),
we do not expect the limits limg_,o FX to exist pointwise fori = 1,2,3, recall Remark

2.1.4

The canonical example of the noise coefficients on a bounded domain that one
should have in mind are the eigenfunctions of the Laplacian with homogeneous Dirich-
let boundary conditions.

Example 5.1.4 (Eigenfunctions of the Dirichlet Laplacian). For every k € N, con-
sider fr = eg, where {eg}ren are the homogeneous Dirichlet eigenfunctions of the
Laplacian on U with corresponding eigenvalues { A }ren. That is, solutions to the
equation

(5.5)

—Aep, = e, x €U
er =0, x € JU.

We would then define for K € N the spectral truncation

8z, t) = Z ex(z)BY.

kA <K
Here, K plays the role of an eigenvalue threshold rather than the number of modes.

Let us illustrate that the eigenfunctions of the Laplacian as above satisfy Assump-
tion [5.1.2] so are a valid choice. We have the following properties, see Chapter 11
of Strauss [92] for further details. We state the properties as a proposition without
proof.

Proposition 5.1.5 (Properties of the eigenvalues and eigenfunctions of the Lapla-
cian). Let {eg, Ak fren be the eigenfunctions and eigenvalues of the Laplacian respec-
tively as defined in Example[5.1.4]. The following properties hold:
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1. All eigenvalues { A\, }ren are positive. All eigenfunctions {ey}ren can be chosen
to be real valued, they are orthogonal in L*(U) and so by Gram-Schmidt they
can be chosen to be orthonormal in L*(U). The eigenfunctions are complete in
the L*(U)-sense.

2. Using the local version of Weyl’s law, see Weyl [97], we have the bounds

Ef(2)= Y e(a) < CK% EN@)= Y e)(Vey)(x) < CKF
kM<K kM<K
Ef(x) =Y |(Ver)()]* < CK*F. (5.6)

Furthermore, by the definition of the eigenfunctions {ex}ren, we also have for
every K € N,

K K

K
V- EQK =V- ZekVek - Z (|V€k|2 + ekAek) = Z (|V€k|2 - )\kei) S E?
k=1 k=1 k=1
(5.7)

We also have the result below that illustrates that {ey }xen satisfy the second point
of Assumption [5.1.2

Lemma 5.1.6. Let {ey}ren be defined as in Example|5.1.1. Then we have the equiv-
alence

- d
Z ||€k‘|%{75(U) <0 < §> 5
k=1

Proof. The H~*(U)-norm of the eigenfunctions of the Laplacian is computed using
the definition

||e/€||H*5(U) = sup |<6k37f>8|7
FeH*(U): | flgs )<l

where the inner product (-, -); denotes the dual pairing of H*(U) and H*(U), which
can be interpreted as an L?(U) inner product by using e, € L*(U) € H~*(U). Since
{er}ren is a complete orthonormal basis in L?(U), we can write a general element
feL*U) as

fl@) = fenlx),  fo={fren)2w),
k=1

by which it follows from spectral calculus that the H*(U)-norm of f is given by

1 1oy = D (1 +A)°1f %
j=1
The maximisation problem becomes
lew][ -+ = sup | fi] -

FEH(U): 3o en(14+X5)%1£512<1

103



The supremum is attained when f; = 0 for every j # k, and for the k’th element we
have (1 + A\¢)*|fx|?> = 1. Rearranging gives

lexllr—<(y = (L +Ae) /2.

By a corollary of Weyl’s law [97], we have that on a C*-regular bounded domain U C
R?, the eigenvalues grow like A, =< k?/¢, where we used the notation =< to mean that
there exists constants ¢, ce € (0,00) such that for all large k, k2 < N\, < ok,
Hence we have

o0

d
E Hek||Hs(Ux 1+k:2/d <oo<:>25/d>1<:>s>§.
k:l

]

For the subsequent results, we will have to make the following simplifying assump-
tion. The assumption has the same consequence as the assumption required on the
torus, see Assumption 2.1 of Clini and Fehrman [20].

Assumption 5.1.7 (Simplifying Assumption). Suppose that the Fy-measurable ini-
tial data and boundary data are the same random positive constant. That is, there
exists an M > 0 such that

O(p)|ov =M, polu =2~ (M).

Remark 5.1.8. The consequence of Assumption is that the solution p of the
hydrodynamic limit equation

0up = AD(p) = V - v(7p), (5.8)

with initial data py and boundary data f is given um’quelﬁ by the constant p =
O~1(M), and therefore we are essentially looking at fluctuations around a constant
function.

A remark illustrating the necessity of this assumption is given after the proof of
the central limit theorem, see Remark [5.1.7]

Just as we did in Definition in the previous chapter, in order to consider
weak solutions we need to smooth the potential singularity coming from o, and to
obtain energy estimates we need to add a regularisation.

Definition 5.1.9 (Regularised equation). Let {0, }nen be the sequence of smooth
approximations of o as in (4.4) from Definition|4.1.4] For n € N, let p™¢ denote the
solution to the regularised equation

1 .
Op™* = AB(p™) + —Ap" = VeV - (on(p"™) 0 £) = V- v(p™),  (5.9)

with boundary data ®(p™)|oy = f and initial condition p™<(-,t = 0) = po(-).

2The uniqueness follows by the same arguments as Theorem in the special case ¢ = 0 (no
noise), and the equivalence of stochastic kinetic and weak solutions.
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By repeating the same computation as equation ([2.23)), the Ito-to-Stratonovich
conversion of ([5.9)) is

1 .
atpn,e _ A@(pn’e) + EApn,e _ \/Ev . (O-n(pn,e>§K) N v l/(p"’e)
€ / n,€ 7,€ 7,€ / 7,€
oV (F (00,0 )V 0™ + 0n (™) oy (p") F3* ). (5.10)

Since we added a %Ap”?e—term to the equation, our goal is to study convergence of
the regularised equation (5.10]) as € — 0 to the regularised zero noise hydrodynamic
limit equation

1
" = AL(F") + —AF" =V v (p") (5.11)

However, owing to Assumption , the unique weak solution of is still
the constant function p* = ®~1(M), for every n € N.

With the regularisations mentioned in Definition |[5.1.9] we can make sense of weak
solutions to ([5.9)) in an analogous way as Definition m

Definition 5.1.10 (Weak solution of regularised equation). Suppose that the non-
linear functions ®, 0, v, the boundary data f and spatial components of the noise &%
satisfy Assumptions|2.2.1},|2.2.9 and|5.1.2 respectively. Let further py € L*(Q; L*(U))
be non-negative and Fo-measurable, let hg-1(p be as in Definition . A weak
solution p™* of the reqularised equation ([5.9)) with initial condition py is a continuous
L*(U)-valued, non-negative, (F;)¢>o-predictable process satisfying

1. Boundary condition, reqularity of solution: For every k € N,
(P NEk)V1/k)— ((hqu(f) NE)V 1//<:) € L*(Q x [0,T]; Hy(U)).

2. The equation: For all test functions ¢ € C°(U) and every t € [0,T],

[owovw = [ mee - [ [ ¢@ove- oo
AL Vp””r\/_//crn PNT - deK +//w o)
//FK PPV - Ve 4 = //an Vo, (p")VY - Fy

Proposition 5.1.11 (Well-posedness of weak solutions to regularised equation). Sup-
pose that the non-linear functions ®, o, v and the spatial components of the noise £X
satisfy Assumptions [2.2.1] and [5.1.9 respectively. Suppose that py and f satisfy the
simplifying Assumption[5.1.7. For every n € N, there exists a unique weak solution

P of equation (5.10). Furthermore, weak solutions and stochastic kinetic solutions
comczde.

Proof. The argument is a simplified version of Proposition above, since our
noise is already finite dimensional we skip the approximation of the noise step and
everything else is the same. O]
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For the results below, we need the auxiliary functions, which can only defined for
general p > 2 due to Assumption [5.1.7] which tells us p is a fixed constant, independent
of space or time.

Definition 5.1.12 (Auxiliary functions for ® and o). Under Assumption let
p denote the constant solution to the hydrodynamic limit equation (5.8)). For every
p > 2, define ©g ), to be the unique function satisfying

Ou,p(p) =0, and O, (€) = (€= p)'T (¥'(€)*, (5.12)
and define ©,, to be the unique function satisfying
O0p(p) =0, and O (&) = (£~ p)'*a(£)d’(¢). (5.13)

For p = 2, the functions ©g2 and ©, 2 are defined with the same antiderivatives as

(5.12) and (5.13)) respectively, but with initial conditions Og 2(0) = O,2(0) = 0.
For the central limit theorem results we need the following additional assumptions.

Assumption 5.1.13. 1. Assume that ®,v € C?(0,00) are such that there exists
constants ¢, 5 € (0,00) such that for every £ € (0, 00),

[D"(E)] + V()] < c(1+¢7). (5.14)

2. For p the solution to the regularised hydrodynamic limit equation (5.8)) satisfying
Assumption and for the functions Og, and O,, as in equations ([5.12)

and (5.13) respectively, for every p > 2, suppose that there exists constants
q € (0,2) and ¢ € (0,00) such that for every & € (0,00),

(€= PP ?0%(€) + Oop(§) < c(1+6G,(€))- (5.15)

3. For ©,, as in (5.13), suppose that for every p > 2 there exists constants v, c €
(0,00) such that for every £ € (0,00),

, %) \"* 4o
P (&) + ((é—ﬁ)H) <c(1+¢&7). (5.16)

Remark 5.1.14. The first point is used in the proof of the central limit theorem for
the regularised equation, when we make rigorous the formal computation from ,
in particular see the the computation between equations and below. We
note that due to the presence of the constant on the right hand side of and
Assumption [5.1.7, the bound can be alternatively stated as

[D"(E)] + V()] < c(1+ (€ = p)?).

This can be seen rigorously via the inequality a® < 2°((a — b)? + bP).
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The second and third points in Assumption [5.1.13| are used to prove two different
energy estimates in Propositions |5.1.18| and [5.1.20] respectively. We give a comment
below that justifies why they are reasonable.

Remark 5.1.15 (Verifying point two of Assumption [5.1.13). Since for small values
of the argument & € (0,00), the functions on the left hand side of are bounded,
the presence of the constant term on the right hand side gives that the inequality is
always true.

Hence, we just need to verify the inequality for large & € (0,00), where by
“large”, we mean large relative to p so that we have (§ — p) < €.

In this case, for the model case ®(§) = ™ we have that Og ,(§) < &
consequently it follows

p+m—3
2, and

ptm—1
2

O (&) < ¢ (5.17)

Furthermore, when (&) = ®Y2(€) as in the particle system example [1.22)), for large

& we have that (£ — p)P20%(&) < P72 and since o(&)o’(€) < ™Y, we also have

Oy p(&) < E™P72. Hence point 2 of Assumption 1s satisfied with the choice
2(m+p—2)

= > <2 5.18
1 m+p—1 ( )

We note that this also holds in the case of the classical Dean—Kawasaki equation,
O(&) =&,0(€) = VE, with the choice m =1 in (5.18)).

Remark 5.1.16 (Verifying point 3 of Assumption. Recall from Remark
that in the case of interest from the particle system perspective (&) = ™ and o(&) =
®Y2(), we had O,,(€) < £™P~2. Hence the quotient in is well defined as
O, p(&) decays to zero faster than (§ — p)P~2 as & — p.

Again by the same reasoning as Remark[5.1.15, we just need to check the inequality
for large values of the argument & € (0,00). In this case we have that

G fjpg?_z)p/z < gmor,

so the choice v = % suffices. By the same reasoning as Remark m we can
replace the bound ( with the more convenient

, 9., \"* . .
o<£>+(—(§_p>p_2) < o1+ (€= D)), (5.19)

To bound the right hand side of equation ([5.15)) which will appear in the energy
estimate, we need the following technical lemma. The proof is a simplified version of
Proposition “ following the methods of equation (4.6)) and .

Lemma 5.1.17 (Interpolation estimate). Let ¥ be any function, and z : U x [0, T] —
R be measurable with constant boundary z|logy = ®~Y(M), M > 0, and V(z) €
L*([0,T); HY(U)). Then for every q € (0,2),0 € (0,1) and t € [0,T], there exists
a constant ¢ € (0,00) depending on M such that

//\p <c< +5//yv\p )
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Proof. Since q is strictly less than 2, multiplying the integrand by 1 and using Cauchy-
Schwarz and Young’s inequality with exponent 3 > 1 then gives for every 6 € (0,1)

and t € 0,7
t ¢
//|\I/(Z)|q§65_1t—|—65//\1122
0 Ju 0o Ju

Using the trivial inequality a® < 2(a — b)? + 2b* with the constant b = U(®~1(M)),
and subsequently applying Poincaré inequality gives the claim,

/Ot/l],q;<z)|q§05—1t+cg/t/ (U(z) — @ +c§/ /
<o 1t+c§//|v W (M)
§c5_1t+cc5/0 /U|V\If(z)2

The first result of this chapter will be proving two LP(U X [0, t])-energy estimates
for the regularised equation, both of which will be useful in the sequel. The main
difference of the estimate below to the above Proposition [4.1.8|is that we are able
to prove LP(U x [0, t])-estimates for arbitrary p > 2, rather than just L*([0,t] x U)-
estimates due to the fact that the boundary data is assumed to be constant.

]

Proposition 5.1.18 (p-independent energy estimate). Suppose that the non-linear
functions ®,0,v satisfy Assumptions|2.2.1| and |5.1.15, and that the spatial compo-
nents of the noise £ satisfy assumption . Suppose that py and f satisfy the
simplifying Assumption . Let ©Og ,, be the unique function defined in Definition
. Forn € N, let p™* be the weak solution of the reqularised equation (5.9) and
let p™ be the solution to the regqularised hydrodynamic limit equation .

For every e € (0,1),t € (0,T] there exists a constant ¢ € (0,00) independent of
t,e, n and K such that for every p > 2,

L s
s [ s

S cet (HV : F2I<||Loo(U) + HF3[(HL°°(U)) s (520)

and

| [ -or| e[ y rV@q),pW)P]
alf s

< cet (||V - F2K||Lm(U) + || F | pooon) - (5.21)
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Proof. Applying Ito’s formula, Assumption [5.1.7, integrating by parts, using that
V(p™c—p") = Vp™© and the cancellation of the It6 correction and Ito6-to-Stratonovich
conversion terms (similar to the L*(U x [0,])-estimate, see discussion proceeding
equation in Proposition m in the previous chapter), gives after re-arranging
for every p > 2 for the function ©4 ), defined in Definition that

;/ //IVGM ") |2+—/ /|v PR

/ / = PN () — PV (oul(pm)ER)
+t3 /0 /U (p™ = ") (Un(Pn7€)07/1(Pn7€)F2K‘Vpn’6+F§<UZ(pn’6)). (5.22)

We deal with each of the terms in (5.22) in turn. The first term on the right hand
side vanishes due to the fact that the boundary condition is constant,

[ oS [ fainai

_ tz@y,p,i@—l( ) / B=0,  (5.23)

i=1 U
where we defined for ¢ = 1,...,d the unique functions ©,,; by
Oupil0) =0, ©),.(6) = (€ — 7"V ui(),
and recall that 7 = (71,...,74) denotes the outward pointing unit normal at the

boundary. The final equality in ([5.23)) follows from the divergence theorem, letting e;
denote the standard basis vector in R? in the i’th direction, we have

e Lo - 20-
ou ou U ani

The noise term in ([5.22) is a martingale, so vanishes under expectation. We are left
with handling the two terms in the final line of (5.22). For the first, we have using
integration by parts that

€ t
/ L=y e a o B = =5 [ [ 0nu(r VR (24

for the function ©,,, , defined in Definition [5.1.12| In the case p = 2 we do not pick
up a boundary term when integrating by parts due to the Dirichlet boundary data of
the noise coefficients, see point 3 of Definition [5.1.2] that gives

t . 2M K t .
| [ oranmr = 2B0S [ pvpeg-o 62)
2 0 U 2 k=1 0 oU
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Using an L>®(U)-estimate for V - FfX, and using point 2 of Assumption [5.1.13] we
have that there exists constants ¢ € (0,2) and ¢ € (0, 00) such that

/ / 2o (p) o (P By - Ve

< ce|V - FX|| g //1+@ (7).

For the final term of (5.22)), using an L*>°(U)-estimate for FX and point 2 of Assump-
tion |5.1.13[ gives the existence of constants ¢ € (0,2) and ¢ € (0,00) such that

// MPRES ol (p) < cel| B | oo //1+@ (7).

