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Abstract

This thesis is dedicated to the study of the qualitative properties of many-particle
systems. We specifically consider those systems that can be described by a family of
interacting diffusion processes, similar to the ones considered by Henry P. McKean. We
study the behaviour of these systems in the limit as the number of particles IV tends to oco.
Their asymptotic behaviour in the mean field limit is described by nonlocal parabolic par-
tial differential equations (PDEs) that are characterised by a competition between a linear
or nonlinear diffusion term and a nonlocal interaction/aggregation term. These equations
share the common feature of being gradient flows of a certain free energy functional, F,
on the space of probability measures.

We provide a characterisation of both the set of stationary solutions of these nonlocal
mean field PDEs and the set of minimisers of the associated energy, . We demonstrate
how these sets vary as the relative strength of the diffusion and aggregation terms is varied.
This variation corresponds to the phenomenon of phase transitions. We also provide
conditions on the interaction and confining potentials under which the minimisers of the
energy F have certain symmetries. Furthermore, we establish conditions under which
the free energy E possesses a saddle point and use this, along with an appropriate large
deviations principle, to establish bounds on the escape probabilities of the underlying
interacting particle systems. Finally, we study the effect of these phase transitions on
the behaviour of the underlying particle system under certain distinguished scaling limits.
Namely, we study the mean field limit N — oo and the diffusive limit ¢ — 0 and show
that, in general, these two limits do not commute in the presence of a phase transition.
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CHAPTER 0

Notation and preliminaries

The purpose of this chapter is to provide a concise summary of the notation used in
this thesis and to discuss some preliminary notions that will play an important role in the
analysis presented in the subsequent chapters. We start by presenting a list of frequently
used notation and symbols for the convenience of the reader.

0.1. List of Notation

We denote by (X, d) some Polish metric space equipped with the Borel sigma algebra.
We denote by Q some domain: either R? or T¢ for some d > 1. Depending on context,
we denote by X a topological vector space, a Banach space, or a Hilbert space.

R the set of real numbers

C the set of complex numbers

R, the set of nonnegative real numbers

7 the set of integers

N the set of natural numbers including 0, i.e. {0,1,2,...}

T the torus of length L > 0, i.e. R/(LZ)

Spaces of measures and functions on X

M(X) the space of finite signed Borel measures on X

P(X) the set of Borel probability measures on X

P,(X) the set of Borel probability measures on X with finite p-moment, 1 < p < oo
Co(Xx) the space of real-valued continuous functions on X

Co(X) the space of real-valued continuous and bounded functions on &
Lip(X) the space of real-valued Lipschitz functions on X

Spaces of measures and functions on {2

Pac(€2) the space of Borel probability measures absolutely continuous with respect
to the Lebesgue measure on )

PL(Q) the subspace of P,.(2) with strictly positive densities a.e.

Ck(Q) the space of real-valued k-times, £ € N continuously differentiable functions
on {2



H™(8, p)
Hy* (2, p)
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the space of C*(Q) functions, k € N, with bounded derivatives up to order
m

the space of CP(2) functions which are a-Holder continuous
the space of C*(Q) functions, k& € N with compact support

the space of smooth functions on 2, i.e. () C*¥(Q)
meN

the space of compactly supported smooth functions, i.e. the space of C*(£2)
functions with compact support

the Schwartz space of rapidly decreasing smooth functions on €2
the space of tempered distributions, i.e. the topological dual of S(f2)

the space of real-valued p-Lebesgue space, 1 < p < oo with respect to the
measure p € P(§2)

the space of vector-valued p-Lebesgue space, 1 < p < oo, with respect to the
measure p € P(Q)

the Sobolev space of real-valued s-times weakly differentiable, s > 0,1 <
p < oo functions with LP(€, p) weak derivatives up to order s

the Hilbertian Sobolev space W*2(€, p)

the homogeneous Sobolev space, i.e. the space of H*(€, p) functions with
mean zero

the dual of the space H*(£2, p)
the dual of the space H§(£2, p)

Functional analysis

X/

<'7 '>X

the (topological) dual of a topological vector space X
the space of bounded, linear operators on a Banach space X

the space of bounded, linear operators from a Banach space X to another
Banach space Y

the space of compact operators on a Banach space X

the dual pairing between a topological vector space X and its (topological)
dual X’

the inner product on a Hilbert space X

Norms and distances

N
d'ﬂ‘d('?')
dM(', )

(RIP%

the Euclidean norm on R?
the geodesic distance on T¢
the geodesic distance on a complete, connected Riemannian manifold

the norm on a Banach space X
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Ml ey ) the supremum norm on Cj(X)

|| the a-Hoélder seminorm on Cl?’a(Q)

H-||C§(Q) the norm on C}J*(Q2)

- 2o (62,0 the norm on LP(€2, p)

”.HLP(Q’p;Rd) the norm on LP(£2, p; RY)

H‘HWs,p(Q?p) the norm on Ws,p(Q7 p>

[l s, ~ the norm on H*(€,p), m € R

||'||H§(Q,p) the norm on H{(€2, p), m € R

-y ) the total variation norm on M(X)

dy(-,-) the p-Wasserstein distance on P,(X)

[RIFTES the operator norm on the space of bounded, linear operators L(X) on Banach

space X

(RIS the Hilbert—Schmidt norm on Hilbert—Schmidt operators
Miscellaneous

fxg the convolution between two functions f and g

supp(-) the support of a continuous function or a measure

xal() the indicator function of a measurable subset A C X

Bl(z) the open ball of size € > 0 in the metric d around the point z € X

| Al the Lebesgue measure of a measurable subset A C (2

diam(A) the diameter of a bounded set A C X
inf/essinf  the infimum//essential infimum

sup/esssup the supremum/essential supremum

O, the partial derivative in the direction x;

Oq the partial derivative with respect to the multi-index o € N¢
Di the total derivative of order j € N