The integrals of @%,,p are controlled using Lemma [5.1.17, again picking ¢ > 0 small
enough to absorb the resulting gradient term to the left hand side of the estimate.
Putting and the subsequent computations together, relabelling ¢ as s, after
taking an expectation we are left with

B | [y +E[ [ |V@¢,p<pn’€>|2]
o[ e

S CES (HV : F2I(||L°°(U) + ||F3[{||L°°(U)) . (526)

The first estimate (5.20]) then follows from integrating the inequality (5.26)) over
[0,¢] with respect to s, changing the order of integration, and noticing that when f
is non-negative,

/ot /0 f(u) duds = /Ot(t —wflu)dus t/ot e

The second estimate ([5.21]) follows by taking supremum in time on both sides of
(5.26)). O

Remark 5.1.19. The above estimate is stable for every fived K € N. However in
order to take the K — oo limit and ensure the right hand side of the estimates
converge to zero, we observe that one needs a joint scaling regime ¢ — 0, K — o0
such that

e (IV - B |lpew) + 15" [l=@y) — O

Based on other energy estimates below, we will deduce a final joint scaling regime

later in Remark[5.5.4).

Using the third point of Assumption [5.1.13] we can also obtain a bound depending
on p on the right hand side.
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Proposition 5.1.20 (p—dependent estimate). Suppose that the non-linear functions
O, 0, v satisfy Assumptions andm and that the spatial components of the
noise £ satisfy assumptwn Suppose that py and f satisfy the simplifying
Assumption [5.1.7. Let Og be the unique function defined in Definition . For
n € N, let p™* be the weak solution of the reqularised equation and Zet [)” be the
solution to the regularised hydrodynamic limit equation .

For every € € (0,1),t € (0,T] there exists a constant ¢ € (0,00) independent of
t,e, n and K such that for every p > 2,

st [ o [ i
[ [

2 2
< cep/zt(l\v Byt ) + HFKH’E/OO(U)) L+et (IV- B =) + 15 le=@))) »

and

| [ -or| e[ y rV@é,pwﬂF]
aell -

2 2
< e (V- BEIR2 ) + HFKW;{,O ) 0+ et (17 Ef e + 1P l0))) -

Proof. The proof follows via the same estimates as the proof of Proposition It
is just a matter of how the terms in the final line of equation are handled. For
the first term, after integrating by parts as in and using an L‘X’(U )-estimate
for V- FX Holder’s inequality and Young’s mequahty with exponent &5 > 1, and

point 3 of Assumption [5.1.13 (specifically - gives that there eX1stS constants
B, c € (0,00) such that for every 6 € (0,1),

e [ t O, (P")
- " n,€ . FK < . FK - / / n,e _ =n\p—2 Tn,p
5[] Cnntm IV FE < el V- Ff ey [ [ 7 =) (pn,e_ e
2 K p/2 o p ) v/
<o [ [we—pyresienyoesnt, [ [ (5 ne”—p )
<5// V4 eV - K| U)/ / (14 (" = 7)), (5.27)

In precisely the same way, by taking the L>(U)-norm of FX, Holder’s inequality
and Young’s inequality with exponent ;%2 > 1, and point 3 of Assumption [5.1.13
(specifically ([5.19))), we get for the final term of (5.22) that there exists constants
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B, c € (0,00) such that for every 6 € (0, 1),

// _—np 2FK 2( ) ”FKHLOO // ne_ p20,2(p )
<5 [ [uremmpeariomiesig, [ [ oo
<5// Yt e ep/QHFKHig(U)/O/U(1+(pn’e—ﬁ”)7).

For both the above term and the final line of equation ([5.27)), we pick 6 > 0 small
enough so that the first term can be absorbed onto the left hand side. For the final
term above, without loss of generality, by adjusting the constant term we can pick
~ > 2, for which we can use the first energy estimate Proposition This gives
the bound

Ll [ee-pr]ee[[ [ \V@q),p(p"»f)\?]
o[ fmor]

2 2
< e (||V - BEIR2 )+ HFKHiéO 0) A+ et IV Ef e + 1F o)) -

The two estimates are then obtained in the same way as Proposition [5.1.18| O]

Remark 5.1.21. Based on the joint scaling from Remark whenever we have
that
e(IV - Bl + I1F5 l=0y) <1,

the rate of convergence to zero of the right hand of Proposition|5.1.20} is governed by

2 2
2 (IV - B2 0y + 1RSI )

Whenever p > 2, this is an improved rate of convergence compared to the p-independent

estimate of Proposition|5.1.18,

5.2 Central limit theorem for the SPDE with reg-
ularised diffusion coefficient

On the singular level, the central limit theorem involves showing that the random

variables v¢ := ¢ 1/2(p° — p) converge in the space of distributions to the linearised
SPDE ‘
O = A(D'(p)v)) = V- (a(p) + V' (p)v), (5.28)
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where the equation has zero initial condition and boundary data, and where f denotes
an R%valued space-time white noiseEL and p denotes the weak solution to the hydro-
dynamic limit equation ((5.8) . In this section we will prove a central limit theorem
for the regularised equation (5.9)).

We begin in Definition by defining what it means to be a strong solution
to equation . After proving two technical results in Lemma and Corol-
lary [5.2.5], we prove the well-posedness of strong solutions of the linearised SPDE in
Proposition [5.2.6] Finally the central limit theorem for the regularised equation is
proven in Theorem [5.2.9,

Throughout this section, (-,-)s denotes the dual pairing between H*(U) and
H*(U).

Definition 5.2.1 (Strong solution to linearised SPDE ([5.28])). Suppose that p satisfies
Assumption [5.1.7 A H=*(U)-strong solution to the linearised SPDE (5.28)) is an

(Ft)e>0-adapted and almost surely continuous H*°(U)-valued process v satisfying that
for every v € H§(U),

(0(t), ), = / (0(r), & (P)AG(r) + ' (7) - Vib)adr + / / (P - E dr.

Remark 5.2.2. The boundary condition is implicit in the above expression. In par-
ticular, it can be seen in the first term when we applied integration by parts and did
not pick up any boundary terms.

Remark 5.2.3. In the central limit theorem results we always assume that Assump-
tion[5.1.7 holds. This implies that o(p) is either identically zero (in which case there
is no noise in the system), or is a constant, uniformly bounded away from zero. In
both cases we do not need to smooth o.

Furthermore, owing to point 2 of Assumption [2.2.1, ®'(p) is a strictly positive
constant and so the first term on the right hand side of behaves like a Lapla-
cian and has the corresponding reqularising affect. Hence, reqularisation in way of
equations (5.9) and is not required for energy estimates of the equation.

To prove the well-posedness of strong solutions to the linearised SPDE, we will
need to use the following standard technical result.

Lemma 5.2.4. Let = € L*(U x [0,T]). Then for every s > 1, (=A)™/?Vz €
L*(U x [0,T); RY) and there exists a constant ¢ € (0,00) such that for every t € [0,T)

H(_A>_S/2vz||L2(U><[0,t];]Rd) < C||Z||L2(Ux[o,t]).
Proof. Let (ex, A\x)ken be the eigenfunctions and eigenvalues of the Dirichlet Lapla-
cian. Since z € L*(U x [0,T]), we can write

[e.9]

2(tw) =) z(t)er(x), a(t) = (2(t, ), er)r2w)-

3The definition and existence of space-time white noise is given in the lecture notes by Walsh
[04].
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Using the spectral definition of fractional powers of (—A), we have

o0

Fo= (=) =3 a(t)N,Pen(x).

k=1

By the spectral definition,
(=A)*?Vz = VI,

it follows that

t
1(=2)""2V 2 20 0,00 =/ IV £(s, W72z ds.
0

Now, using the spectral characterization of the Dirichlet Laplacian and orthogo-
nality of {ej}ren, we have

IVFt ey = (A, 2wy = <Z/\kfk€k72f;€g> => Mlfe®),
L k=1

(V)

where fi(t) = (f, ex) 12wy = z(t)A, %, Therefore

IVF (2w Z)\sz PN Z|zk A5

Integrating in time yields

I(-8)"9 2 oy = | Zm R
Since s > 1, we have )\,ZSH < A;** for all k, where \; is the smallest eigenvalue,

and hence - -
> ) PAST S AT [z (u)?
k=1

k=1

Integrating again in time gives for any ¢ € [0, 7]
H(—A)fsﬂvzﬂéwx[o,t]) < )\ISHHZH%%Ux[o,t})-
Taking square roots completes the proof. O

We will also make use of following result, which is another instance of the same
spectral mapping property for the operator V(—A)~*.

Corollary 5.2.5. Let s > 1+ and w € H=t3(U). Then V(—A)"*w € H*(U;R%),
and there ezists a constant ¢ € (0,00) such that

IV(=4)w|

HS(U) S CHwHHfva%(U)'
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Proof. Following the proof of Lemma [5.2.4] for (ej, Ax)ren defined there, since w €
H~2(U), we can write w = Y re wier, with the coefficients wy, = (w, ek>s_%, and

V(=A)w = Z wi Ay, *Veg.

k=1

We now estimate the H*(U)-norm. By definition and the the re-writing
(—A)2V(=A)~ = V(=A)"Y2(=A)~72) | we obtain that

IV(=2) " wlla=w) = I(=A)2V(=A) w2y = [IV(=2)772(=2) "Dl 2.

By Lemma [5.2.4, applied with z = (—A)~(~2)w € L2(U), we obtain
IV (=2)"22 | 2wy < ellzll2wy.
Translating this into w, we obtain the result

s (s—1
IV (=2) " wl|gswy < ell(=A)~ 2)w||L2(U>=||w||Hfs+%(U)-

[]

Proposition 5.2.6 (Existence and uniqueness of strong solutions to the linearised
SPDE). Suppose that the non-linear functions ®,o,v and the spatial components of
the noise && satisfy assumption Assumptions [2.2.1] and [5.1.9 respectively. Suppose
that po and f satisfy the simplifying Assumption 15.1.7. There exists a unique strong
solution of the linearised SPDE as defined in Definition m

The existence in the proof below follows Proposition 3.7 of Dirr, Fehrman and
Gess [30], but the uniqueness is new.

Proof. Let ¢X be the finite dimensional noise from Definition satisfying As-
sumption and p the solution of hydrodynamic limit equation satisfying
Assumption [5.1.7, Let vk denote the solution of the linearised SPDE with the finite
dimensional noise, that is, the solution to

O = AP (p)vr)) = V- (0(p)EF + 1/ (p)v), (5.29)

with zero initial data and boundary condition. Simplified versions of Theorems [3.2.2
and prove uniqueness and existence of stochastic kinetic solutions and weak
solutions of ([5.29)) for every K € N.

For s > %2 consider zx 1= (—A)

—5/2
2

Vg, which is function valued.
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Applying 1t6’s formula to 2% and using Assumption m gives for the first order
term

= [ [ o (a1 Pa@ G - 279 - (e + )
= [ [ Ve (CAr Y@ n0) - (-8 o + /G

_ // (5)|Vexl? + // A) 2z - dEX +//sz v (p)zx.

(5.30)

The final term on the right hand side above vanishes by analogous reasoning to

the term involving v in Proposition [5.1.18] see equation ([5.23)) there.

The Ito correction can be bounded by Assumption since s > % to give for
a constant ¢ € (0, 00) independent of K,

%/ot/Ud“K* / / ayey g = 170 'anan gy St

The final inequality follows from the fact that we can upper bound the partial sum
by the infinite sum, which is bounded and independent of K. Putting everything
together and taking supremum over time and an expectation, we have

E

sup ok + 9 / /\VZKF

telo.T
// )PV 2k ) - dER

For the noise term in the above equation, Assumption alongside Burkholder-
Davis-Gundy inequality, Holder and Young inequalities, the fact that s > % SO we
can apply Lemma shows that for a constant ¢ € (0,00) depending on p, but

independent of 7" and K,

// )PV k) - dER

< C|0(f’)|]E||(—A)_S/2VZK||L2(Ux[o,T]);Rd < CE||ZK||L2(U><[O,T])-

sup + cT.

t€[0,T)

sup
t€[0,T)

Putting (5.30) and subsequent computations together, we obtain the existence of a
constant ¢ € (0,00) independent of 7" and K such that

sup el +0) [ [ 9ot <
t
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Transferring the estimate of zx to vx and using Gronwall’s inequality, it follows that
there exists a constant ¢ € (0, 00) independent of K such that

E [HUKH%OO([O,T];H*S(U)) + HUKH%?([O,T};H*SH(U))] < cT. (5.31)

Furthermore, to estimate higher order time regularity, observe that distributionally
we have due to Assumption that

UK(-,Zf):/O &' (p)Avie — V - (V' (p)vg) dt — /V (p)deX) = I () + It ().

By equation (5.31)) we get that the finite variation term satisfies for constant ¢ €
(0, 00) independent of K,

17 lwe o+ ) < cllvkllzqomsm—w)-

From Assumption [5.1.7, the Burkholder-Davis-Gundy inequality and Lemma [5.1.6]
we have for a constant ¢ depending on 7T, 3, p, but independent of K, such that

T T
BT ysqur-covoy =B | [ s =707 Z/ b
H=s(U)

<@ [ [ 1S [ Ul
k=1"%
< c/ / s —t]7% < ¢, (5.32)
0 0

where again in the penultimate inequality we upper bounded the partial sum up to K
by the infinite sum and used point 2 of Assumption[5.1.2] By the above estimates and
the compact embedding of H=*(U) into H~*'(U) whenever s < s’ € (0, 00), the Aubin-
Lions-Simon lemma [1}, 69} [91] tells us that due to estimates ((5.31]) and ([5.32)), the laws
of {vk}xen are tight on the space L*([0,T]; H*(U)) for every s > d/2. Following
arguments similar to Theorem [4.4.8 we get that in the K — oo limit, {vk }ken
converge in law in L*([0,T]; H*(U)) to an element v € L*([0,T] x Q; H*(U)) for
every s > d/2, satisfying for every ¢p € C*(U),

2

Wi ).= [ 602 @200+ ) Vordr+ [ [ op)ve- dear

Both terms on the right hand side are continuous in time, so it follows that for every
k € N, and { f ey as in Definition[5.1.1] ¢ — (v(%), fx)s has a continuous modification
in L2([0,7]). By the P-a.s. boundedness of v in L*([0,T]; H*(U)), we know that
there exists a H*(U)-continuous modification, denoted again by v, satisfying the
above equation for every i» € C°(U) and t € [0,T]. This completes the proof of
existence.
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For uniqueness, let v, 0 be two strong solutions of (5.28) with the same initial
condition and boundary data. Define w := v — 0 € L*([0,T]; H*(U)). Then w
satisfies

dw =P (p)Aw — V- (V' (p)w), w|i=o = w|sy =0,

in the sense of distributions.
Let s > %l and define the energy

E(t) = w®)[f-sw) = (w(t), (=) "w(?)),.

Since w € L*([0,T); H*(U)) and the equation holds in the distributional sense,
we can differentiate E(t) to obtain

1d L
Substituting the equation for w, we obtain
1 d / — —s /(= —S
S B0 = (p) (A, (~A) ) — (V- (D)), (-A) "w)yy. (5.33)

We treat the two terms on the right hand side separately.
For the first, the self-adjointness of —A in the duality sense gives

(Aw, (=A)w)spr = —(w, (=) w)s = —[Jw][F-w @) (5.34)
For the final term of ([5.33)), integrating by parts in the weak sense gives
(V- (0 (p)w), (~A) ) 1 = —(V(P)w, V(=A) "w),.

Applying Cauchy-Schwarz 1nequahty, Corollary [5.2.5] the inerpolation inequality
]|w|\H_S+?(U) < cHle/2 U)Hw||H s+1(ry and Young’s inequality, there exists a con-

stant ¢ € (0, 00) such that for every € > 0

(v (P)w, V(=A)*w)| < [V (D)1l 1=+ [V (= 2) " w]

H*(U)
< [V (O)Nwl == IV (=A) " wl| =0
3 2 1/2
< e D)l ol e
3(clv'(p))"? _
S _||w||§{—3+1(U) + TE 1||’LU||%I_S(U). (535)
Putting (5 and the estimates - 5.35|) together, denoting ¢ := M
we obtain
d
ZE() < 229 (D) |wllf-e1 ) + 2 wli-o) + 5 TP

Choosing € sufficiently small so that the overall contribution of the H**(U)-
norm on the right hand side is negative, so can be removed from the estimate, we
obtain that there exists a constant ¢ € (0, 00) such that

d

(1) < cE(®)
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Since E(0) = 0, Gronwall’s inequality implies that
E()=0 foralltel0,T].

Hence w = 0 in L%*([0,T]; H=*(U)), and therefore v = ©.
[

Now that we have the well-posedness of the regularised equation p™¢ and the
well-posedness of strong solutions of the limiting equation v, let us turn our focus on
formulating the central limit theorem result for the regularised equation.

Analogous to v defined at the beginning of this section, we introduce the regu-
larised version

ne . 6—1/2(pn,e . ﬁn) (536)

for p™* the weak solution to the regularised equation in the sense of Proposition
, and p" the solution of the regularised hydrodynamic limit equation .

Just as the formal computation in equation shows, we expect that v™¢
converges to v as € — 0 and n — oo, and v € H~*(U) is only distribution valued. So
we would expect all LP(U x [0, T])-norms of v™€ to blow up as ¢ — 0, K — oo. The
rate of blow up is quantified by the following estimate.

v

Proposition 5.2.7. Suppose that the non-linear functions ®, o, v satisfy Assumptions

2.2.1 and|5.1.19, and that the spatial components of the noise ¥ satisfy assumption

5.1.3. Suppose that py and f satisfy the simplifying Assumption . For fized

n, K € N and e € (0,1), Let v™* denote the weak solution to equation above.
For every p > 2,t € [0,T], we have the bound

EHU’H ,€

t])

2 2
< ot <||V FKH:D/ ey HFKH]Z/oo(U)> (1 + et (HV . FQKHLoo(U) + ||F3K||L°°(U))) :
(5.37)

Proof. The proof is a direct consequence of the p-dependent energy estimate, Propo-
sition [5.1.20] by which it follows that

/t /(Un,e>p:€_p/2 / /(pn

2 2
O

Remark 5.2.8 (Divergence of LP(U x [0,t])-norms of v™¢). In contrast to Remark
where we can find a joint scaling € — 0, K (€) — oo such that the LP(U % [0,¢])-
norms of (p™ — p") converge to zero, here clearly the first term in the product
is independent of €. Consequently we have divergence of the LP(U x [0,t])-norms of

V™ under any scaling regime where the L>=(U)-norms of V - EX and Ff diverge as
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K — oo. Furthermore, based on the joint scaling from Remark whenever €, K
satisfy € (|V - Ff| Loy + || Ff || 1owy) < 1, the norms of v™ diverge with rate

2 2
(19 - B2 0 + B 172 ) -

For the choice of noise as in Example equations (5.6) and (5.7) show that the

rate of divergence is solely governed by
2
| |52 o~ JPd+2)

We conclude this section by proving a central limit theorem for the approximating
SPDE. Just as in equations (5.9) and (5.11)), for n € N, we define the regularised
equation v™ as the strong solution to

0" = A (7)) + A"~ V- (o) + /(7). (5.38)

We mentioned in Remark that the regularisation in is not necessary
to prove well-posedness in light of Assumption [5.1.7 However, it is necessary in
the proof of the central limit theorem because the regularisation term %Av” groups
exactly with the regularisation term in the equation for v™¢, see equation below.
Furthermore, replacing p by p” is not necessary and just plays a technical role rather
than a conceptual one. It is used in the computation of equation below and we
write it since we only stated the above LP(U x [0, t])-estimates for (p™ — p™) rather
than for (p™¢ — p). Existence of strong solutions to the regularised equation ([5.38)
follows in the same way as Proposition [5.2.6]

Fundamentally, the estimate below is different from that of Propositions [5.1.18],
[5.1.20]and [5.2.7], since neither quantity in the difference v™¢—w is solved by a constant,
so we will see in the proof below that one really needs to handle the difference of the
corresponding non-linear terms.

Theorem 5.2.9 (CLT for approximating equation). Suppose that the non-linear func-
tions ®, 0, v salisfy Assumptions|2.2.1 and[5.1.13, and that the spatial components of
the noise & satisfy assumption |5.1.9. Suppose that py and f satisfy the simplifying
Assumption . For fized s > %, for every K € N, denote by T;(K) the tail sum

Ts(K) = Z | fiell zr-s+1 0y (5.39)
=K

Fiz e € (0,1) and n, K € N. Let v™ denote the weak solution to the reqularised
equation ((5.36), and let v™ be the solution of the reqularised, linearised SPDE ([5.38)).
For g € (0,00) as in point 1 of Assumption and any t € [0,T], there exists a
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constant ¢ € (0,00) independent of n, € and K such that
Effv™ — Un”%Q([O,t];H—S(U)) <c(l+et (IV-F o) + 1F5 o))

x[et%nv-Ffuiw IS Bwy) + €41 (I FEIGE ) + IES1S )

T (L A R 14 e |

+ Bllon(p™) — o(0") T2 oy + et To(K).  (5.40)

Proof. For s > 42 define 2™ := (—A)~*/2 (v™ —v"). Since s > %2, we have that
P-a.s. 2™ € L*([0,T]; H'(U)) and satisfies
02" = V(= D) HAB(") — AB(") - W) (~A) A

) -
LM A) P AP~ AP~ (~A) A
VA (T (") = V() = (—A) Y ()
— (CA) Y (0 )EF) 4 (~A) Y - (o(77)0)

61/2 — I ( e n,€ n,e\ ! [ m,e
+—-(=4) PV (Ff (0, (07)P Vo™ + 00" ) (0 ) F). (5.41)

By Ito’s formula, we have

/Ot/Ud(zW)2 zg/ot/Uzn,edzn,eJr/ot/U ey (5.42)

First we compute the quadratic variation term in ([5.42) and bound it right away. By
Assumption [5.1.2) we have that { =, frdBF, so we can re-write the noise terms
n (5.41)) as

— (L)Y (o (p")ER) + (—A) PV - (a(p)E)

:—Z )PV ((0a(p™) = o (p") fe) -dBf + Y (=A) PV (a(p") fi) - dBY.

k=K+1

It follows by the LZ(U )-orthonormality of { fi}ren and the fact that s > 3/2 that we
can apply Lemma which tells us that the first of the two terms can be bounded
by

Z/ | (8129 (™) = o) )" < clenle™) = o) e

and for the second, using Assumption m alongside the definition of the H*(U)-
norm gives that there exists a constant ¢ € (0, 00) such that

3 / | (9@ < o) > JAGSERA)

k=K+1 k=K+1
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where T;(K) is defined in and in the final inequality we used T,(K+1) < T4(K).
By point 2 of Assumption [p.1.2] T;(K) decays to zero as K — oo with an explicit
rate that depends on the specific choice of { fi }ren, see Example below.
Putting everything together, 1t6’s formula and the equation for z (}5.41))
alongside the simplification of the quadratic variation term above gives that

e

/0 /Uz {1/2 A)2AD(p™) — AD(F")) — ¥ (5") (= A) /2 Av
1

Ay S/?(Ap’” 7~ (-8
F VAT (V) = V(@) — (~A) Y ()
— (-A)Y <an<p"vf>sf<> (-8)PY - (o))
l/2
+ = (AT (B (07, (p™)) V™ + (™) (0™ )

+ cllon(p™) — U(ﬁn)||2L2(Ux[o,t]) + (PN T(K). (5.43)

We deal with each term of (5.43)) in turn.
First of all, for the terms in the second line involving the %—regularisation, they
can be re-written using integration by parts. They become

1 [t 1 [t
2—/ /z"’EAz”’E = —2—/ / V2" 2,
nJjo Ju nJjo Ju

which can be moved over to the left hand side of the estimate.
Next, the terms in the first line on the right hand side of equation (5.43)) can be
re-written as

[ (s (2522w,

We write the above term in the inner bracket as “what we want” plus a correction,
P( ) — d(p"
(vn7e (p ) - (p ) _ @/(pn)vn)
pn,e _ pn

_ (I)/(ﬁn)(vn,e _ ,Un) 4™ (

O(p™) — 2(p")
pn,e _ ﬁn

Using integration by parts and Assumption , we get that the first term in ([5.44))
can be re-written as

/ / )PAD (5 (07 = ") = = (") /Ot/U\VZ”’EV, (5-45)

which can also be moved onto the left hand side of the estimate. By Assumption
and point 2 of Assumption we have ®'(p") is strictly positive. This will

- @’(pn)) . (5.44)
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allow us to absorb space-time integrals of |[Vz™¢|? to the left hand side in a way that
does not depend on the regularisation n.

We now aim to bound the final term corresponding to the correction in .
Fix (x,t) € U x [0,T]. By the mean value theorem, we have that there exists a
E=¢&(x,t) € (pm, p™°) (if p™c(x,t) > p"), otherwise £ € (p™€, p") such that

(p™) — 0(p") = () (p™ — p").

Consequently, substituting this into the final term of (5.44) and applying the mean
value theorem again gives for ¢ = ¢'(z,t) € (p, &) (if {(x,t) > p") otherwise for
§ € (&, p"), that

(‘D(p"‘) — o(p")

pn,e _ ﬁn

- <I>’</sn>) — a(e) — H () = D(ENE — 7).

Note that the space-time integral of the final term is guaranteed due to point 1 of
Assumption [5.1.13] Then, using Cauchy-Schwarz and Young’s inequalities, the fact
that s > %2 the bound [¢ — p"| < [p™ — p"| and the bound on ®” given in point
1 of Assumption proves that there exists constants ¢, 5 € (0, 00) such that for
every 0 € (0,1),

[ [=carrae -
<! / [+ g [ [ (aresemanee-m)
< feres [ e :

T e ] [ty
e 3 o fr o

We can pick 6 > 0 sufficiently small so that the first term in the final line can be
absorbed onto the left hand side of . We will show how to bound the second
and third terms on the right hand side of later.

The terms involving v in the third line of can be handled in the same way
as the above terms, again using point 1 of Assumption We have that there
exists constants ¢, 8 € (0,00) such that for every 6 > 0, £, ¢’ in the same intervals as
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R

—_ / AV V/(pn)zn,e + / Zn,e(_A)—s/QV . (Un,eyl/(gl)(é- _ ﬁn))
0 JU

0 JU

t t
S/ Vzn,e 'z/(ﬁ")z”’e—l—cé/ / |Vzn,e|2
0 U 0 U
t B+1 t
ce ce
_|__/ /(Un,e)4+ / /(vn,e)25+4'
0 Jo Ju o Jo Ju

The first term on the right hand side in the final line vanishes due to Assumption
[6.1.7in analogy with terms involving v in previous estimates, see for instance equation
(5.23). The second term can be absorbed onto the left hand side of the estimate by
picking 0 > 0 sufficiently small, independently of n. We will deal with the remaining
two terms involving powers of v™¢ using Proposition below, but for now let’s
return to the equation for 2™¢.

The noise terms in the fourth line on the right hand side of vanish under
expectation.

For the first term in the penultimate line of , we have using integration by
parts, Cauchy-Schwarz inequality, Lemma [5.2.4] and Young’s inequality, that there
exists a constant ¢ € (0,00) such that for every 6 € (0,1),

61/2 ! n,e —S T,€ T,€
e RGN HEAVE R
(/2

e A SRSV

P im0 lim ) [ [ (game ()l (5
< o) [ [92n(-8) 250, )
0

T 1 A R
<3 [ [ D) [ [, P an
0 JU 0 JU

Similarly, for the second term in the penultimate line, integration by parts, Cauchy-
Schwarz and Young’s inequalities imply that there exists a constant ¢ € (0, 00) such
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that for every § € (0,1),

< / IR 8/2v< A5V () L)

--5 / | Ay )5V

neQ H KHLOO(U]Rd ne ne 2
<7 [ver (om0t

Again pick ¢ sufficiently small, independent of n, so that the ﬁrst term of the above
equation and equation (5.47)) can be moved to the left hand side. Putting everything
together, it follows from (5.43)) and subsequent computations that we have the bound

E [ /0 t /U HE (@’(ﬁ”) " %) |Vz”’€|2}
< cell {/;/U(U”’E)‘l} +ce’'E [/Ot/U(v”’E)QBM]

t
+ EHFIKH%N(U)||0-1/1||%°°((0,oo))E [/ /U|U(Pn’€)|2] + cEl|on(p™) — U(ﬁ)H%Q(UX[O,t])
0
t
+ €| F3 [ oo () E U /U(Un(p”‘)a;(p”‘)f] + (Pt TK). (5.48)
0

For the first two terms on the right hand side, we use Proposition [5.2.7| and the
resulting terms appear on the right hand side of the estimate. Importantly, these
terms have factors of € in front, implying the existence of a joint scaling in €, K under
which the terms vanish.

To estimate the first terms in the penultimate and final line of , we use

the bounds on o2 and (c0’)? given in equations (2.9) and (2-10) in Assumption [2.2.1]
alongside the assumed growth on ® in equation ([2.4) which we alter in the same way

as in Remark [5.1.14{ to give for constant ¢ € (0, 00)

N ooy 10 2o E [ / / o (™) |2]
el EE e E [ / / <an<p"7e>a;<p”ve>>2}
0

< e (IFF o 19 B 0 + 1P B ) [/ / 1+ >>].

Using the p-independent energy estimate of Proposition and Assumption [5.
gives that the above term is bounded above by

cet (I I 17l 3oe 00 + I e )
< (Lt et (I[V - Fy @) + |1 F5 =) -

Putting everything together then gives the estimate. O]
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Remark 5.2.10 (Simplifying the estimate). The estimate in Theorem contains
a delicate balance of coefficients involving powers of € and powers of the L*>®(U)-
norms of sums of noise coefficients, making it impossible to simplify further in a
straightforward way. It comes down to how we bound the two norms of v™¢ in equation
(5.48|). Using Proposition followed by the facts that that we can upper bound the
L>®(U)-norms of the noise coefficients by their squares and 5+t < eP+2/2 for every

€ (0,1),8 > 1, and the trivial inequality (1 + z)(z + $%) < 8(z + x%) we could
have alternatively stated the bound for these two terms as

ol fir] sl frr

<ct? (1+et (|V- B ew) + [1F5 @)
% (e (IV + FE Wy + 1B e )+eﬂ”(nv-P“ﬂ%ZU-+nFKnmﬂ )
<t (e(IV - P By + 1B o) + €3 (IV - EENTE ) + IFF 1750 )
This makes the scaling between € and K more explicit.

Remark 5.2.11. [t is not possible to directly take the limit of the regularisation
n — 00 in equation and get a statement for the singular equation. This is due
to the presence of the term ||o}, || ((0,00)) Which would diverge in the classical case
when o, are approximating the square root.

Remark 5.2.12 (Necessity of Assumption [5.1.7). It was illustrated in the L*(U x
[0,t]) estimate of Proposition above, that if the boundary data is non-constant,
then one can only estimate L*(U x [0,t])-norms of the solutions p™< of rather
than LP(U x [0,t])-norms for general p > 2 that is presented in Proposition [5.1.18

Briefly, if we tried to repeat the computations in Proposition if p was not
constant, we have that the first order term involving the diffusion ® can be written
up to a constant as

//’ PPLA@(5) — B(7))
_ _3// PPV (6" — p) - V(B(p") — B(p)).

It is not clear to the author how to bound such a term, even in the one dimensional
interval U = [0, 1] and even if the solution to the hydrodynamic limit p was a linear
function. This is because we don’t have a quantitative control over the difference
P —=p.

Consequently we could only hope to obtain L*(U x [0, t])-estimates for v™¢ rather
than the result of Proposition|5.2.7. However, in the proof of the central limit theorem
above, we saw in equation that we needed to bound the L*(U x [0, t])-norm and
LU x [0,t])-norm of v for B € (0,00). This is one example which highlights
the necessity of Assumption|5.1.7.
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Example 5.2.13 (Explicit bound for 7;(K) for eigenfunctions of Laplacian). For
k € N, if fr = ex are the eigenfunctions of the Laplacian as in Example the
computation in Lemma above shows that by Weyl’s law, see Weyl [I7], we have
for every s > % the approximation

To(K) = fellfonr o) ~ /K 2D/ g~ K120/ (5.49)
k=K

which is an explicit rate of decay for the tail sum in terms of K, since

2
s>d% — 2(s—1)/d>1 <= 1-2(s—1)/d <0,

so the right hand side of (5.49) does indeed converge to zero as K — 0o.
In general, if the noise coefficients have the growth

ka\ﬁfs(U) ~ k™ for some «a > 1,

then the tail sum To(K) grows like K'~.

5.3 Central limit theorem for the SPDE with sin-
gular coefficients

In this section we first establish an L>(U x [0, T])-estimate for the solutions of the
singular equation in Theorem [5.3.1] Combining this estimate with the central
limit theorem for the regularised equation gives us the quantitative central limit
theorem in probability for the singular equation, which we prove in Theorem [5.3.2]

Let us begin with the L>(U x [0,T])-estimate. Formally the estimate says that
if the initial condition starts away from zero, then with high probability the solution
stays away from zero uniformly in space and time. The computations following equa-
tion in the proof below follow closely to Theorem 3.9 of Dirr, Fehrman and
Gess [30], so we just present the main idea.

Theorem 5.3.1 (L>®°(U x [0, T])-estimate for equation with singular coefficients).
Suppose that the non-linear functions ®,0,v satisfy Assumptions [2.2.1] and [5.1.13,
and that the spatial components of the noise £ satisfy Assumption . Suppose
that py and f satisfy the simplifying Assumption .