Lip(p) the Lipschitz constant of a Lipschitz function ¢ : X — R

card(A) the cardinality of the set A

We denote a generic element of P(X) by p € P(£2). We note that P(X) forms a subset
of (C(X))'. We denote the duality between them as (p, f>73(X),CS(X) = [, fdp. If X is
compact, we denote the duality of M(X) with C°(X) by (p, I pmxy.oox) = [y fdu. We
will refer to the coarsest topology induced on P(X’) such that all maps (-, f) : P(X) — R,
f € CP(X) are continuous as the narrow or weak topology. We will denote convergence
of a sequence {p, },.y C P(X) in this topology by p, — p as n — oo.
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If p € P(Q) is absolutely continuous, we will often associate it with its density p €
L'(Q). Thus, we will often use P(Q2) N L}(Q) instead of P,.(2) to denote the space of
probability measures absolutely continuous with respect to the Lebesgue measure on €.

We will often just write L*(Q), WF(Q), H*(Q), and H§(), if the reference measure
p is the Lebesgue measure. We will use (-, ) 2, (Tesp. (- )y )0 (s .>H8(va)) to de-
note the inner products on L?*($2,p) (resp. H*(Q,p), H5(Q, p)). Furthermore, we use
() '>H_s(97p),Hs(Q’p) (resp. (-, ) g () HE () ) to denote the dual pairing between H*(€2, p)
and H*($, p) (resp. HE(S, p) and H *(Q,p)). For 1 < p < oo, given a sequence
of {futnen C LP(Q, 1) (resp. HS(Q,,u) HE(S2, 1)), we denote convergence in the weak
topology, i.e. tested against LI(€2,p), ¢ = p/(p — 1) functions (resp. H*(2, u), H3(S2, 1)
functions), by f, — f weakly in LP(Q, u) (resp. H*(Q, pn), H3(2, p)). Similarly, given
a sequence of {fy},cy C L™(€Q, 1) we denote convergence in the weak-* (as the dual
of LY(Q, 1)) topology, i.e. tested against L'(€,p) functions by f, —* f weakly-* in
L>(Q, ). We refer the reader to Appendix A for more details on the weak and weak-x
topologies.

0.2. Preliminaries

In this section, we introduce and discuss some preliminary notions which we will use
throughout the thesis. For the rest of this section, we fix 2 = T¢, the d-dimensional torus
with side length L > 0, which we identify with [—L/2, L/2)".

0.2.1. Orthonormal bases for L?(Q2). We will use two separate orthonormal bases
for the space L?(Q): {wi})cze and {ex},cza which we define below. The reason we use
two separate orthonormal bases is due the fact that it is easier to perform the bifurcation
analysis of Chapters 3 and 4 using wy, as it allows us to quotient out symmetries, while
e is easier to work with for the analysis in Chapters 6 and 7.

0.2.1.1. The basis wy,. Given k € Z% we write k = (ki, ko, ..., ky) for k € Z. We the
define as w;, as follows:

d coS (Z’rLk xz) k; >0,
(0.1) wi(x) = Ny Hwki(xi), where wg, () = 1 k; =0,
i=1 sin (252;)  k; <0,
and N is defined as
d
1 1 O(k)
(0.2) Ne =135 [1@2-6k0)2 = T
i=1

where ¢; ; denotes the Kronecker delta. We then have the following form for the Fourier
coefficients of any f € L?(Q)

f(k) :<f7 wk>L2(Q)7 ke AR
Thus, have the following representation for any f € Lz(Q):

f Z Z f wa(k

keNd oeSym,, (A)
where Symy(A) = Sym(A)/Hy. Sym(A) represents the symmetric group of the product
of two-point spaces A = {1,—1}?, which acts on Z¢ by pointwise multiplication, i.e.
(o(k)); = oiki,k € Z% 0 € Sym(A). Hy is a normal subgroup of Sym(A) defined as
follows

Hy :={o € Sym(A) :o(k) =k} .
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We need to quotient out Hj as there might be some repetition of terms in the sum
> oesym(n) L k€ N¢ is such that k; = 0 for some i € {1,...,d}. The inner product

between f g € L*(Q) is given by

fo) iz = 2 fRak) =D > flok)io(k).

kezd keNd oeSym,, (A)

One can check that wy, is an orthonormal basis for L*(€2). As mentioned earlier, we work
with the orthonormal basis wy as it is easier to quotient out symmetries and work with
smaller class of functions by dropping elements of the group Sym, (A). This is discussed
in more detail in Section 0.2.3.

0.2.1.2. The basis e;. We define the functions ey, k € Z? as follows

(0.3) ex(z) = L% exp (12%1’0 : x) .

Note that {ej},cza is an orthonormal basis for the complex Hilbert space (L?(€2),C) of
which the real Hilbert space L*(€2). The exponential Fourier coefficients in the e;, basis
are defined as follows
= / fe_y dx.
Q

One way of interpreting the above exponential Fourier coefficients is through the inner
product in (L?*(2),C), i.e.

fe(k> = <f7 ek>(L2(Q),(C) ’

where the inner product is defined as follows

(f,9) (L2(Q),C) = jg: f; ge( 5

kezd

for real-valued f, g € L*(9).

0.2.2. The Sobolev spaces H*(Q2), H3(Q2). In this section, for Q = T? we provide
a description of the spaces H*(Q2), H§(2), s > 0 and their duals H*(2), H,*(2), in terms
of the Fourier coefficients of their elements. We first note that the spaces H*(Q2), H5(£2)
are equipped with the following norms

ey = 3 / B I
0<|a|<s

g = 3 [ l0asae.
1<]|al<s

From the above norm, it is clear that one can also interpret H{(€2) as the space of H*(2)
functions quotiented by the equivalence relation: f ~ g, f,g € H*(Q), if f — g = ¢ for
some ¢ € R. We choose the representative of each equivalence class to be the function
with mean zero.

Given the definitions of the norms, one can then check that (cf. [Rob01, Appendix Al)
f e H*(Q), s € N, if and only if

D RSk < oo

kezd
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Indeed, we have that
(0.4) ca Y (L4 k) foB)? < 1F13e 0y < Ca D> (L4 [k |felk)?

kezd kezd

for some constants ¢4, Cy > 0 depending only on d. Thus, we can define the space H*({2)
can be defined as the space of all Fourier series ), ;4 fe(k)ey, such that

D (L[| fe(k)* < o0
kezd

. Similarly, for all s € N, we can define the space H§(€2) as the space of all formal Fourier
series ) a4 fe(k)er, such that

S Ik f(R))? < oo
kezd

. It is then straightforward to extend this definition to all s > 0. We define the space
H*(2) to be the space of all functions such that

1A (e, = D (14 [E[*) [ fe(R)]* < 0.

kezd

Similarly, we can define the homogeneous space H§(€2) as the space of all functions such
that

/]

2 e = SO RFILR) < oo

kezd

Note that the above norms are equivalent to the original norms ||| ;. (o, ||| H3 (@) by (0.4).
We can obtain an essentially equivalent characterisation using the Fourier coefficients
fe(k) associated to the orthonormal basis {wy}cza, 6. f € H*(Q) (resp. H{(Q)) if

> eza (L4 KI™) [ fe(R)[* < o0 (resp. S0ycqalk|™|fe(k)* < o0).
Given f € H*(Q), its dual should consist of all distributions ¢ such that
Z fe(k)ge(_k) < 00.
kezd

Thus, we define the space H*(£2) to be the space of all formal Fourier series ), ;4 ge(k)es
such that

2 25\ 1 4 2
1917 (@e, = D (L+ 1K) ge(R)* < 0.
kezd

Similarly, we define H; (2 to be the space of all formal Fourier series ), ., Ge(k)e such
that

2 —2s5| ~ 2
92 = S IR 13u(R) < oo.
kezd\{0}

For s > 0, we can thus define an inner product between two elements f,g € H*(Q)
which induces the norm ||-|| ()., - This is given by

D) meen = D (14 ) fe(R)ge(—F) .

kezd

Similarly for f,g € H§(€2), we have the following inner product which induces ||-| H3 (@)

9wz yen = D IR fe(R)ge(—k)

kezd
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For the specific case s = 1, this simplifies to

(9 e, = D (14 [k[*) felk)ge(—F)

kezd

(o 9 e = DRI fe(k)ge (=)

kezd

Before we define the inner product on H (), we first describe the dual pairing between
H*(Q2) and H~*(12) in terms of the exponential Fourier coefficients. Given g € H™*(Q), f €
H*(€2), we have that

(9, [y~ S(Q),Hs(Q) — Z@e(k)f(_

kezd
sy 1/2
(1+ |k .

- 28>1/29 (k)f(i(_k)

keZd

1 1/2 1/2

<({ > —zs|§e(k')|2> (Z(H Ik|28)|fe(—k‘)|2>

<kezd(1_+’k’ ) kezd
:Hg||H*S(Q),ek||f| H5(Q),ex

Similarly. for g € H§(Q), f € Hy*(€2), we obtain
(o ez = 3 5B (k) < 9l sy oI s -

kezd
We can then define the inner product on the negative Sobolev spaces by duality. Indeed,
the map given by R : H™*(Q) — H*(2), g = >, cpa(1 + k[**) 1§ (k)ey, is an isometric
isomorphism between H°({2) and H*(2). Thus, we have that

(o9 @0 = (B RO) ey e = D Tz Je(R)ge(—F).

keZd]'%_‘k|
Similarly, the map Ry : H,*(Q2) — H(2), g — ZkeZd\{0}|k| ge(k)ey is an isometric

isomorphism between H;*(€2) and H§(€2). Thus, we have that
(9 m@yer = (Bo(f): Ro(9)) sy en = DRI felk)ge(—F) .

kezd

We refer the reader to Appendix A.1 and [Rob01, Appendix A] for more details on the
spaces H*(2) and their embeddings into other spaces. We refer the reader to the excellent
review by Di Nezza, Palatucci, and Valdinoci [DNPV12] for more information on the
general fractional Sobolev spaces W*?(Q), their various definitions, and how they relate
to each other.

0.2.3. Coordinate-wise even functions, convolutions, and H-stability. We
say that a function W € L?(Q) is even along every coordinate if

for a.e. x € T Vi € {1,...,d}: W(zy,...,xi .. xq) = W(xy, ..., =2y ..., 2q) -

We denote by “f x ¢” the convolution of any two functions, f,g € L*(Q) and for f(z) =
W (zx) we have the following representation in Fourier space:

(Wg)(y) =Y Wk > ok we ()

keNd Ne s esrme)
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Note that the constant 1/Nj appears in the representation of the convolution because
of our choice of orthonormal basis. Here, we have used the trigonometric expansion for
cos(a — b) and the fact that W is coordinate-wise even. Another expression that we will
use extensively in this thesis is the Fourier expansion of the following bilinear form

05  [[We -y dedy =Y Wby Y laet)P

QxQ keNd k o€Symy,(A)

It will be useful to note that for any function g and k € Z? the sum 2 oeSymy(A) 1g(a(k))|?

is translation invariant, i.e. the value of the sum is the same for g and g,(x) = g(x + 7)
for 7 € Q. This follows from the fact that

(0.6) Yo dekwewy = D delo(k))esny -
o€Symy, (A) o€Symy, (A)

Indeed, we have that

<w]~, Z Q(U(k))wa(k)> :<wj> Z Qe(U(k‘))ea(k)>
12(0)

o€Symy, (A) o€Symy (A) L2(Q)

for all j € Z¢. Thus, the the two terms in (0.6) must have the same L*(Q2) norm. Since the
norm of the term on the right hand side of (0.6) is invariant under translates, it follows
that the same must hold true for the term on the left hand side.