Then, for stochastic kinetic solutions p° of , for M as in Assumptionm
there exists constants ¢,y € (0,00) independent of €, K such that

El| (p° = @1 (M) _ |lzewxiory < (€ (1F5 oy + IV - Fy o))

Proof. In order to apply Ito’s formula, we will need to work with the regularised
equation (5.9). However, the estimates are completely uniform with respect to the
regularisation parameter n € N, so in the end we can just apply dominated conver-
gence and take the limit as n — co. Under Assumption the solution of the PDE
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he-1(f) is given by the constant function <I>_1(]\/{ ), so below we abuse notation and
write (M) to denote the function defined on U taking the constant value &~ (M)
everywhere. For fixed p > 2,n, K € Nje € (0,1) and p™¢ as in (5.9)), It6’s formula
tells us

d(p" — (M) = (o~ B ()" d (o — @7 ()
Fgplp— 1) (7 — @7 (M)l — &7 (M),

This gives after integrating by parts and rearranging, that

b el 4) — L P ' ne  a@—1 P2 21/ me nie|2
= e =700 [ G- 0n) 7 w69
2 [ LG any e
= /0 /U(p"’e—q’_l(MDﬁQ (Vern (p )V p™e - deX + Ve - (o))
+/O /U(p"’6 — cp—l(M))]i_Q (%F;(Oi(p”f) + gan(p”’e)g;(me)vpn,e . F2K> . (5.50)

The key observation to make is that since p™¢ is non-negative, we have that
(P = @7THM))_#0 <= p™ € [0,97'(M)),

which is a bounded set. On this set, since 0 € Cjy([0,00)), we have that uniformly
in the n regularisation,

Un(pn’g)ﬂ(pn,e_¢—1(M))7¢0 S C. (551)

We want to use this to handle the first term on the right hand side of ([5.50)). For
every n € N, there exists a constant ¢ € (0,00) independent of n such that we have
the following bound for the unique function ¥, ,(£) defined by,

3 3
U, () = / (€ — DM 20, (€) dE' < o / (€ — o ()

Consequently, integration by parts gives that

/Ot/U (9 — Y (M) 0, (™) Ve - deX = —/Ot/l]\p%p(pnvf)v.dgK'

Analogous reasoning as equation (5.25)) illustrates that we do not pick up additional
boundary terms when integrating by parts in the case p = 2. The Burkholder-Davis-
Gundy inequality, Holder’s inequality and Young’s inequality prove that there exists
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a constant ¢ € (0, 00) such that for every ¢ € (0,1),
Ve sup

tefo,T] // (M) 0, () V™ - e
= 1)6—61]E (/OTZd:XK: (/U (o™ — &~ (M))"" aif’“)2> v

=V (ﬁ}ég] /U (o — &7 (M))” >1/2 < /0 ' /U (7 — () F;()l/z
tggg};]/U(p"‘—cb1(M))P]+CEIIFKIILOO [/ / ))H]

(5.53)

<°E

DO >

We take ¢ sufficiently small so that the first term in the final line can be absorbed
onto the left hand side (after taking supremum in time). Let us illustrate how to deal
with the other terms on the right hand side of equation (5.50). The term involving
v vanishes due to Assumption by the same reasoning as usual, see for example
equation . For the first term in the final line of , we again use equation
(5.51)) which allows us to obtain for constant ¢ € (0, 00) independent of n,

/ / (M) Fo2(p™) < cel B [l / / (M))"*.

Due to the assumption (o(€)o’(€))* < ¢(1 + €™) which can be deduced from equa-

tions and from Assumption , and the trivial observation that if

£ € 10,07 1(M)) then &™ < (@~ 1(M))™ is bounded, we have using integration by

parts that for the final term on the right hand side of , there exists a constant
€ (0,00) such that

/ / (M) o (p™ )0’ (p)V e - Ff

ol [ e
<ce|V-F ||L°°(U)// ))Ii_l‘

As above, by an analogous computation to , in the case p = 2 we don’t pick up
boundary terms when integrating by parts. This term can then handled in the same
way as the noise term , which can be easily seen by multiplying the integrand
by 1 and applying Holder’s inequality.

Putting equation together with the subsequent computations and taking
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supremum in time and expectation gives

e [/OT /U (o — @71 (M))" <I>’(p”‘>IVPE|2] +oE [/OT/U V(o - ¢1<M))”/J2]

T
N, € — 72
gce(nF?f(an(Uw||V~Ff||Lm(U>)E[ /0 /U (7" — o1 (D))" ] (5.54)

The right hand side of the above estimate is independent of n in the sense that it
does not depend on the regularised o,,. Hence, by dominated convergence, we take the
limit as n — oo, which is represented below by replacing p™¢ with p®. Furthermore,
it follows by Chapter 4, Proposition 4.7 and Exercise 4.30 of Revuz and Yor [85] and
Holder’s inequality, that for every p € (1,00) and n, := p~! that we can raise both
sides to the power n, at the cost of picking up an additional constant,

E

(sup / (02, 1) — DA+ plp— 1) / / (5 — & (M) ! () |V P

t€[0,1]
o= [ [ v - <1>-1<M>)’i/2)2)1/p]

—np
Tp

< 2 (e (| i) + 19 Pl 0))

—_

p—2

xE [H (P€ - (D_l(M))_ ||LP*2(U><[0,T})} " (5.55)

where on the right hand side we also used the trivial bound p(p — 1) < p?.

We now want to use a Moser iteration to conclude. The above bound, bounding
the LP(U)-norm by the LP~?(U)-norm will not be sufficient for us, because if we used
that to iterate, the constants that we accumulate would diverge. Instead, we we
will need the following bound. By the same computation as in Theorem 3.9 of Dirr
Fehrman and Gess [30], using the log-convex inequality, the Sobolev inequality and
Holder’s inequality, we have the improved estimate

E c—d Y M
1 =7 00)
<

L (e (1P oy + 19 - P eien))
p

p—2

< E [H (pe - q)_l(M))_ ||LP*2(U><[O,T})} " (5.56)
Now, compared to ([5.55), when we perform the Mozer iteration below, at each step

our iterates decrease by a multiplicative factor of 2%1 which will ensure the constants
that we accumulate on the right hand side remain bounded in the limit. Proceed

130



iteratively, define py = 0 and for k£ € N define

2+4+d
d

Dk = Dr—1 + 2.

Trivially the growth bound py > (de)k is satisfied. Inequality (5.56|) gives that for
Qk = Dk—1 T 27

Bl (p° = @71 (M) _ ooy < (ceqi (I1F5 12y + IV - By [lzoow)))™

1 — nqk
9k

< E ||| (o = 7 (M) _llms oy

k
k n_nq’" Hs:’r+1 q.sqj—Q
q 2
< — (cq,) "

FK V- FK Zﬁ:l gy H]::H_l qgﬁ 5.57
< (e (I1Es zow) + IV - Bl ) . (5.57)

We conclude by showing that the constant and exponent in the final inequality do
not diverge in the £ — oo limit. We begin analysing what happens to the exponent
of the final term of (5.57)). First of all, since we have ¢ > (d%f)k_l + 2, and the fact
that log(1 — x) > —¢% for every x € (0, 1), we have

N
ds
lﬂlgflog (Hq ) ) _hNHLlO%fZIOg( +2>

s=2 15
N 2 d !
> lim inf —— > liminf —2 P )
N—oo s qs N—oo s —|—2
We note that the right hand side is a geometric series with ratio r = 375 +2 <1 and
so the series converges, and hence the left hand side is finite.
Furthermore, since 1/¢, decays exponentially due to the bound on ¢,., we have
that there is a constant v € (0,00) that bounds the exponent on the final term of

657,
i (an 5111 qs + 2) -

Now we need to analyse the product of constants on the right hand side of ((5.57)).
The definition of n, gives the bound

& o 152 7% k 141/,
im sup 7 R — < llmsup cgy) —— |,
— nqr
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and so for every k € N, it holds that

k 1+1/qr k
log (H cq)" 1) = " 2/g.log(cq,) + 1/glog(q,) + log ( & >

r=1 r=1 qr — 1
k
= 2/q,1og(cq.) + 1/, log(g,) — log(1 + (- — 1) 7).
r=1

Since g, > (‘%‘2)1”71, we get that
k

lim sup Y ~ 2n,, log(cq,) + 1/, log(q,) — log(1 + (¢, — 1)) < oc.

k—o0 —1

This implies that there is a constant ¢ € (0, 00) such that

k
k —ng, Hs=r+1 qsqﬁ
. Ng, _
lim sup c <c
1

k—o00 11— Ny,

Therefore, putting everything together and passing to the limit as & — oo in ((5.57)),
the statement is proved. O

We are now in a position to prove the central limit theorem for the equation with
singular coefficients. The proof combines the central limit theorem result for the
regularised equation, Theorem [5.2.9, with the uniform estimate above. We note that
the methods are follow the proof of Theorem 3.10 of Dirr Fehrman and Gess [30]. We
provide the proof for completeness.

Theorem 5.3.2 (Central limit theorem for the singular equation). Suppose that the
non-linear functions ®, o, v satisfy Assumptions|2.2.1 and|[5.1.15, and that the spatial
components of the noise £ satisfy assumption |5.1.9. Suppose that py and f satisfy
the simplifying Assumption[5.1.7. Let p° be the stochastic kinetic solution of equation
and p be the solution of the hydrodynamic limit equation . Let v¢ be a weak
solution to , and v a strong solution to the linearised SPDE in the sense
of Definition [5

For 5 € (0, oo) as in point 1 of Assumptwn and every s > d+2 , there exists
constants ¢,y € (0,00) such that for every n € (0, 1),

P [[[v° = vlle2qorpm—@y = 0] < en (L+ €T (IV - Bz + 1Bl @)

X (T2 (IV - B oy + 1B o) + €072 (IV - BT + 1B 11750

+ 0 (1 By + I Tz

+ e T TU(K) + ¢ (e (|1 F ey + IV - Ef | ze@r)) - (5.58)
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Proof. By Assumption the initial condition of p¢ is strictly positive py =
®~(M) > 0. Furthermore, let 6 € C([0,00)) N C*((0,00)) be an arbitrary func-
tion satisfying for a constant ¢ € (0, 00) potentially depending on

5(€) = o(&) for every € € [@71(M)/2,00), and |57(€)| < cfor every & € (0, oo() |
5.59

Let p¢ be the unique stochastic kinetic solution to (5.1]) with o replaced by . Due to
Theorem that gives pathwise uniqueness of solutions, the two solutions p¢, and
p° coincide on the event when o and ¢ coincide. That is,

p-=p° in LYU x[0,T)),
on the event (SNS) C Q defined by
S = ¢ leewxioay = @7 (M)/2} and S = {[|5|[ s wxpor) = (M) /2}.

Furthermore, define ©¢ := ¢ Y/2(5¢ — p), and let v denote the solution to the
linearised SPDE (/5.28)). We have the upper bound

P [lv° = vllzaqorya—s=wy = 0] <P [I10° = vll2qoaym—y > ] + PSS+ P[S].
(5.60)
For the first term, by Chebyshev’s inequality and the central limit theorem for the
approximate equation Theorem , replacing the computation in by incor-
porating the uniform bound on o', we get
P [ll0° = vllzz oy > 1) < en™* (L+ €T (IV - Bl + I1F5 [lew)))

X |€T? (IV - F | Foooy + 1F5 [ Te ) + €717 <||V ‘ Ff”ijf(y) + ||F3K||§:°2(U))
+ €T’ (HFlKH%OO(U) + ||F2K||i°°(U;Rd))} + e *TTI(K). (5.61)

We also simplified the above estimate using the uniform bound on o from equation
(5.59)), which allowed us to obtain using Proposition |5.1.18 with p = 2 that

Ello(5) = o ()1 22w < B = llZ2wxiom
< cel? (|V - Etll =) + 1F5 =) »

where the right hand side is already present on the right hand side of the estimate
(5.61)). For the final two terms of (5.60)), it follows from the L>(U x [0, T])-estimate

of Theorem [5.3.1, which equally applies to p¢ due to (5.59)), that
P[S] + P[S] < ¢ (¢ (1F5 pew) + IV - B [lown))”

Putting both parts of estimate (5.60) together completes the proof. H

4In the square root diffusion case we would have |6/(¢)| < v2(®~1(M)) /2
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Remark 5.3.3. We point out that the convergence in probability in Theorem
above is weaker than the L'(Q; L*([0,T]; H*(U)))-convergence for the reqularised
equation stated in Theorem [5.2.9. We can not hope to achieve the convergence in
expectation for the singular equation due to a lack of control of the expectation

E " = ol3sqoipa—swnls:]
This is due to the lack of uniform energy estimate for the approximate equation ([5.40)).

Remark 5.3.4 (Choice of joint scaling). Based on the previous estimates (Proposi-

tions [5.1.18 and[5.1.20, Theorems [5.2.9, and[5.3.9), we choose a joint scaling

such that the right hand side of the estimates converge to zero as € — 0 and K — oo.
A sufficient joint scaling is one which ensures that as ¢ — 0, K — oo we have

€ (HFlKH%OO(U) F B e ey + 1S ooy + 1V - F2K||%°°(U)> — 0. (5.62)

In the case of the eigenfunctions of Laplacian from FExample equation (|5.6)

gies explicitly the scaling relation needed between € and K as

eKH2 0.
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Chapter 6

The large deviations principle

The goal of this chapter is to set up the structure to prove a large deviations principle
for solutions of the generalised Dean—Kawasaki equation. We aim to apply abstract
theorem from Budhiraja, Dupuis, and Maroulas [I1] which is based on the variational
representation of infinite dimensional Brownian Motion.

In Section we begin by defining what it means for a sequence of functions
to satisfy the large deviations principle and make a comment on different notions of
uniform large deviations principles. We then state the large deviations result that we
will use. Section is dedicated to the analysis of a degenerate parabolic hyperbolic
PDE that appears in the statement of the large deviations principle. We outline
the proof of the well-posedness and L!'(U)-contraction for solutions to the skeleton
equation. This result is proven rigorously in forthcoming work.

The abstract theorem of Budhiraja, Dupuis, and Maroulas [I1] relies on the exis-
tence of solution maps. We prove the existence of such maps in Section [6.3, Whilst
the large deviations principle is stated uniformly with respect to bounded subsets
of the initial data, in Section we show that the uniformity does not extend to
bounded subsets of the boundary data. After proving energy estimates for the reg-
ularised SPDE with control in Section [6.5, we conclude by proving the remaining
conditions for the large deviations in Section

6.1 Setup and statement of the large deviations
principle

In this section we begin in Definitions|6.1.1]and [6.1.2) with the definition of large devi-
ations principle. We subsequently discuss various notions of uniform large deviations
principles. After setting up the notation, in Assumption[6.1.3we give the assumptions
for the large deviations principle to hold true and then in Theorem we conclude
by stating the large deviations result from Budhiraja, Dupuis, and Maroulas [I1] that
we aim to apply.

Concretely, our aim is to prove that under the joint scaling regime € — 0, K(¢) —
oo from Remark solutions p° of the generalised Dean-Kawasaki equation with
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truncated noise ,
Dot = AD(p) — VeV - (a(p°) 0 E5) — V - v(p°) (6.1)

satisfy a large deviations principle, and also to identify the corresponding rate func-
tion. As mentioned in the final part of Section [I.2] the motivation is that one can
study the large deviations principle for the zero range particle system by looking at
the large deviations of the SPDE, in the sense that the rate functions coincide.

We begin by stating what it means for the solutions of the SPDE p° to satisfy
the large deviations principle. From the well-posedness results above, we know that
solutions p¢ live in the space L' (U x [0, T]). The theory of large deviations is concerned
with events A in the Borel set B(L'(U x [0,7])) such that the probability P(p¢ € A)
decays exponentially under the joint scaling of Remark [5.3.4, The exponential rate
is quantified in terms of a “rate function” I : L'(U x [0,7]) — R. The following
definitions are standard, for example see Definitions 1 and 2 of Budhiraja, Dupuis,
and Maroulas [11].

Definition 6.1.1 (Rate function). A function I : L'(U x [0,T]) — R is called a rate
function on L*(U x [0,T)) if for every constant M < oo, the level set

{pe L'(U x [0,T]) - I(p) < M}

is a compact subset of L*(U x [0,T]). For A € B(LY(U x [0,T))), define

I(A) == inf I(f

peEA

(
).

Definition 6.1.2 (Large deviations principle). Let I be a rate function on L*(U x
[0,77) as defined in Definition|6.1.1. The sequence {p}ec(oq) satisfies the large devi-
ation principle on L*(U x [0,T]) if the following two conditions hold

1. Large deviation upper bound: For each closed subset F' of L*(U x [0,T1),

limsupelogP(p® € F') < —I(F). (6.2)

e—0

2. Large deviation lower bound: For each open subset G of L'(U x [0,T]),
lim ionfelogIP’(pE eG)>-I(G). (6.3)
e—

It is well known that if a sequence of random variables satisfies the large deviation
principle with some rate function, then the rate function is unique, see for example
Theorem 1.3.1 of Dupuis and Ellis [34]. Combining the upper and lower bounds (6.2)-
(6.3]) gives that approximately we have for every Borel set A € B(L'(U x [0,T])) and
small e,

P(pf € A) eI,

If the set A contains the solution to the hydrodynamic limit equation p, then we will
see that I(A) = 0, which implies that

P(pec A) -1 as e¢—0.

136



Otherwise I(A) # 0 and we have a quantitative exponential decay
P(pc A) -0 as e€—0

governed by the rate function I(A).

As mentioned above, we will rely on the abstract result of Budhiraja, Dupuis, and
Maroulas [I1]. In their work, they prove the existence of a uniform Laplace principle.
For us, the uniformity of the large deviations will be proven with respect to bounded
subsets of the initial data, and the boundary data will be fixed, but arbitrary. On
the level of large deviations, it has been shown in Section 1.2 of Dupuis and El-
lis [34] that the large deviations principle and the Laplace principle are equivalent.
However, it was shown by Salins [88] that the same is not true on the level of “uni-
form” large deviations, where there are three distinct concepts. Firstly the uniform
Laplace principle (ULP), secondly Freidlin-Wentzell uniform large deviations princi-
ple (FWULDP), and finally the Dembo-Zeitouni uniform large deviations principle
(DZULDP), see Definitions 2.1-2.3 of Salins [88] and references therein.

In the present work, we will prove that our family of rate functions 1 ;{o? indexed
by the initial data, has compact level sets on compacts (in the sense of Definition 4
of Budhiraja, Dupuis, and Maroulas [I1], which is a consequence of Theorem m
below), under which Theorem 2.5 of Salins [88] gives that ULP and FWULP are
equivalent. To motivate what the FWULDP is, we show how to modify the large de-
viations lower bound (6.3). The random variables {p°(f, po)}cc(0,1) (solutions to
with initial data py and boundary data ®(p°(f,po))lsv = f) satisfy the FWULDP
lower bound with rate functions [ ;J;o uniformly over bounded subsets of the initial
data if for every 0 > 0, every Borel set A € B(Enty r(U)) defined in , every
f € H'(0U) satisfying Assumption and every s > 0,

liminf inf inf ((elog]P’ (1 (F, po) — Bl < 8) + I;Z(ﬁ))) >0,  (6.4)

=0 po€A FET y (5)

where

Tpo(s) :={p € L'U x [0, 7)) : I, (p) < s}.

The key point is the infimum over py € A, which tells us that the large deviations
lower bound holds uniformly over all initial data in the Borel set A.

To set up the problem and to state the relevant result, we first need to recall
the spaces where various objects live. First of all, based on the assumptions on the
boundary data stated in Assumption , we require that the boundary data f lives
in the space H'(9U).

Due to the definition of stochastic kinetic solutions, see Definition [2.3.6| a priori
one considers that the non-negative initial data lives in the space L'(U). However,
the formal a priori estimate in Section [6.2.2] will prove that the correct space for the
initla data is the entropy space Ente(U) as defined in Definition [£.2.2]

As in Definition [5.1.1] we view the infinite sequence of Brownian motions

B := (Bk)keN
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used to define the noise ¢¥ in Definition as living in the space C([0,T]; (R%)>)
equipped with the metric topology of co-ordinate wise convergence. In this chapter
we again assume that the noise satisfies Assumption [5.1.2

In the notation of Budhiraja, Dupuis, and Maroulas [11], for € € [0,1) and fixed
boundary data f € H'(QU) satisfying Assumption , we will denote the solution

map for equation by
G Ente(U) x C([0,T); (RD)>) — LU x [0,T7)).

That is, if we let p(f, po) denote the stochastic kinetic solution of (6.1)) with
boundary data ®(p)|sy = f € H'(OU) and initial condition py € Ents(U), then
distributionally we have

p°(f.p0) = G'<(po, VeB). (6.5)

The existence of such a map G7 is shown as part of the proof of Proposition m
below. We state an assumption under which the ULP holds for equation (6.1)), see
Assumption 2 of Budhiraja, Dupuis, and Maroulas [11].

Assumption 6.1.3 (Assumption for large deviations principle). Fiz f € H(0U)
satisfying Assumption . Suppose that there exists a measurable map G/° :
Ents(U) x C([0,T]; (R)>®) — LY (U x [0,T]) such that

1. For every R < oo and compact subset K C Ente(U), the set

Lri = {gf’o (po,/ g(s) ds) 19 € LU x [0,T)), po € K}
0
is a compact subset of L*(U x [0, T)), where we defined the bounded L*(U x [0, T1)
space by
LH(U % [0,7)) := {g € LU x [0, T R) : |lgll 20y < R}
2. For an arbitrary family of initial conditions {p§}eco1) C Ents(U) and controls
{9 ec0,1) T L=(Q; L2(U %[0, T); RY)), whenever we have the weak convergence

p5 — po in LYU) and g¢ — g in L*(U x [0,T]) as € — 0, then we have that
distributionally in LY (U x [0,T1]), as € — 0,

oo ([sw), ) <0 o [ 08) )

where for k € N, gi(s) := (9°(, ), fu) 2wy and gi(s) == (g(-, 8), fe) 12wy denote
projections onto the spatial components of the noise.

The below follows from a direct application of Theorem 6 of Budhiraja, Dupuis,
and Maroulas [11].

'We ask for weak convergence of the initial data in the space L*(U) since it is more intuitive to
understand what it means to converge weakly in L!(U). That is to say, the dual space of L' (U), the
space of bounded linear functionals on L (U), is better understood than the dual space of Ente(U).

138



Theorem 6.1.4 (Sufficient condition for ULP to hold). For f € HY(OU) satisfying
Assumption po € Ente(U) and p € LY (U x [0,TY), define

~ 1 T

I’ = inf —/ (. ds}
ACESL N £ i /Cn]

1

3 oo™ e U190 * O = D2(0) = V- (o(p)g +1(0))
(p)lowr = [ and p(-,0) = o} (6.6)

Suppose that Assumption holds, and also that for every p € LY (U x [0,T1)), the
map po — ]f o (p) is lower semi-continuous from Ente(U) to [0, 00].

Then, for arbitrary fized fived f € HY(OU) and every py € Ents(U), the map
P [go(p) is a rate function on L'(U x [0,T)), the family {I1 (-) : f € H(0U), po €
Ents(U)} of rate functions has compact level sets on compacts, and {p*(f, po)}tec(o,1)
satisfies the uniform Laplace principle on L' (U x [0, T]) with rate function I] in the
sense of Definition 5 of Budhiraja, Dupuis, and Maroulas [11]. The “uniformity” is
with is with respect to compact subsets of the initial condition space Ente r(U) defined
by

Ento q(U) := {po € Enta(U) - /U Wa(po) dz < R} | (6.7)

6.2 Analysis of the skeleton equation

This section is split into three sub-sections. The goal will be to prove various prop-
erties of the parabolic-hyperbolic PDE that appears in the rate function (6.6]), which
we refer to as the skeleton equation. That is, the equation

Oip = A®(p) =V - (a(p)g +v(p)), on U x(0,T],

d(p) = f on OU x (0,7}, (6.8)
p(,t = on U x {t =0}.

v

In Section we prove via a scaling argument that for controls ¢ € L*(U x
[0, T]; R?), the skeleton equation is energy critical for initial data in L*(U). In Section
6.2.2| we prove that for the skeleton equation, due to the irregularity of the control
g € L*(U x [0,T];RY) we only have an entropy type estimate for the equation. This
is then used in Section to justify the well-posedness of the skeleton equation.

As mentioned previously, the results in this subsection are part of ongoing work
and may be subject to change as the analysis is further developed.

6.2.1 Energy criticality

In this section we recall the formal computation of Section 2.1 of Fehrman and Gess
[42] which illustrates that for controls g € L*(U x [0,T];RY), the skeleton equation
is energy critical for initial data py € L'(U).
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To illustrate the scaling argument, we consider the specific case of the porus
medium equation ®(£) = £™ for some m € [1,00), o(£) = ®/2(¢) and v = 0, and
we look at the equation on the whole spae R? x [0,00) in which case there is no
boundary data.

That is, we analyse at the equation

Op=DNp™ —V - (p"?g)

with initial data py € L"(R?) for arbitrary » > 1. We “zoom in” to the equation
and consider the behaviour around the origin (z,t) = (0,0) in the sense that for
A, 7 € (0,1) , we consider the rescaling

plx,t) = A\p(nz, Tt).

We want to consider the evolution of the rescaled equation p. Using the chain rule
gives the identities

A(p(x,t))™ = X" A(p(nz, 7t)™) = X™n*(Ap™) (n, T1),
and

V- (plx, )" g(nz, Tt) = A2V - (p(na, 7t)" 2 g(nz, Tt))
= \"20(V - (pg)) (n, 7).
There is some subtlety in the notation above. The terms in the middle are functions
that are evaluated at the points, and then the derivatives are taken, whereas the final

terms are compositions of the derivatives and the functions which are then evaluated
at the points. Therefore, writing

gla,t) = Wg(nfm Tt),
we have that
0ip(x,t) = A (p(nx, 1)) = AT(Dup) (e, Tt) = A7 (Ap™ = V - (p™/%g)) (nz, Tt)
= (#Aﬁm -V (ﬁ"%)) (x,1),
(6.9)

with initial data
p(x,0) = Apo(ne). (6.10)

We want to see how the scaling affects the balance between the parabolic and hyper-
bolic terms. Preserving the L"(R?)-norm of the initial data (6.10]) under the rescaling
gives the condition A\ = n¥/".

2The equation needs to be considered on the whole space so that we can “zoom in” around the
origin and everything still makes sense.
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Preserving the diffusion under the rescaling gives the condition
)
n2Am-1 - =m0

In this case, it holds that

TIra—— ( / / d (W/Q (e, m) dxdt)

*° /2
__ T )
T opam/2-1 ( /0 /R , (g(nz,7t))" du dt>
e 1/2
= n1+d/r(m/2) (/ / (9(77.%,7'25))2 dIdt)
0o Jrd

1\ /2
_ et (n_) I 0.0

—cl/2-i-cl/r(1/2)HgHLQ(]R

/2

=0 dx(0,00))"
To ensure that the norm does not diverge as n — 0, we obtain our condition on the
integrability of the initial data

d
— >d/2 = 1.
2r_d/ = r

Hence, via a scaling argument, preserving the norm of the initial data and the diffusion
under the scaling, we see that if we want the equation to remain well-posed under
the rescaling, we require the initial data to be L*(U)-integrable.

6.2.2 A priori estimate for skeleton equation

In this section we produce a formal estimate for the skeleton equation under the
assumption that the initial data is non-negative which will suggest that the entropy
space Enty(U) C LY(U) is the correct space for the initial data. The estimate follows
similar arguments to the entropy estimate Proposition in Section [£.2]

Let ¢ : [0,00) — R be an arbitrary function. In this section we will not assume
that the boundary data is a fixed constant (but only that it satisfies Assumption
2.2.9), and so we consider the function ¥ : U x [0,00) — R defined by

3
V(0.9 1= [ (W) =y () €. (6.11)
where for each fixed test function ¢, hyg-1(5)) denotes the weak of the harmonic PDE
hw f = ( ) on OU,
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which is present to ensure that ;¥ is compactly supported in space. Suppose that
is chosen in such a way to ensure by Proposition that Vhyg-1(7)) € L®(U; R%).

Denoting by p the solution of the skeleton equation , it follows using integra-
tion by parts that the composition ¥ (x, p(z,t)) satisfies

8t/U\I/(:E,p)dx:/Uag\ll(x,p)ﬁtpda:
— [ @00 = s @) (2(6) = V- ap)g + ()
/w )P’ (p |VP|2da:+/1/1 p)Vp- g+ (p)Vp-vip)dx

/Vhw@ (x)-VO(p )dx—/U a(p)Vhy-1(5))(T) - g+ Vhyo-1p)(x) -v(p) dz.
(6.13)

Our goal is to pick the test function ¢ in such a way that we are able close the energy
estimate. The terms in (6.13)) are handled similarly to the energy estimates of Section
4.1l

The first term in the final equality can be moved over to the left hand side of the
estimate.

For the second term, since we only have that the control is L*(U x [0, T]; R%)-
integrable, we use Cauchy-Schwartz and Young’s inequalities to give

1
[ 000 gdo < ol + 5 [ @0)PAEIToR b
U

The final term in the first line involving v shows up as boundary terms in the estimate.
For ¢ = 1,...,d, define the unique vector valued function Uy, = (¥4, )i=1
element-wise by

\Di,w,u(o) =0, qjiwu@) = wl(f)%’(f)-

Then we have by the divergence theorem

Lo vipyie = [ V-vdo= [ 0008w < sl
U U U

Let us now deal with the boundary terms, the terms in the final line of (6.13). For
the first term, using integration by parts, the formula (6.12)) satisfied by hy@-1(5),
Cauchy Schwartz and Young’s inequalities, we have a constant ¢ € (0, 00) such that

oh
< =|Ifl?2 4z Hw—)
L e
= _ - 2
§§wmmm+ﬂw@lﬁmuwm (6.14)
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where the final inequality comes from Theorem 4.1.3] Handling the middle term in
the final line of is where we need the assumption that Vh,g-1(5)) € L=(U;RY)
since we only have the integrability o(p) € L?(U). Applying this alongside Cauchy-
Schwartz and Young’s inequalities, we have

1 HVhw(@—l(f))H%oo U;R?
[ #0015 (@) - 90 < Sl + e RS L
(6.15)

Similarly, since we only have the integrability v € L*(U;R?), for the final term of
(6.13) we use the gradient bound Vh,-1(5)) € L>*(U;RY) to give

/UVhw(@l(f))(x) v(p)dr < ||Vh¢(<1>1(f))||Lo<>(U;Rd)/U|V(P)|d$- (6.16)

Putting everything together gives the existence of a constant ¢ € (0, 00) such that

o [ vepydat [ S0V @IVoE o

1
< 5/ W' (p))* UQ(ﬂ)’vP‘de+C”Vhw(é—l(f))”Lw(U;Rd)/ (o*(p) + v(p)]) da
U U

1 o
+ 9l 2w + 5l 2o + 1 Welleues +cl[¢ (@7 () gpp - 617)

The key challenge of this estimate is in how to bound the first term on the right hand
side of (6.17]). This term can be absorbed into the left hand side of the estimate only
if for every £ € (0,00) it holds that

(W'(€))° a*(€) < Y/ ()P'(€).

Using Assumption ([2.9)) that o < c®'/? it follows that a sufficient condition for the
above inequality to hold is that there exists a constant ¢ € (0, 00) such that

'(€)
o(&)

By inspection, a candidate choice for the test function is

(&) = log(®(¢)).

To close the estimate, we just need to bound the terms involving integrals of o2

and v in (6.17). We have by (2.9) and (2.10) from Assumption and interpolation

that there exists a constant ¢ € (0, 00) such that

V() <e (6.18)

[ @) de < [ 0+ v ar

U
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The constant remains part of the estimate. To bound the integral of ®, we combine
the Gagliardo-Sobolev-Nirenberg inequality with Young’s inequality to obtain for a

constant ¢ € (0, 00)
[ew e[ woeeree( [ @1/2<p>)2.

The first term can be absorbed into the left hand side of the estimate. We observe
that the final can be written as equal to the first term on the right hand side up to
a boundary term using the same methods as Proposition [£.1.6] in particular using
Poincaré inequality in the computation (4.7)).

To make the above estimate rigorous we would follow the techniques of Proposition
4.2.4] and apply It6’s formula to a regularised version of the logarithm.

Remark 6.2.1. Note ¢(z) = x does not satisfy the inequality (6.18)), hence L*(U)-
estimates can not be obtained for the skeleton equation.
This can be seen by the if we attempt to find an L*(U x [0,T])-estimate, we need

to absorb the integral
T
e/ /O'Q(p)|Vp|2diL‘dS
0o Ju

into the term on the left hand side

T
/ / ' (p)|Vp|? dx ds.
o Ju

This can not be done since we do not have that o?(&) < ®'(€) for every & € (0,00).