In the later chapters, we will also use the space L2(2) C L%*(Q2), which we define as
the space of coordinate-wise even functions in L*(Q) given by
(0.7) L2(Q) = {f € L*(Q) : f is coordinate-wise even} .

The space L?(f2) is a closed subspace of L?(£2) and thus is a Hilbert space in its own right.
It is also easy to check that {wy}rene C {wi}peze forms an orthonormal basis for L2(€2).
If g is assumed to be in L?(€2), then the above expressions reduce to,

W) =Y W<k>Nikg<mk<y>,

keNd

Wi = poiwardy = 3 W0l

Qx0 keNd

where we have used the fact that for all & € N? and o € Sym,(A),o # e it holds that
g(o(k)) = 0. It turns out that the sign of the individual Fourier modes of W is quite
important in the subsequent analysis and we introduce the following definition.

DEFINITION 0.1 (H-stability). A function W € L*(Q) is said to be H-stable, denoted
by W € Hy, if it has non-negative Fourier coefficients, i.e,

W(k)>0, VkeZ®,
where, W, = (W, wy,) 12(q)- Lhis is by (0.5) equivalent to the condition that,

/ W(x —y)n(x)n(y) dedy > 0, Vn € L*(9).
QxQ

Thus every potential is decomposed into two parts W (x) = Wy(x) + Wy(x), where

Wi(z) =" ((W, wk)LQ(Q)>+wk(x) and  Wi(z) = W(z) — Wi(z).

kezd
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Hereby, (a); = max{0,a} (resp. (a)- = —min{0,a}) denotes the positive (resp. nega-
tive) part for a real number a € R. We will denote a potential W € L?(Q) which is not
H-stable by W € H¢. Such potentials are said to be catastrophic.

The above definition can be thought of as a continuous analogue of the notion of H-
stability encountered in the study of discrete systems (cf. [Rue99|). We refer to [CnCP15]
for an example of the notion of H-stability applied to continuous systems.






Part 1

An overview






CHAPTER 1

Introduction

The purpose of this chapter is to provide a broad introduction to the various mathe-
matical topics we will discuss in this thesis: interacting particle systems, the many-particle
limit, gradient flows, and phase transitions. We conclude the chapter by discussing some
applications of the interacting particle systems discussed in this chapter to the physical,
biological, and social sciences.

1.1. Interacting particle systems

The mathematical study of interacting particle systems can be traced back to the sem-
inal works of Frank Spitzer [Spi69, Spi70] and Roland Dobrushin [Dob71a, Dob71b|. The
systems considered by them, which were primarily inspired by toy models from statistical
physics, consisted of “particles” living on some countable lattice A, usually a subset of
74, with each lattice site containing a continuous-time Markov process with a finite state
space, ). The interesting aspect of these systems lies in the fact that the jump rates of
the Markov process at one lattice site are influenced, through “interactions”, by the states
of the particles at neighbouring sites. The canonical examples of these systems are the
contact process, the voter model, the exclusion process, and, perhaps the most famous of
them all, the stochastic Ising model.

These systems are deceptively simple and although questions of existence and unique-
ness can be resolved quite easily, any quantitative results about their behaviour are ex-
tremely hard to derive and numerous open questions still remain. For example, the
structure of phase transitions for the three dimensional Ising model was only recently
elucidated by Aizenmann, Duminil-Copin, and Sidoravicius in [ADCS15|, even though
the two dimensional case was resolved by Onsager almost 70 years prior to that [Ons44].
Although the interacting particle systems of Dobrushin and Spitzer are markedly different
from those we will deal with in this thesis, the two share enough common features that
it is instructive to discuss them briefly. We will focus our attention on one of the most
popular models from statistical mechanics: the Ising model.

1.1.1. A classical example: the stochastic Ising model. Before we describe
the stochastic Ising model, we discuss its equilibrium version: the Ising model. In the
preface to Barry Simon’s book [Sim93| on statistical mechanics of lattice gases, he narrates
a rather amusing, but possibly apocryphal, story about the Ising model: the model was
suggested to Ising by his PhD advisor Lenz. Ising solved the model in one dimension,
an apparently trivial task, and found no phase transitions. He conjectured based on this
result that the model exhibited no phase transitions in any dimension. This is now known
to be false. However, arguably the most cited model in theoretical physics still carries
Ising’s name based on misattributed credit, a straightforward calculation, and an incorrect
prediction. But history had its revenge: Ising’s name is almost universally mispronounced

as “I-sing” rather than “E-sing”".

TAlso a member of this club is Leonid VaSerstein to whom the invention of the MongeKantorovich—
Rubinstein transportation cost distance is often attributed. He pays the price of having his name misspelt
in numerous works (including this thesis) which refer to the so-called “Wasserstein” distance. Note

13
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FIGURE 1.1. A configuration of the Z? Ising model with nearest neighbour
interactions.
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Ising’s transgressions aside, the model suggested by Lenz is popular for a reason: it is
simple to describe but can exhibit rich behaviour. It serves as a model of the equilibrium
behaviour of a magnetic substance. Consider a bounded box Ay = {—N,..., N}d c z4
for some integer N > 1. At each site of the lattice, i € Ay, is located an atom of the
magnet with spin value either +1 (“up”) or —1 (“down”), denoting the magnetic orientation
of the atom. A given configuration w of the lattice is thus simply an element of Q¥ where
Q= {+1,—-1}. We are now left to specify the interactions between atoms. We turn the
lattice Ay into an undirected graph by placing an edge between sites which are nearest
neighbours, i.e., i ~ j if and only if |i — j| = 1. Then, the Hamiltonian associated to the
Ising model H*~ : QA — R reads as follows:

HAN(UJ) = — Z wiWj — h Z Wi

1,JEAN I~] 1€AN

where h € R is an external magnetic field. From the above Hamiltonian, it is clear
that the model favours local alignment of the atoms and alignment with respect to the
external field, i.e. the Hamiltonian is decreased if neighbouring spins are the same or if
spins have the same sign as h. As a result of this, it is commonly referred to as the Ising
ferromagnet with nearest neighbour interactions. For h = 0, the Hamiltonian is invariant
under flipping the spins at all the sites in the configuration. An example of a configuration
of the nearest neighbour Ising model in Z? with edges denoting the interacting sites can be
seen in Fig. 1.1. Assume now that 7' > 0 is the temperature of the magnet, i.e., the atoms
of the magnet are in thermal equilibrium with an infinite reservoir at temperature 7.
Then the probability distribution of configurations is described by the so-called canonical

however, that this is the correct Germanic spelling of his name and some authors still do refer to this
distance as the Kantorovich-Rubinstein distance.
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Gibbs distribution, My, € P(Q) which is given by

exp(— AN (w
AfAN<w):: ID( gi? ( ))7

where

Zpy = Z exp(—BH™ (w)),
weQAN

is the partition function, and 8 ~ T~'. A discussion regarding why M, is the physically
and mathematically correct choice for the distribution function can be found in [FV18,
Chapter 1]. This completes the description of the equilibrium magnet. One could poten-
tially consider other interactions, for example, choosing all nodes to be adjacent so that
the graph is complete. One usually then weights the interaction term in the Hamiltonian
as follows, to obtain

Hop(w) = =|An|™" ) wiwj—h Y wi,

,JEAN 1EAN

the Hamiltonian of the mean field Ising model with Curie—Weiss interaction or simply the
Clurie—Weiss model. The Curie-Weiss model can be thought of as a simplification of the
Ising model in which the nearest neighbour interaction is approximated by an average
over all atoms in the lattice. Indeed, since we are working with a complete graph, the
geometric structure of the lattice is now redundant. Its canonical Gibbs distribution MEJ‘V/V
is defined in a similar manner to My, replacing H*~ by Hé%

Either for the nearest neighbour model or the Curie-Weiss model we are yet to specify
some associated dynamics. What we would like is a natural stochastic evolution on Q*~
which is reversible with respect to the canonical Gibbs distribution M, . One such choice
of an evolution is the Glauber dynamics. The Glauber dynamics associated to the Ising
model is a continuous-time Markov process on the set Q¥ which is characterised by
the fact that individual sites ¢ € Ay transition at rates c(i,w) which are proportional

to e A(Ziinswiwithes)  This notion can be made slightly more precise by considering the
generator associated to the Glauber dynamics of the nearest neighbour Ising model L,
which is given by:

Lf(w):= Z exp <—ﬁ< Z Wiwj + hwi)) (f(w') = fw)),

1EAN JEAN i~vj

where f € C(Q), with QA equipped with the product topology, and w® € QAW is
obtained from w by flipping the spin at the site i. Similarly, for the Curie-Weiss model
we have the following generator for its Glauber dynamics

LY f(w) =) exp <—5 (]AN\l > wiw; + hwi>> (f(w') = f(w)).

i€AN JEAN

Given the generators L and LEY, one can construct the associated Markov semigroup,
and thus establish the existence of the associated unique Markov process. We refer the
reader to Chapter 1 of Thomas Liggett’s book [Lig05, Chapter 1] or Fabio Martinelli’s
Saint-Flour lecture notes [Mar99| for the technical details related to this construction,
including the case in which the nearest neighbour model is considered on the full integer
lattice Z<. The associated Markov Process for the nearest neighbour Ising model is what is
referred to as the stochastic Ising model, while that for the Curie-Weiss model is referred
to as the stochastic mean field Ising model or the stochastic Curie—Weiss model.
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We will now check that L and LY are indeed reversible with respect to My, and
MW respectively. Indeed, for any f,g € C(Q*) we have that

| a)Li(w) bty @
/ exp( ( Z wiw; + hwi)> (f(W") = f(w)) dMay (w)
of NieAn

JEAN i~
- Z / eXP( ( Z wiw; + hwi>>f(wi) dMy , (w)
1EAN JEAN i
/QA Z w) exp (-3( Z wiw; + hwi>)f(w) dMy , (w).
NieAn JEAN in]

In the first integral, we perform the change of variables w + w’ and use the fact that

My, (W) = My, (w) exp( < Z wzw]+hwz>),

JEAN irvg

to obtain

— Z /QAN(g(wi) _ g(w) exp( ( Z wzw] + hwz>>f( ) dMy, (w)
= QANf(w)Lg(w) dMy,, (w) .

It follows, by setting g = 1, that My, is an invariant measure of the Glauber dynamics
associated to the Ising model with nearest neighbour interactions. One can also check
that it is the unique one [Mar99]. A similar calculation can be carried out for LEW.

1.1.2. A model for continuous spins: the Heisenberg classical XY model.
Consider again the lattice Ay C Z¢ with an atom located at each site. The equilibrium
Ising and Curie-Weiss models may seem like a massive over simplification of the real
physics of a ferromagnet, since the spins of real atoms can be oriented in any direction,
not just up and down. A natural extension of these models would be to enlarge the state
space (2 to include other directions by choosing, say, {2 = S. With this choice atoms can be
aligned in any direction in the two dimensional plane. A typical configuration of the atoms
6 is then an element of QA ~ TIA~I. The description of the equilibrium behaviour of this
spin system would be complete if we could define the associated Hamiltonian and thus
the canonical Gibbs distribution. If we wanted to extend the Curie-Weiss model to this
continuous spin setting, one feature of the Hamiltonian that we would like to preserve
is the tendency of the atoms to align with each other and with the external magnetic
field. Thus, in analogy with the Curie-Weiss model, the interaction between two different
atoms ¢, j should be —1 when [0; — ;| = 0 and 1 when |0; — ;| = 7. Keeping this in
mind, we interpolate between these two values in the simplest possible way to obtain the
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Hamiltonian of the Heisenberg classical XY model®:
(1.1) HYY(0) == —[Ay]™" D cos(0i —0;)+ > _ V(0
1,JEAN 1€EAN

where V' : S — R is chosen such that its minima denote the directions in which the
external magnetic field is strongest. At a fixed temperature 7' > 0, the canonical Gibbs
distribution MY € P(TH~) is defined as follows:

exp(=FH Y (0))
MY () = s i = exp(—BHYY(6)) db.
AN T‘AN|

As we did before, we would like to define a natural stochastic evolution which is reversible
with respect to M 1{(]3/ We will try and define it in analogy with the Curie-Weiss model.
Note now that the generator of the stochastic Curie-Weiss model can be rewritten as
follows