6.2.3 Well-posedness of the skeleton equation

In this section we use the entropy estimate above to outline how to prove the well-
posedness of solutions to the skeleton equation. In Definition we define weak
solutions of the skeleton equation and in Definition [6.2.3| we define kinetic solutions
of the skeleton equation. Via a tightness criterion based on regularity of ®/2(p) in
Lemma , we postulate the well-posedness and the L!(U)-contraction of solutions
in Corollary [6.2.5]

Let us begin by defining what it means to be a weak and kinetic solution of the
skeleton equation. Similarly to Definition [2.3.6] we need to introduce the following
harmonic PDE to capture the boundary condition.

{—Ahq)l/z(q)l(f)) =0 on U, (619)

hqﬂ/Q(q)—l(f')) = (1)1/2 ((I)_l(f_)) on OU.

Definition 6.2.2 (Weak solution of the skeleton equation). Suppose that the non-
linear functions ®, o, v and the boundary data f satisfy Assumptions|2.2.1 and|2.2.9
respectively. Let further py € Ente(U) be Fo-measurable, g € L*(U x [0,T]; R?) be
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an Fy-predictable control, and let hgi/2g-1(f)) denote the solution to the PDE defined
i (6.19).
A weak solution of the skeleton equation with initial data py and boundary
data f is a continuous L*(U)-valued function p € L>=([0,T]; L*(U)) satisfying
1. Boundary condition and reqularity: We have that
(@%(p) = har2@-1(p)) € L*((0,T): Hy (V).

2. The equation: For everyt € [0,T] and ¢ € C*(U) we have

/Up(:v,t)w(x)d:v:/ dx—// p)Vp-Vipdrdt
+/0 /Ua(p)g~V@/)d:vdt+/Ot/Ul/(,o)-V¢dxdt.

Based on the derivation of kinetic solutions in Section with no noise (o = 0),
we have the following definition of kinetic solutions for the skeleton equation .

Definition 6.2.3 (Kinetic solution of the Skeleton equation). Suppose that the non-
linear functions ®,0,v and the boundary data f satisfy Assumptions|2.2.1 and|2.2.9
respectively. Let further py € Ents(U) be Fo-measurable, g € L*(U x [0,T]; R?) be
an Fi-predictable control, and let hgi/2@-1(f)) denote the weak solution to the PDE

defined in (6.19)).
A kinetic solution of is a non-negative function p € L=([0,T]; L'(U)) satis-

fying
1. Integrability of flux: We have

o(p) € L*(U x [0,T]) and v(p) € L*(U x [0,T]; R%).

2. Boundary condition and regularity of the solution: We have that
(D2(p) = harr2@1(y)) € L2((0,TY; Ho (U)).

3. The kinetic equation: Define the deterministic kinetic measure q, a non-negative
measure on U x R x [0,T)] satisfying that in the sense of measures,

49(¢)
o'(¢)

The kinetic equation satisfies for every ¢ € C*(U x (0,00)) and for every
t € [0,7], that

// (e, £, (x, €) = // (2, £,0)(, ) //cb Vo (Vat)(x. p)
///6‘g¢:c€dq+// (Vo) (2,0) g
+/0 /U(agw)(x,p)a(ﬂ)vp~g—/o /Uw(fc,p)VV(p)- (6.21)
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The existence of weak solutions for the skeleton equation is based on the
following tightness criteria.

Lemma 6.2.4 (Sufficient condition for tightness). Let {p}cc01) be a sequence that
satisfies for every s > d%, that there exists a constant ¢ € (0,00) independent of €
such that

10N o,z 0y + 192 (0 2oy @y + 10ep || Loyt )y < €

Then {p}ec(o) s relatively pre-compact in LY(U x [0,T)), and {®?(p)}ec(o) s
relatively pre-compact in L*(U x [0,T7).

Proof. The proof a simplified version of Proposition [4.4.6] and is a consequence of the
Aubin-Lions-Simon lemma, see Corollary 5 of Simon [91]. O

We now state the key result for the well-posedness of the skeleton equation. The
result is the content of upcoming work, so is stated here as a conjecture. We nonethe-
less give an outline of the proof.

Conjecture 6.2.5 (Well-posedness of the skeleton equation). Suppose that the non-
linear functions ®,0,v and the boundary data f satisfy Assumptions|2.2.1 and[2.2.9
respectively. Suppose that the non-linearity ® additionally satisfies Assumptions 6
and 10 of Fehrman and Ges§| [42]. Let further py € Ents(U) be Fo-measurable and
g € L*(U x [0,T);RY) be an F;-predictable control.

Then there exists a unique weak solution to the skeleton equation . Further-
more, we have the following equivalence of kinetic solutions and weak solutions,

pis a kinetic solution of in the sense of Deﬁnitionm
<= pis a weak solution of in the sense of Definition .

Finally, if p*, p* are two weak solutions to (6.8) with initial data p}, p3 € Ente(U)
and the same control g € L*(U x [0,T];R?), then we have the contraction

sup [[p' (1) = pa(-, )y < oo — pall L2y (6.22)
te[0,7)

Proof idea. The proof on the torus for the choice of coefficients v = 0,0 = ®'/? is
precisely the content of Theorems 8, 14 and Proposition 20 of Fehrman and Gess [42].

Theorem 8 proves the uniqueness of kinetic solutions and the L!'(U)-contraction
(6.22)). The result is a simplified version of Theorem m above so we don’t repeat
it here.

3 Assumption 6 of [42] assumes that @’ is locally 1/2-Hélder continuous, and assumes the growth
condition

sup |©(&)/ ()] < M.
£€[0,M]

Assumption 10 assumed a different growth condition on ® depending on whether ®'/2 is convex or
concave. The assumptions are satisfied by ®(&) = £™ for every m € (1, 00).
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Proposition 20 subsequently proves existence of weak solutions, following an ar-
gument analogous to Proposition above. We approximate the skeleton equation

by the regularised equation
Dip = A (D21 ()*] + mAp =V - (0™ (p)g — v™(p)), (6.23)

with 11,72, 13,74 € (0, 1), where ®1/2m 7 1™ are smooth approximations of ®1/2, o
and v respectively. Proving the existence and L'(U)-contraction of solutions to this
regularised equation ([6.23) is quite straightforward. We can also prove entropy esti-
mates similar to that of Section [6.2.2] where the estimates are uniform in the regu-
larisation coefficients. The existence of weak solutions of the skeleton equation
then follows from applying Lemma |6.2.4]

The existence and uniqueness are tied together by the equivalence of weak and
kinetic solutions, which is the content of Theorem 14 of [42]. The fact that kinetic
solutions are weak solutions is straightforward, and can be formally seen by choos-
ing the test function in to be independent of the £ variable. Proving that
weak solutions are stochastic kinetic solutions is more tricky. The method follows
the derivation of the kinetic equation, see for example Section with the addi-
tional technical difficulty that we only have regularity for ®'/2(p) rather than having
regularity of the solution itself. O

6.3 Existence of solution maps

Our goal is now to unpack and prove the various conditions of Assumption and
Theorem [6.1.4] which will allow us to conclude the large deviations principle. We
begin in this section with Proposition [6.3.1| which proves that there exists a solution
map for the skeleton equation. In Remark the first condition in Assumption
is verified. We conclude by proving the existence of a solution map for the
controlled SPDE in Proposition [6.3.5

Let us begin with a result on the existence of a solution map for the skeleton

equation ([6.8)).

Proposition 6.3.1 (Existence of solution map for skeleton equation). Suppose that
the non-linear functions ®,0,v and the boundary data f satisfy Assumptions m
and respectively. Let further py € Entes(U) be Fo-measurable and g € L*(U X
0, T]; RY) be an F;-predictable control.

Assuming that Conjecture [0.2.5 holds, there exists a measurable map

G/ Ente(U) x C(0,T): (RY)>) — LY(U x [0,T))

such that for gi(s) := (g(-, s), fr) L2y

p(f,po) = G'* (po, (/0 gk (s) dS) kEN) :

where p(f,po) denotes the unique weak solution of (6.8)) with initial data py and
boundary data ®(p)|sy = f in the sense of Definition above.
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Proof. The proof is a simplified version of the proof for Proposition below, which
proves the existence of a solution map for the controlled SPDE (6.25)). The proof
relies on two main ingredients. The first is the well-posedness of the equation and the
second is the L'(U)-contraction, both conditions were assumed above in Conjecture

0.2.9l [

Remark 6.3.2 (Point 1 of Assumption [6.1.3)). The first point of Assumption
requires us to verify that for every R < oo and compact subset K C Ente(U), the set

Thx = {gﬁo <,00, /0 g(s) ds> g e LU x [0,T]), po € K}

is a compact subset of LY(U x [0,T]). However, this is a simple consequence of the
entropy estimate for the skeleton equation given in Section combined with the
tightness criteria of Lemma|0.2.4).

Let us turn our attention to proving the existence of a solution map

Gl (pé, VeB + (/ 9i(s) dS) ) (6.24)
0 keN
appearing in point 2 of Assumption [6.1.3] That is, for fixed € € (0,1) and boundary
f

data f € H'(U) satisfying Assumption [2.2.9] we want to prove the existence of a
solution map for the controlled SPDE

0ip™? = AD(p") = /eV - (0(p™) o) =V - (0(p™) Prc(eyg°) = V- v(p™?), (6.25)

with initial data pj, boundary data ®(p“9°)|sy = f, and where Py(g° denotes the
K(e)

projection of the control g¢ € L*(U x [0,T]; R¢) onto the span of {f k:(1 .

Remark 6.3.3 (Notation in equation (6.25)). Initially it may appear as if we are
abusing notation and using € to denote both the scaling in front of the noise term
in and also to denote the approzimating sequences {g°}ec(0,1), 105 tec(o,1). Put
differently, € appears in the solution map both when writing the approrimating
solution G¢ which corresponds to the scaling in front of the noise term and the argu-
ments inside the function corresponding to the approximating sequence of coefficients.
This is the convention in Budhiraja, Dupuis, and Maroulas [11] and there is no issue
with choosing the same scaling in € for both objects.

We will need the following result, see Proposition 27 of Fehrman and Gess [42] or
Proposition 7.12 of Fehrman and Gess [38] for proof.

Proposition 6.3.4 (Separability of Ents(U)). Let ® € C([0,00)) N CL ((0,00)) be
non-negative and satisfy Assumption m The space Ente(U) equipped with the
LY(U)-topology is a complete, separable metric space.

The existence of a solution map for the controlled SPDE (/6.25) below is similar

to Theorem 23 and Proposition 24 of Fehrman and Gess [42]. In the proof below we
fix the boundary data f € H'(AU) and prove that the solution map exists for fixed
(but arbitrary) boundary data.
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Proposition 6.3.5 (Existence of solution map for controlled SPDE). Suppose that
the non-linear functions ®,0,v and the boundary data f satisfy Assumptions m
and respectively. Let further py € Entes(U) be Fo-measurable and g € L*(U X
0, T]; RY) be an (F;)¢so-predictable control.

For every e € (0,1) and g;(s) := (g°(*, 5), fx) L2, there exists a measurable map

Gl Ento(U) x C([0,T); (R)™) — LYU x [0,T))

P9 (f, po) = G (Po,\/EB + (/QZ(S) ds) ) ’
0 keN

where p=9°(f, po) is the unique stochastic kinetic solution of (6.25) with initial data
po, boundary data ®(p=9)|oy = f and control g¢.

such that

Proof. The proof consists of two steps. Firstly we will we will show the existence of
a map G/ such that for the uncontrolled system (6.1]), we have

p(f.po) = G7* (po.VeB) .

The second step will be to extend the result to the controlled SPDE p%9° (6.25)) via
Girsanov theorem.

For every fixed € € (0,1) and K € N, the well-posedness of stochastic kinetic
solutions of equation is a consequence Chapters |3 and . Due to the well-
posedness, we know that for fixed boundary data f € H'(QU) satisfying Assumption
and initial condition py € Ente(U), there exists a measurable function G5

C([0,T]; (RY)>) — LY (U x [0,T]) that takes the noise to the solution of (6.1)). That

1S
G, (VeB) = " (F. o).

Since it follows from Proposition above that Ente(U) is separable with the
LY(U)-topology, by looking at a countable dense subset {p,}nen of Ente(U), the
uniqueness result of Theorem implies that for every n,m € N, we have

S[l(l)l?ﬂ 1G5, (VeB) =G5, (VeB) lloiw) < llon = pmllorw)- (6.26)
te|0,

As a consequence of the density of {p,, }nen With respect to the L' (U)-norm, it follows

that there exists a measurable function G% - Ente(U) — LY(U x [0,T]) that maps

for every n € N the initial condition p,, to the solution of (6.1]),
G5 sen(pn) = p°(F, pn) = G5, (VeB).

The fact that {p,}nen is dense then implies that for arbitrary py € Ente(U), on a
subset of full probability depending on py,

G5 yen(po) = p°(f, po) = G5, (VeB).
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Finally, the desired solution map G/ is defined by
Gl (/)0, \/EB) =05 sep (po) -

The measurability of G/ follows from the measurability of the map G/ (py, -) viewed
as a function of the noise, and the strong continuity of the map G/ (-, /eB) viewed
as a function of the initial datum.

Let us now move onto the second step, which we note follows from Theorem
10 of Budhiraja, Dupuis and Maroulas [I1]. Fix ¢ € (0,1) and measurable control
g¢ € L*(U x [0,T];RY). The measure

dy“9 —exp{—— / / x,s ddek——Z/ / (x,s d:z:ds} dP

is a probability measure on the probability space (2, F,P) defined in Definition [5.1.1]
The measure 79 is absolutely continuous with respect to P, and by Girsanov’s the-
orem, see Theorem 10.14 of Da Prato and Zabczyk [22], the process

(B} pen = {B.k + 6_1/2/ gi}
0 keN

on the probability space (€2, F, {Fi}i>0,7?) is an infinite sequence of independent
d-dimensional Brownian motions. Hence, by the first step and uniqueness of solutions
given by Theorem [3.2.2 we have that the quantity of interest

o s ([ 04) )

is the unique stochastic kinetic solution to (6.1)) with B replaced by B on (Q,F,
{Fi}i>0,77). But with B is precisely the same as p©9° as in (6.25)). The result
then follows on the original probability space (€2, F,{F;}i>0,P) using the fact that
the measures P and y“9 are absolutely continuous. O]

6.4 Lack of uniformity of solution map with re-
spect to boundary data

It is natural to wonder whether it is possible to extend the uniformity of the Laplace
principle to include uniformly bounded subsets of boundary data as well. That is,
whether we can take an infimum over bounded subsets of H'(9U) in equation (6.4)).
This section is dedicated to illustrating why this is not possible.

Rather than looking at the solution map G/ as in (6.5), we would need the
existence of a solution map that also takes the boundary data as input,

G H'(0U) x Ente(U) x C([0,T]; (RY)>) — LY(U x [0,T]).
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Recall that a key step in the proof of Proposition was the L'(U)-contraction

sup [[p™' (- t) = p=* () |y < llpo — Pollrwy

t€[0,T]
for two stochastic kinetic solutions p®!, p52 of with the same boundary data f
and different initial conditions pJ, p2. To have uniformity with respect to the boundary
data we would need to prove that if the two stochastic kinetic solutions had different
boundary data, say f!, f2 € H*(9U) respectively, both satisfying Assumption [2.2.9)
then for some constant ¢ € (0,00) we have an inequality of the form

sup [|p“' (1) = p** )|y < llpo — pollerwy + TN = Pllaewy.  (6:27)

te[0,T]
In this section we briefly discuss how the uniqueness proof of Theorem [3.2.2], would
be amended and subsequently conclude that it is not possible to obtain an inequality
of the form (6.27)).

Recall that a key observation in the uniqueness proof was that the L (U)-difference

of solutions can be written in terms of the corresponding kinetic functions !, x? of
the two solutions. That is, for every ¢ € [0,T] we have the identity

¢

/|p51xs “2(z,8)| dx
s=0

t

= [ [ e ) + 6 @ 9) = 206 DN 02)

s=0
The terms on the right hand side were handled using the kinetic equation ([2.40]).
Since test functions in the kinetic equation need to be compactly supported in the
spatial and velocity variables, for the first two terms above we need to test against
(regularised versions) of relevant cutoff functions. For the final term we need to
include the kinetic function as part of the test function, which required us to smooth
the kinetic function via convolution.

The presence of the cutoff function in space ¢, with parameter v € (0,1), see
equation of Definition enabled us to integrate by parts and perform
analysis without the presence of additional boundary dependent terms. It is precisely
when we take the limit in the cutoff parameter v — 0 that boundary terms arise.
Specifically, for the cutoff term (3.31f), we notice from that before taking limits
in the cutoff functions, we have the term

(/ /8U|(I)Mﬁ = Lars(p) |_//8U7|<I>MB — D p(p© )|>, (6.28)

where @,/ 5 was defined in equation (3.34)).

The technical lemma below illustrates why one can not expect a bound such as
to hold for a difference such as (6.28). The main point is that the H'(9U)-norm
as in Definition looks at tangential derivatives of f along the boundary, whereas
the lemma below illustrates that a bound can only be obtained in terms of normal
derivatives at the boundary.
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Lemma 6.4.1. Let U C R? be a bounded C*-regular domain, and let f € C?*(U).
Then we have the estimate

lin% (’y‘l ( f(x)dS(x) — f(z) dS,y(a:)>>
Y= oU oU,

= | H(z)f(z)dS(x)+ [ V[(z)-i(x)dS(z), (6.29)
U U
where H(z) denotes the mean curvature of the boundary OU at the point x, recall that
n(x) denotes the outward pointing normal vector field at point x, and finally we used
the notation that dS and dS, denote the surface measures on OU, U, respectively.

Proof. We first observe that for v sufficiently small, one can write points on OU, as
a smooth perturbation of points on AU by moving along the inward pointing normal
vector. For every z € 0U,, let x* = x*(x) := sy (x) denote the closest point on the
boundary to x. Since U is a C*-domain, we know that for v € (0,vy) where vy is
as in , such a point exists and is unique. If 7(z*) denotes the outward pointing
unit normal vector field at point x* € OU, then

v =" = yi(a) + O,

where the final term denotes dependence on terms depending on « of order ¥2 or
higher. Similarly, we have for the surface measure dS, on 9U, the first order expan-
s1o
dS,(z) = (1 —vH(z*) + O(v?)) dS(z*).
Putting these two facts together gives

f(2)dS, (x) = /a " =3i() + 06) (1= 1H() + 0(4%) dS(").
(6.30)

au,

Since f € C*(U), the first order Taylor expansion
fla® =7i(a®) + 0(%)) = f(z") =V f(@") - i(a”) + O(v?)

implies that we can write (6.30)) as

f(x)dS,(x)

o,

_ [)U(f( Y = AV () i) + O(2) (1 — vH(z") + O(2)) dS(z)
@y =a [ i) -y [ peae) + 06

oUu

4The formula is derived form the first order expansion of the Jacobian determinant associated
with the normal flow at the boundary.
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where we observed in the final line that several of the terms in the product were
absorbed into O(y?). Finally, the desired difference on the left hand side of (6.29) is

T < o) /am ! (x)) = [ vt + [ seme) o).

which proves the statement after taking the limit v — 0 on both sides. O

The difficulty for the difference ([6.28)) is that stochastic kinetic solutions p©!, p&!
of the Dirichlet problem (6.1)) do not have sufficient regularity to evaluate the normal
derivative

let alone control it by the H'(9U )-norm of the difference of the corresponding bound-
ary datum. We recall that in general, normal derivatives can only be controlled by
the tangential derivative whenever a “Dirichlet-to-Neumann map” exists. Such a map
only is only known for simple evolution equations such as harmonic PDEs, see Theo-
rem [4.1.3] above. Hence, even if the normal derivative could be evaluated, there is no
hope to obtain an estimate of the form (6.27]).

6.5 Energy estimates for the regularised controlled
SPDE

In order to prove the weak convergence of solutions required in point 2 of Assumption
6.1.3, we have to first establish tightness of the laws of the controlled SPDE p9
(6.25)). In this section we will aim to adapt the estimates of Sections and ,
which requires us to add a regularisation into the controlled SPDE. To do this we
will need to handle the additional contribution from the control g. To just emphasise
the impact of these terms, in Assumption [6.5.1] we assume that the boundary data
is constant. Proposition then adapts the L?(U x [0, T])-estimate, Proposition
adapts the higher order spatial regularity and Proposition adapts the
higher order time regularity for solutions cutoff from zero. We finish with an entropy
estimate in Proposition [6.5.5| which will be useful in the sequel. The estimates allow
us to prove the tightness of the laws of the regularised equations in Corollary

In order to prove relevant energy estimates that allow us to prove tightness, for
e € (0,1) and n € N, for {0,}nen as in Lemma [4.4.3] we need to introduce the
regularised controlled SPDE,

1 .
D9 = AD(pM9) + EApnﬁe,g — eV - (on(p™e9) o gK(e))
V- (0u(0" ) Priyg) = V- v(p"), (631)

with initial data p™“9(-,0) = py and boundary data ®(p™9)|sy = f.
We recall that the regularisation of the square root enables us to consider weak
solutions, and the regularisation of adding the Laplacian provides sufficient regularity
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of solutions to enable us to apply Itd’s formula. The definition of weak solutions for
(6.31]) is similar to the definition for the uncontrolled equation, see Definitions
and above. With the regularisations as in the existence of weak solutions
follows the same argument as the uncontrolled case, see Proposition above.

In Chapters [3| and |4] the infinite dimensional noise is correlated in space, and we
needed to assume we have the pointwise boundedness for F; for ¢ = 1,2,3. Due to
the L?(U)-orthogonality of the coefficients in ¢%(9) this is no longer true, but the
estimates still hold under the scaling regime of Remark due to the fact that
in equation , the noise coefficients are multiplied by a factor of e. Owing to
Remark [5.3.4] picking e € (0,1) sufficiently small so that

K (e K (e K(e K(e)
Ve (1Ol eiwy + 1F5 ey + 1F iy + 1V - B lliey) <1 (6:32)

ensures that the bounds from Section can be directly used.

The new part of estimates we want to capture is the dependence on the control
g. Hence, for simplicity of presentation, we make the assumption below which just
enables us to ignore the boundary dependency of the estimates in Section 4.1}

Assumption 6.5.1 (Constant boundary data). Assume that the non-negative bound-
ary data of the reqularised controlled SPDE p™%9 as in equation (6.31]) is a constant,

(o) = M > 0.

We emphasise that the above assumption is not necessary. We are able to con-
sider the same boundary data as Chapter [d namely all non-negative constant data
including zero and all smooth functions bounded away from zero.

Proposition 6.5.2 (L*(U x [0, T])-estimate for the regularised controlled equation).
Suppose that the non-linear functions ®,o0,v, the spatial components of the noise
X and the boundary data f satisfy Assumptions|2.2.1], [5.1.4 and [6.5.1] respectively.
Let further py € L*(Q; L*(U)) be non-negative and Fy-measurable and g € L*(U x
[0, T]; RY) be an (F;)iso-predictable control. Suppose that € € (0,1) is sufficiently
small so that the inequality 18 satisfied.

For fized reqularisation constant n € N, let p™“9 denote weak solutions of the reg-
ularised controlled SPDE (6.31). Then there exists a constant ¢ € (0,00) independent
of n, e such that

1 n,e T n,e 2 1 4 n,6,912
s B[ [rer—ontong| 5| [0 [ vesarenp|+ e | [0 [ e
te€[0,7) U o Ju n o Ju

1 T
< lm =7 Oy + T e [ [ 1Pryals (639

where Ogp z is defined in point 3 of Assumption[2.2.1]

Proof. The only novelty compared to Proposition [4.1.8|is the presence of the control
term in (6.31). This leads to the additional term

/ / n e,g n,e,g . PK(E)g
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on the right hand side of the estimate. Using from Assumption that o < ¢®1/2,
Cauchy-Schwarz and Young’s inequalities, for every ¢ € (0,1) we have the bound

t t t
/ / gn(pn,e,g)vpn,e,g g S 05/ / q)(pn,e,g)|vpn,e,g|2 + 5—1/ / |PK(e)g|2
0 JU 0 JU 0 JU
t t
e / / VOus(" ) 4+ 61 / / Priogl’. (6.34)
0 U 0 U

Picking § € (0, 1) sufficiently small so that the first term can be absorbed onto the
left hand side of the estimate completes the proof. O

We recall that the presence of the L?(U)-norm of the initial data in the above
estimate will necessitate the higher order regularity of the initial data for the
subsequent estimates.

The proof of tightness for laws of the regularised controlled SPDE is based
on Proposition above. Our goal will therefore be to prove the two higher order
space and time regularity estimates for the regularised controlled SPDE. We begin
with the higher order spatial regularity estimate, which we recall is split into two cases
considering whether we have fast diffusion type equations ®(p) = p™ for m € (0,1)
or porus medium type equations m > 1.

Proposition 6.5.3 (Higher order spatial regularity for the controlled SPDE). Sup-
pose that the non-linear functions ®, o, v, the spatial components of the noise X and
the boundary data f satisfy Assumptions|2.2.1, (5.1.2 and|6.5.1] respectively. Let fur-
ther po € L*(Q; L2(U)) be non-negative and Fo-measurable and g € L*(U x [0, T]; RY)
be an (Fi)i>o-predictable control. Suppose that € € (0,1) is sufficiently small so that
the inequality is satisfied.

For fixed regularisation constant n € N, let p™*9 denote weak solutions of the

reqularised controlled SPDE (|6.31)).

1. If @ satisfies equation (2.6) in point 8 of Assumption then there ezists a
constant ¢ € (0,00) independent of n, e such that

Ell o™ L1 qomwiawy < € (T + ol 220y + HPK(E)QH%?(UX[O,T};RCI)) :

2. If ® satisfies equation (2.7) in point 3 of Assumption then for every
v € (0,1) there exists a constant ¢ € (0,00) independent of n, e such that

E||p" | 1 om0y < ¢ (T + llpollZzq) + ||PK<e>9||iz<Ux[o,T1;Rd>) '

Proof. For the regularised Dean—-Kawasaki equation without a control term p™° as
in (5.10), the bound for the L'(U x [0,T])-norm of the solutions follows from the
technical Proposition [1.1.6] and the bound for the higher order spatial regularity is
precisely contained in Lemma [4.1.11} The estimate for the controlled equation p™9
follows from these estimates combined with the L?(U x [0, T])-estimate of Proposition
0.0.2 O
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We will now state the additional time regularity result.

Proposition 6.5.4 (Higher order time regularity for the regularised controlled SPDE
(6.31). Suppose that the non-linear functions ®,0,v, the spatial components of the
noise £ and the boundary data f satisfy Assumptions and re-
spectively. Let further py € L*(Q; L*(U)) be non-negative and Fo-measurable and
g € L2(U x [0,T);RY) be an (F;)eso-predictable control. Suppose that € € (0,1) is
sufficiently small so that the inequality 15 satisfied.

For fized regularisation constant n € N, let p™“9 denote weak solutions of the
reqularised controlled SPDE (6.31)).

For every B € (0,1), let Wg be as defined in Definition above. For every
g€ (0,1),0€(0,1/2) and s > % there exists a constant ¢ € (0,00) independent of
n and € such that

E[[Ws(0™)ws(o,rp;5-+ ) < ¢ <T + ||P0H%2(U) + HPK(G)QH%Q(UX[O,T];Rd)) -

Proof. See Proposition for a proof for the uncontrolled equation. The presence
of the additional control term here does not cause additional difficulty, and we just
need to handle the extra finite variation term

/ Us(p™ )V - (0n(p™) Pr()9)

t
= [ o N Pica) — [ W T P
0

The WHL([0,T]; H*(U))-norm of the above terms can be bounded exactly in the
same Way as the other finite variations terms of Proposition [4.1.14] see equations

(4.31)-(4.32)), combining it with the estimate (6.34]), which results in the additional
factor of the L*(U x [0, T)-norm of P (¢ (g) on the right hand side of the estimate. [

The final estimate we will show is the entropy estimate. The estimate is used to
control gradient terms when we show convergence of the controlled SPDE ((6.25)) to
the skeleton equation in Theorem below.

Proposition 6.5.5 (Entropy estimate). Suppose that the non-linear functions ®, 0, v,
the spatial components of the noise &5 and the boundary data f satisfy Assumptions
12.2.1},15.1.9 and|6.5. 1| respectively. Let further py € L*(Q; L*(U)) be non-negative and
Fo-measurable and g € L*(U x [0,T];R?) be an (F;)io-predictable control. Suppose
that € € (0,1) is sufficiently small so that the inequality is satisfied.

For fixed regularisation constant n € N, let p™*9 denote weak solutions of the
reqularised controlled SPDE (6.31)), and let Wgo : U x [0,00) — R be defined as in
(4.34). For every t € [0,T] there exists a constant ¢ € (0,00) independent of n and €
such that

[ esra] [ [ i o[ | o]

<E [/U Ue.0(x, po()) dx} +c <t + HPOH?‘}(U) + HPK(e)gH%2(U><[O,t];Rd)) )
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Proof. The estimate is a consequence of the entropy estimate in Proposition [4.2.4],
which gives the existence of a constant ¢ € (0, 00) such that

sl vl S
SCHE{/%p(x,po(x)) ] e[ [ [ 1veuatres

neg
n,€,g 1,69 |
[}g& / / ) + 50 (P )V PK(@Q] , (6.35)

where Og 5 is defined in . A bound for the third term on the right hand side of
(6.35)) is obtained using Proposition above. Furthermore, due to the presence of
the control, we have the final term of that needs to be handled. An argument
similar to (6.34]) using the assumption that o < c¢®'/2, Cauchy-Schwarz and Young’s
1nequahtles and the fact that —== <1 for every ¢ € (0 1) gives for every v € (0,1)

¢/ neg 7,€ 7,€
// P +6 on(p ”g)vP”g'PK(e)g

q)/ ) 2 e 2
< P )|y pnes - Progl

The first term can be absorbed onto the left hand side of (6.35)) after taking the limit
0 — 0 by picking v > 0 sufficiently small. Putting everything together then gives the
estimate. [

Remark 6.5.6. If we want to remove the dependence of the projection P in the
estimates of Propositions|0.5.2,16.5.5,(6.5.4) and|6.5.5, we can use the trivial fact that
by the definition of the projection map, it holds that

t t
//]PK(E)ng:cdsg/ /\g\zdxds.
0o Ju 0o Ju

Using the above estimates, we conclude the section with tightness of laws of the
regularised controlled SPDE p™9.

Corollary 6.5.7 (Tightness of laws of controlled SPDE). Suppose that the non-linear
functions ®, o, v, the boundary data f and the spatial components of the noise €& and
satisfy Assumptions[2.2.1] [2.2.9[5.1.9 respectivelif| Let further py € L*(%; L*(U)) be
non-negative and Fo-measurable and g € L*(U x [0, T];R?) be an (F;)i>o-predictable
control.

Ife € (0,1), K(e) € N satisfy the joint scaling - from Remarkm then the
laws of the solutions {p™9}ec(0,1)nen Of the reqularised controlled SPDE @ with
wnitial condition py, control g and boundary data f are tzghﬁ on LY(U x [0,T]) with
respect to the strong norm topology.

5Note that we are back to the setting of more general initial data.
6Recall that the tightness is along appropriate subsequences of n — 0o, € — 0, which follows from
the fact that the right hand side of the energy estimates above are stable in all three ,n,e.
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Proof. The proof is identical to Proposition [4.4.6| and follows by combining the esti-
mates in Propositions [6.5.3] and [6.5.4] with the Aubin-Lions-Simon lemma. O]

6.6 The uniform large deviations principle

We are in a position to prove the the remaining conditions of Theorem [6.1.4] In
Theorem [6.6.1] we prove the weak convergence of solutions of the controlled SPDE
towards solutions of the skeleton equation as € — 0. The chapter is concluded with
Proposition [6.6.2| where we prove that the rate function is lower semi-continuous. We
will then have shown all the required conditions for Theorem [6.1.4 This gives us the
large deviations principle.

Theorem 6.6.1. Suppose that the non-linear functions ®,0,v, the boundary data
f and the spatial components of the noise €& and satisfy Assumptions “
respectively. Furthermore assume that the non-linearity ® satisfies for constant
ce (0,00) and every M € (0, 00)

o(¢)
su < cM. 6.36
pcen D(E) (6:36)
Finally assume that Conjecture holds. Let {¢ }ee(o1) and g be L*(Q; L*(U %
[0, T]; RY))-valued, (F;)iso-predictable processes satisfying

sup ||| Lo (2o, r)RY)) < 00, g° =g weakly in L*(U x [0, T];R?Y) as € — 0,
e€(0,1)

and let {p§}eco), po € Ente(U) be such that

sup (/ \I&p(pg)) <00, p5—po weakly in L*(U) as e — 0. (6.37)
e€(0,1) U

Let {e, K(€)}ec(o,1) be such that the joint scaling (5.62)) in Remark (5.3.] ” is satisfied.
For every e € (0,1) and fived f € Hl(E)U) denote by pEg (f, p5) the unique stochastic
kinetic solutions of the controlled SPDE with control ¢¢, boundary data f, and
initial data ph. Then we have that

P (f,p5) = p(f,po)  weakly in L'(U x [0,T]) as € — 0,

where as above p denotes the solution of the skeleton equation in the sense of
Definition and Congecture |6.2.5,.