LY fw) =Y <exp (@Hc% W oy (“’))) (1)~ ()

€A N
where we have used the fact that
g ) o) =t 5 )
JEAN jrvi
Assuming H5Y, (w') — HAY, (w) is small and expanding the exponential about 1, we obtain

LCWf<w) ~ Z (1 _|_6H0a/(wi) — HC%(“)) (f(wl) _ f(w))

2
1E€EAN

(12) =3 3 (/) —2() + F@) + 3 (ﬁHcW) = Hc%<w)) (F(@) — F()

i€EAN 1EAN

The first term in the above expression is 1/2 the discrete Laplacian of f, while the second
term involves the inner product of the discrete gradients of Hg{,vv and f. Note that
transitions in the stochastic Curie-Weiss model occur to configurations in which the spin
has been flipped at a particular site. In analogy with this, we would want the transitions
in the XY model should occur through infinitesimal translations at a particular site.
Replacing the H5Y, and w' in (1.2) with H3Y and (61,---,6; 4+ h,--- ,0x), respectively,
dividing by h?, and passing to the limit as h — 0, we obtain

LYY £(0 >~hmi[1 S (O O+ e On) = 20(0)+ F(Br,+ 0 — oo+ ,0x)

h—0 h2
1EAN

H)A(y (01, 0;+ Dy, 0n) — HYY(0)
+Z< 2

iEAN
X (f((Or,---,0; +h,--- ,0n) —f(@))]
=§<6—1Af = VHY - V).

2More details on this model can be found in [FV18, Chapter 9|. It is itself a simplification of the 3
dimensional Heisenberg XY Z model in which the spins take values in S2.
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To keep with convention, we drop the constant /2 from the right hand side of the above
expression to define generator of the Heisenberg classical XY model as:

LXYfi=B7'Af — VHY - Vf,

where LXY : D(LXY) — C(T~l) acts on some densely-defined subspace D(L*Y) of
C(T™~1). Using standard techniques [EK86], one can check that L*Y generates a strongly
continuous Markov semigroup and thus defines a unique Markov process on T~V Addi-
tionally, as done before, one can check that for any f,g € D(L*Y) we have that

/A |g(LXYf) dMRY = /|A lf(LXYg) dMRY .
TI®N TIAN

Thus, LXY defines a process which is reversible with respect to M /)\(]3/ The associated
Markov process is, in fact, given by the solution of the following stochastic differential
equation (SDE):

(1.3) db, = —V HN(6,) dt + \/26-1dB;

where 6, = (01, e 9|AN|)t and B, is a T"~|-valued Wiener process. The above SDE is
often referred to as the overdamped Langevin equation® and it will form the prototype of
the class of interacting particle systems considered in this thesis. In the next subsection,

we approach this class of systems from another viewpoint which was first considered by
McKean.

1.1.3. Kac’s caricature and McKean’s model. Before we discuss McKean’s model
of interacting diffusion processes, it will be useful to first briefly discuss the system which
motivated him to consider it in the first place, what is commonly referred to as Kac’s
caricature of a Maxwellian gas. In the 1950’s, Mark Kac [Kac59] proposed the following
1-dimensional simplification of a 3-dimensional Maxwellian gas consisting of N indistin-
guishable molecules: he assumed that the positions of all molecules are uniformly dis-
tributed in some box while the velocities of all the molecules are given by real numbers
v; € Rfori=1,..., N. He further assumed that when a pair of molecules with velocities
v;, vj collide then the post-collisional velocities v}, v; are given by the following rotation
rule:

v; > U;
*

v > U = sin 6 4 v, cos 6

=v; cos ) — v;sin 0

for some angle § € [0, 27). Note that the above collision rule leaves the total kinetic energy
of the molecules invariant but does not preserve the total momentum of the colliding
molecules. The final ingredient of Kac’s model is the collision rate: he specified that, in
an infinitesimal angle df and interval of time dt, the rate of collision between pairs of
molecules should be given by

~1
ﬂ N d@dt:;dedt.
2\ 2 N -1

Here (J;[ )_l is the uniform distribution over all particle pairs. The collision rate % is

chosen such that for N = 2 there is, on average, one collision per unit time. We can now

3The name comes from the fact that it is the overdamped or large friction limit of the full Langevin
equation. The Langevin equation serves as a model of an inertial particle moving under the joint influence
of a conservative force and noise.
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write down a gain /loss evolution equation for the joint probability distribution f € P(RY)
of the molecules’ velocities:

(1.4)
1
ofN =Gy ::mz/fN(t,vl,...,vf,...,v;,...,'UN)—fN(t,vl,...,'UN) deb .
- s

i<j

Kac’s reason for considering this system was to show the existence of the phenomenon of
molecular chaos in a simplified version of a Maxwellian gas. Assume that at time ¢ = 0,
the molecules’ velocities are independent and identically distributed according to some
fo € P(R). This is equivalent to assuming that f¥(0,vy,...,vx) = f& = [ € P(RYN).
Kac [Kach9] was able to formally show that under these conditions the solution of (1.4),
N = €9 fN becomes independent and identically distributed in the limit as N — oo.
Thus, molecules which start off “chaotic” remain “chaotic” at all further times, in the
limit as N — oo. Kac referred to this as propagation of chaos. Furthermore, he showed
that, in some sense, limy_.o f¥ = (f)®" where f is the probability distribution function
of each particle and is a solution of the following Boltzmann-like equation