Proof. Let us begin by considering non-negative initial data {pf}ec(,1) and py that
are uniformly bounded in L?*(U). In this case we can use Corollary W that gives
us tightness of laws of the regularised controlled SPDEs {p™“9"(f, p§) }ce(0,1)nen-

We recall that the kinetic formulation for the equation is presented in Section
. The sequence of non-negative kinetic measures {¢}cc(o,1) corresponding to the
regularised equation are defined for fixed regularisation constant n € N by

1 .
+ —|Vp™©
n

dq* = 0p(& — p™") (|V@q>,2(p"’€’gc) 2) da dt d¢.
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Due to Proposition and the assumed the L?(U)-integrability of the initial data,
the non-negative kinetic measures are uniformly bounded in expectation, in the sense
that
sup E[¢°(U x (0,00) x [0,T])] < o0
€€(0,1)

Let the kinetic function x¢ corresponding to the regularised controlled equation p™9°

be as defined in Definition 2.3.4] In Section 2.3 we deduced that for every ¢ € [0, 7],
€ CP(U x (0,00)), P — a.s. the kinetic equation for fixed regularised coefficients
n € N is the equation

/] x€<x,t5,t>w<x,5>— | [ xcoues |
- I/ @'(p”vﬁ’gvvwvgé-<vx¢><x,pi’w€>— | [ [ oevtecraa
[ vt ol e | /Uffn<p:’ﬁ’g€><vzw><x,p"’e’f)-PK(e)gﬁ
/ [0y Priga = [ [ bt )T e

ne € n,€,g¢ n,€,9¢ n,€,g¢ n,e,g¢ K(e
=5 [Ty (RO )T o )

/ / Ov))(x “9>( (g0 ) (e Y B B (e’ 7).
(6.38)

The terms 1n the final two lines involving a products of factors of € and noise coeffi-
cients {F )}1_1 9.3 dictate the joint scaling needed for the large deviations principle,
and we note that it is the first term in the penultimate line involving a factor of
(0! (p™9°))? that necessitates the use of compactly supported test functions in the
velocity variable &.

We note that the energy estimate of Proposition [6.5.5| only gives us weak conver-
gence of the random variables V®/2(p™%9°) in the space L*(U x [0,7];R?) rather

weak convergence of the gradients Vp™“9". Hence using the distributional equality

1 € € €
SO )@ (e )V s

Vq)l/Q(pn,e,gE) _ 5
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we re-write the kinetic equation (6.38]) as

ALXE($’5’t)¢<$’5>= / /U X (2,009, €)
—2 [ [orrengareeny @) - [ oo
—ﬁ/t/wfcw”"g‘)v (o (p™) dg")

//Un mIN (V) (@, 00 - Preo g _//¢ VT - ()

2(131/2 n,€,9¢ o
//aéw neg) ( ) (p @1/2(pneg) PK(e)g

o' (pres”)
——//vw ) (@, p)

2PL/2 pneg)o-; pn,e,gs 2 et ne.qf n.e.g5\ K (e
(o BN ey 4 e o e )

//cw e

2012 (9 Yo (p "), (p")
P (pmes”)

vq;l/Z(pn,s,gé) . FQK(E) + O_Z(pn,s,gé)F;((e)) ’
(6.39)

where the quotient terms are integrable due to the compact support of the test func-
tion v in the velocity variable. Due to the tightness of laws of p™<9°(f, p5) given
by Corollary [6.5.7] we want to use Skorokhod representation theorem to pass almost
surely to the to the e — 0,n — oo limits on an auxiliary probability space. However,
the reason that we can not do this directly is due to the term in the fifth line of ,
where we have the product of two random variables V®!/2(p™9) and Pk (g which
are both only weakly convergent, so it is not possible to characterise convergence of
their product. The key observation is that such a product does not appear in the
weak formulation of the skeleton equation, see Definition [6.2.2] Let us upper bound
the contribution of this term by introducing the measures p. For ¢ € (0,1) we define
p° to be the non-negative, almost surely finite measure on U x (0,00) x [0, 7] given
by
Ay = Go(E — p ) [V ("9 )| | Paorg| e dit .

The finiteness of the measures follows from the L*(U x [0, T])-boundedness of the two
terms |[V®Y/2(p<9)| and | Pr(og¢|. By the assumption o < c¢®/? for some constant
€ (0,00), and by construction, we have the bound

ne @1/2 pn,e,gE On pn,e,gE e
/ (Oev)(x, p57") ( Jn{ )V@I/Q(P 9 )'PK(E)Q‘

()
C/R /O/U|8§¢(x,§)|%{>q/>((§)) dp®. (6.40)
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We return back to the kinetic equation (6.39)). To understand the limiting behaviour
of the stochastic integral, again omitting the dependence on the regularisation coef-
ficients, define for fixed n € N and test function ¢ € C2°(U x (0, 00))

MY = t LEINVY (g, (pI ) ER(),
; /O/UW”’ 1V - (0 (o9 )EK )

Analogous to Proposition above, Proposition 5.27 of Fehrman and Gess [41]
proves that for v € (0,1/2), the laws of the martingales are tight on C7([0,T]).

We now follow the methods of the uniqueness proof, Theorem above, to
characterise the limiting behaviour of the solutions p™“9°. To do so, we need to
characterise the limiting behaviour of each of the components in the kinetic equation
above. For s > %2 and {¢;};en a countable sequence of dense functions in
C*(U x (0,00)) with respect to the H*(U x (0, 00))-topology, we want to establish

the tightness of the random variables

n,e n,6,9¢ € n,€,g¢ 1 n,e,g¢ € qe pE € € j
X" = (,0 9 ap07v®<1>72(p 9 )75Vp 9 y g ‘q6’7 |p6‘7|q |7 |p |a\/E(Mtw])jEN) )
(6.41)

where |¢¢| := ¢°(U x (0,00) x [0,7T]) and analogously for [p¢|, on the product metric
topology of the state space

X :=L"U x [0,T)) x L*(U) x L*({U x [0, T);R")? x P(U x (0,00) x [0, 7))
x R? x C7([0, TN,

where P(U x (0,00) x [0,7]) denotes the space of non-negative probability measures
on U x (0,00) x [0,T]. The space L'(U x [0,T1]) is equipped with the strong topology,
the spaces L?(U) and L*(U x [0,T];R%) are equipped with the weak topology, and
the space C7([0, T])Y is equipped with the topology of component-wise convergence
in the strong norm induced by the metric defined in Definition [4.4.4]

In much the same way Theorem [3.2.2] above, by using Prokhorov’s theorem and
the Skorokhod representation theorem, owing to Corollary and tightness of the
martingale term, we have convergence of X™* along a subsequence n; — 0o, €, — 0
in an auxiliary probability space.

To prove the desired result it therefore suffices to prove that if along this subse-
quence, if X™¢ converges P-a.s. to a random variable

X = (p7 p07V®¢,2(p)707g757ﬁ7a7b7 0)7 (642>

for probability measures ¢,p € P(U x (0,00) x [0, T]) and random constants a,b € R,
then p is a P-a.s. weak solution to the skeleton equation with control g, initial data
po and boundary data f.

The regularisations in n were used to obtain the energy estimates that led to
tightness, so do not play any further role in the proof and below we denote by p©9°
the solution to the limiting singular controlled SPDE (6.25)). The sufficient condition
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is proved by passing from the kinetic equation to the weak formulation of the
equation along the subsequence ¢, — 0. The kinetic equation has the additional
velocity component that is not seen by the weak formulation, so to remove this
dependency, for 6 € (0,1/2), let 75 : [0,00) — [0, 1] be a smooth function satisfying
for some constant ¢ € (0, c0)

75 =0 on [0,0] U267, c0)
75 =1 on (26,6 (6.43)
|75] < 0 Leersas) + €0 Leers—1,25-11-

The function 75 behaves like the product of the velocity cutoft functions ¢g(ys from
Definition[2.4.2] For an arbitrary function ¢» € C2°(U), we will choose test functions in
the kinetic equation of the form Ws(z, &) = 75(€)tp(z). We first pass to the limit e — 0
and subsequently pass to the velocity limit 6 — 0 to recover the weak formulation of
the skeleton equation. We proceed term by term.

For the initial data pfj, we only have that it converges weakly to py, which is
not compatible with the non-linear convergence of the kinetic function, so using the
definition of the kinetic function, we write the relevant term as “what we want” plus
a correction,

/R/Uxé(a:,é“,O)\i!a(:r,é)z/Upé(x)w(:c)Jr/R/Uxe(a:,g,o)w(x) (r5(6) — 1).

By re-arranging, it follows from the support of 75, the boundedness of ¢/ and the weak
convergence of p§ to pg, that there exists a constant ¢ € (0, 00) such that

lim sup < ¢d. (6.44)

0 XE(IIJ,f,O)\TJJ(m,f)—/(]p()(x)w(x)

The choice of scaling (5.62)), Proposition and the compact support in spatial
component of Ws then implies that the terms in the penultimate line of (6.39)) satisfy
P — a.s. for every fixed § € (0, 1),

lim sup

(V \115 x, po
=04cf0,7] | 2 // ")

2(1)1/2 o €,9°\)2 . e .
w (RO 2RI a4 o) () ) o,

and analogously for terms in the final line of (6.39))
lim sup

\IJ (x, p©
=0 ej0,7] | 2 // o) )

@1/2 €,9¢ €,9¢ . . .
X < )U(p )U (p )v(bl/Z(pe,g ) . F;((€) + 0_2(pe,g )F?)l(( )>‘ = 0.

@' (pe9°)
(6.46)
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For the martingale term, we have by Burkholder-Davis-Gundy inequality and the
compact support of Wy that there exists a constant ¢ € (0,00) such that for every

e,0 € (0,1),

sup
t€[0,T)

< CE/(; \/U‘ilg(x’pqgé) (0'2(p€7g6)F1[<(6) 4 Qa(pe’gf)vg(p€7gé)FQI<(E) 4 |VU(p€’gE)‘2F3]((€)>
K(e K (e K(e
< ce (IF ey + 15 ey + 15l
T
<[] B ) @)+ RV

It therefore follows by the choice of scaling ((5.62)) that along a further subsequence,
for every fixed 6 € (0,1), as € — 0, P-almost surely,

f//%wp V- (05" deF0)

w//% V- (0(p9") de )

lim sup
=0¢ej0,1]

—0. (6.47)

The remaining terms are handled using the strong convergence of p“9° to p, the weak
convergence of Pr(g to g, the weak convergence of VO/2(p%9") to VO/2(p), the
weak convergence of ¢¢ to ag and the weak convergence of p¢ to bp, where recall that
a,b are the constants in , representing the mass of the limiting measures from
6.41)). Using this, equation and the subsequent analysis (6.40)), (6.44)), (6.45)),
6.46[), and illustrates that after passing to a subsequence ¢ — 0, P-a.s. for
almost every ¢ € [0,T], if x denotes the kinetic function of the skeleton equation p,
then the difference between the kinetic function and the weak formulation satisfies
for a constant ¢ € (0, 00) independent of 6 € (0, 1),

xm@w%m@—/m@ww+zf/@W@W@Wm«m&Mam

// )(Vas)(, p) g+//\115;cpvy()‘
///‘5 Il <(>)bd +175(6 )!w(:v)adcj'. (6.48)

We now want to pass to the § — 0 limit. It follows from the support of 75, Proposition
4.3.2)which bounds the kinetic measure ¢ when the velocity argument approaches zero,
the boundedness of ¢ and the finiteness of bg that

1 f E =
mipt s 2| [ [ [ o] <o

From the support of 74, the boundedness of 1, the finiteness of p and assumption

<c¢h+ec
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(6.36)) in the statement of the theorem, we have

lim inf maXE{// /|7‘5 ) (x 2(1/)(6)bd:|
0—0  t€[0,T]
.. 129 . T 20(8) .
< climinf E / / /(5 ! dp+/ / /(5—dp}
6—0 [[5,25] o Ju '(€) -125-1Jo Juo P(E)
T
< climinf E [/ / / dﬁ} =0.
=0 [6.26)up-1,26-1 Jo Ju

We are left to deal with the terms on the left hand side of (6.48)) in the § — 0 limit.
For the first, we have from the support of 75 and the definition of the kinetic function
that P-a.s. for every t € [0, 77,

i [ [ e i@ = [ [ oo = [ e,

and analogously for the transport term

i [ [ wte. v v = [ [ w9 vi

For the remaining two terms on the left hand side of -, using the identity
(Vo Us)(x,€)|e=, = Vib(2)75(p), it similarly follows that

%%/Ot/ljcp’(p)w-( )(x, p) // p)Vp - Vi (z)
clsl—rg%// (V2 Ts)(z, p) g—//

Putting equation (6.48) and subsequent computations together, after passing to a
subsequence § — 0, IP’—a s. for almost every ¢ € [0,7] we have

/Up(x’ Pt = /UpO(xMx) - /ot /U 2012(p)VOV2(p) - Vi (x)
+/0t/[]0—(p)vw($)'g_/ot/lj¢(x)v.y(p)

This is a re-writing of the weak formulation of the skeleton equation, see Defini-
tion [6.2.2 Furthermore, by applying arguments similar to the uniqueness proof in
Theorem we can obtain that p has an L'(U x [0, T|)-continuous representative.
The additional regularity of ®'/2(p) is inherited by the entropy estimate Proposition
6.5.5, and the boundary data is constant throughout the analysis, so is inherited by
the skeleton equation.

Hence, p is a P-a.s. weak solution of the skeleton equation with control g,
initial data py and boundary data ®(p)|s =f. Uniqueness then follows by combining

64

and
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the equivalence of weak and kinetic solutions of Conjecture [6.2.5 with the uniqueness
of kinetic solutions which follows from a simplified version of Theorem [3.2.2]

To extend the result to less regular initial data pf, pg € Ente(U), we just apply an
approximation argument. Approximate p§ € Ents(U) by (p§ An) € L*(U) for each
n € N for which the above result holds, and then the L!(U)-contraction of kinetic
solutions and triangle inequality gives the result. O

We now check the final remaining condition in Theorem [6.1.4]

Proposition 6.6.2. Suppose that the non-linear functions ®,0,v and the boundary
data f satisfy Assumptions and respectively. Let further po € Ente(U) be
Fo-measurable and g € L*(U x [0, T];RY) be an (F;)io-predictable control.

Recall from equation that the rate function is given for arbitrary p € L' (U x
[0,T]) by

B0 =5 e Nz 00 = 52(0) = V- (0(p)g + v(p)

1
2 geL2(Ux[0,T];R4
: (p)lov = F.p(-0) = po}.

For every f € HY(OU) and p € L*(U x [0,T)), we have that py I};(p) is a lower
semi-continuous map from Ente(U) to [0, o0o].

Proof. Fix p € LY(U x [0,T]) and let {p§}cc(0,1) C Ents(U) be a sequence converging
to po in the sense of (6.37). To prove lower semicontinuity, we aim to show that

7 cninf 17
I (p) < lngn_)lgﬁ L (p). (6.49)

If liminf, .o I,{_B (p) = oo, there is nothing to prove. Hence, up to extracting a

subsequence, we may assume that sup.c 1)/ 58 (p) < 0.

By definition of the rate function, for each € € (0,1) there exists a control g¢ €
L*(U x [0,7T]; R?) such that p solves

Oip = AD(p) =V - (a(p)g +v(p)) (6.50)
with boundary condition ®(p)|sr = f and initial condition p(-,0) = pg, and
]' €12 f
5”9 HLz(Ux[o,T};Rd) < ng(ﬂ) te. (6.51)

In particular, {g}ce(,1) is bounded in L*(U x [0,T]; R?), and therefore, up to
extracting a further subsequence, there exists g € L*(U x [0, T]; R?) such that

g — g weakly in L*(U x [0, T]; R?).

We now pass to the limit in (6.50). Writing the equation in weak form and
using the convergence of pfj together with the weak convergence of ¢g¢, we may invoke
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the weak-strong continuity of solutions to the skeleton equation, see Theorem 21 of
Fehrman and Gess [42], to conclude that p satisfies

0ip = A®(p) =V - (a(p)g +v(p))

with boundary condition ®(p)|sr = f and initial condition p(-,0) = pp. In particular,
g is an admissible control in the definition of / 50 (p), and therefore

- 1
IZO(P) < 5“9“%2(U><[0,T};Rd)‘

Finally, by weak lower semicontinuity of the L?(U x [0, T]; R%)-norm and equation
(6.51)), we obtain

1

1 _
2 . . €2 . . f
§||g||L2(U><[O,T];Rd) < hfé@ﬁ 5”9 ||L2(U><[O,T];Rd) < hglglf ]pg(P)-

Combining the previous two inequalities yields the desired result (6.49)). n

Remark|6.3.2, Propositions 6.3.5, Theorem and Proposition [6.6.2| verify
the conditions to prove the large deviations principle for equation (6.1]) from Theorem

6.1.4] under the presumption that Corollary holds.
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