(1.5)
o.f = Bf ::/ (f(t,vcosf —usin®)f(t,vsinf + wcosf) — f(t,v)f(t,u)) dudb,
R

xS

with initial data fy € P(R). The system proposed by Kac was then studied in detail by
Henry P. Mckean Jr. in a series of papers [McK63, McK66b, McK67al: he provided a
rigorous proof of propagation of chaos using purely algebraic arguments [McK67a| and
studied the rate of convergence to equilibrium for the limiting Boltzmann-like equation
to the Maxwellian distribution [McK66b]. McKean noticed that (1.4) describes the mas-
ter equation associated to an underlying Markov process. This led him to conjecture
that the phenomenon of propagation of chaos maybe generic for a large class of Markov
processes which consist of indistinguishable interacting components. He also conjectured
(cf. [McK66a|) that there should be some relation between these interacting Markov pro-
cesses and some limiting nonlinear PDE just like there is a relation between the solutions
of (1.4) and (1.5). In his seminal work [McK67b|, McKean studied the following systems
of N interacting diffusion processes on R%:

N
(1.6) dX, = —VV(X})dt — % Z VW (X} — X])dt ++/26-1dB!,

j=lji
where i = 1,..., N, V,IWW € C?(R%), and the B! are independent d-dimensional Wiener
processes. The above system models “particles” moving along the gradient of some con-
fining potential V' and interacting with each other through some interaction potential
W. The similarity of this system with the Langevin dynamics for the XY model (1.3),
described in Section 1.1.2, is immediately apparent if we rewrite (1.6) with respect to the
associated Hamiltonian, HY : (RY)Y — R, as follows:

dX, = —VyHY dt + \/28-1dB,,

where X; = (X},..., X)), VN = (Vay,...,Vay), Bi is a d x N-dimensional Wiener
process, and

HN(zy,... zy) = ZV(%) + — ZT/V(:IUZ — ;).

The only difference is that one model lives on S while the other lives on R?. Indeed, the
above system of diffusion processes can be thought of as a spin system in which the “spins”
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FIGURE 1.2. A schematic of the class of systems considered in this thesis.
Each particle X/ interacts with every other particle through the gradient of
some interaction potential W (-) = W (-)+ B~ Np(N¢/4(.)). Furthermore,
each particle is driven by a drift, —VV(X}) and an independent Wiener
process, Bi.

take values in R%. As in the case of Kac’s caricature, one can describe the evolution of
the law of this system of particles by using the associated master equation, also known as
the forward Kolmogorov or the Fokker—Planck equation:

(1.7) Op™ = Lyp™ = ' ApN +V - (VHY V),

with some initial data p}’. McKean was interested in understanding the behaviour of p™
ety plV in the limit as N — oo spemﬁcally in the case in which the initial conﬁguratlon
of particles was chaotic, i.e. p) = p§™ for some py € P(R?). Remarkably, he was able
to show [McK67b| that Kac’s notion of propagation of chaos carries over to the setting
of interacting diffusion processes, i.e. in the limit as N — oo the solution p" of (1.7)
converges, in an appropriate sense, to p®Y where p is the solution of some nonlinear
parabolic PDE. Before we discuss what this limit actually means and what the limiting
PDE is (cf. Section 1.2), we introduce in the next subsection the general class of interacting
particle systems that we will study in this thesis. This class of systems will include as a
special case, the systems considered by McKean, the Heisenberg XY model, and a range
of other models with different properties and limiting behaviour in the limit as N — oo.

1.1.4. The class of systems considered in this thesis. As mentioned previously,
we would like the class of systems we consider in this thesis to be sufficiently general so as
to include the interacting diffusion processes of McKean and continuous spin systems like
the Heisenberg XY model. We choose as the state space for each of the particles a set €2,
which will either be T¢ or RY. We then consider a sufficiently smooth confining potential
V', an interaction potential W, and some mollifier ¢ (¢ is smooth, compactly supported,
nonnegative, and has mass 1). We will usually assume that T is even so that interactions
between particles are symmetric. All we have left to do is to specify the Hamiltonian
HY : QY — R of our interacting particle system:

N -1
HN(QTl,...,ZL'N) = ZV(ZL’l) Z W —ZL'] % Z Ngﬁp(Ng/d(xi—xj)),

7]7175J i,5,i#7

for some 0 < ¢ < 1 and f; > 0. We can now write down the system of interacting particles
as follows:

(1.8) dX, = —VyHY(X,)dt + /28, 'dB, ,
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where X; = (X},..., XY), B; is a QV-valued Wiener process, and 3, > 0. The mollifier
term in the Hamiltonian is meant to represent a localised repulsion between the particles
which localises to a Dirac measure at a rate slower than N. We refer the reader to Fig. 1.2
for a schematic of the different “forces” acting on each of the particles. We consider (1.8)
in three regimes:

The interaction regime: For this regime, we set ; = +00 and (3, = +00 in which
case the localised repulsion and noise terms are switched off. Thus, the particles just
move under the influence of the confining and interaction potentials.

The McKean—Vlasov regime: For this regime, we set §; = +o00 and B, = [ in
which case the localised repulsion term is switched off. For 2 = R?, we recover McKean’s
system of interacting diffusions while for 2 = T¢ we return to the continuous spin systems
like the classical XY model. Note that in this regime if V' grows sufficiently fast at oo
or if = T? then (1.8) is reversible with respect to a unique invariant Gibbs measure
My € P(QY), which is given by

(1.9) My (x) := Zx" exp(—BHY (2)) Iy = /Qexp(—BHN(x)) dx .

The degenerate/aggregation-diffusion regime: For this regime, we set ; = 3
and By < N%/4 in which case the localised repulsion term is retained and acts at a length
scale much smaller than the typical length scale of the noise in the limit as N — oo.
This regime can in fact be generalised even further by considering a more general class of
localised repulsions and we will discuss this briefly in Section 1.2.

1.2. The many-particle limit

The system of interacting particles introduced in Section 1.1.4 can be difficult to
analyse, especially when the number of particles is very large. As a result we need to
make some sort of simplification. One compromise that we can make is to study the
asymptotic properties of the system in the limit as N — oo. The first step in this
direction is passing to the so-called mean field or thermodynamic limit which captures
the average behaviour of the system of particles in the limit as N — oo. The second step
is studying fluctuations about this average behaviour by deriving a central limit theorem.
The final step is characterising the occurrence of rare events (relative to the mean field
limit) as NV — oo. This is equivalent to deriving a large deviations principle for the system
of particles. Note that each of these approaches provides us with less information than
that contained in the full system of particles. However, they each also provide us with
a more tractable way of studying the system of particles. In the subsequent subsections,
we will briefly describe these three approaches.

1.2.1. The mean field limit. To understand the mean field limit, we go back to
the example of the stochastic Curie-Weiss model on the lattice Ay with its associated
generator LE" as defined in Section 1.1.1. As mentioned above, it is hard to study the
qualitative properties of this system when N is very large. Consider the Markov process
w; and define the following average magnetisation:

One can then show that [Swal7, Theorem 3.2] as N — oo, @' converges in distribution
to the (deterministic) solution @(t) of the following differential equation

(1.10) C(li—? :tanh(gw) —w.
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It is clear that the above equation is much simpler to analyse than the system for any
finite value of N. However, we have clearly lost some information as we are now left with
a deterministic system. The above limit is also referred to as the infinite volume limit
because we are sending the volume of the box Ay to +00. Furthermore, it is also called
the thermodynamic limit because we obtain in the limit the effective magnetisation of the
macroscopic substance, a thermodynamic quantity.

We would like to obtain a similar asymptotic description for the interacting particle
system introduced in Section 1.1.4. It turns out that the correct analogue of the average
magnetisation in this setting is the so-called empirical measure p™), which is defined as
follows:

N
1
(V) - 2 )

where the X/ satisfy the system of SDEs in (1.8). The empirical measure is just a linear
combination of Dirac masses placed at the locations of each of the particles. It defines a
probability measure-valued stochastic process. In what follows in this subsection, we will
state and derive the mean field limit for the empirical measure, p™, for each of the three
regimes discussed in Section 1.1.4.

The interaction regime: In this regime, the X} simply satisfy a deterministic system
of ODEs, which is given by

dx; i 1 o i j
(1.12) =) - & ZVW(Xt — X},
J#i
fori =1,..., N. Thus, the empirical measure p') associated to the system of particles de-

fines a deterministic probability measure-valued process. This regime is probably the sim-
plest to understand and we have the following classical result due to Dobrushin [Dob79]:

THEOREM 1.1. Assume that VW € C%(Q) and that at time t = 0 the empirical
measure p™)(0) associated to the system of particles, as defined in (1.11), converges as
N — oo to some py € Po(2), i.e.

lim dy(p™(0), p0) = 0.
N—o00
Then, for any fixed T' > 0,

lim sup di(p™(t), p(t)) = 0,
N—=004e0,7]

for some constant C(T) > 0, where p is a weak solution of
(IE) Op =V - (p(VW xp+VV)),
with initial data pg.

PROOF. To prove this result, we first remark that the conditions on V' and W are sufficient
to guarantee global-in-time existence of solutions to the system of ODEs (1.12). We start
by assuming that at time ¢ = 0 the particles X} start from deterministic points. Then,
the empirical measure p (t) is a weak solution of (IE). Indeed, if we consider the velocity
field

u(t,r) = — VV(z) = VW % p™M(t, z)

=—VV(z) - %vau - X7).
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From the above expression and the assumptions on V and W it is clear that u € C}(2; R?)
and so the characteristics associated to it are well-defined. Let ® : RY — R be the

solution map associated to the ODE & = u(t,z), then one can check that @iv#pém is a
weak solution of

(N)

Op+ V- (pu) =0
p(0) = py

However, for any ¢ € C,(2) it holds that

Thus, p™)(t) is a weak solution of (IE). All that we need now is a stability estimate in N.
Let us assume now that we can construct solutions p(t) to (IE) with general initial data
po € P2(£2) (cf. Section 1.3). By a similar argument as before, the velocity field u(¢, x)
associated to py will be well-defined and so will its characteristics. Thus, we can write
the solution to (IE) as p(t) = ®;#po, where ®; : R — R? is the solution map associated
to @ = u(t,r). Now, consider the two solutions to (IE), p™(¢) with initial data p™¥)(0)
and p(t) with initial data pg. Then, we have that

di (p™M(1), p(t)) =di (2N #p™(0), @, #po)
<dy (D #p"(0), ©i#po) + di (D) #0™(0), By #p™M(0)) .

By considering the definition of 1-Wasserstein distance one can obtain the bounds:

(1.13) dy (p" (1), p(t)) <Lip(®4)di(po, p(0)) + |87 = Pol ;e upp ) (0))

Thus, we need to estimate the Lipschitz constant of ®; and the difference between the
two solution maps. For the first term, we have that

t
|[De() = Pu(y)| <lz —y| + / VW x p(s, @s(x)) = VIV % p(s, Ds(y))] ds
0
t
+ [IvV(@.e) - Vv (@) ds
0
t
<l =3l + (IDWllwioy + 107Vl [ 19460) = 0.00)] ds.
Applying Gronwall’s lemma, we thus obtain that

(1.14) Lip(®,) < e(IP*Wllioe @ tI1D*Viloo(e)t
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Now, we compute the difference between the solution maps as follows:

0(0) = )] < [ 90 pls,04(0)) = T 45, ) s
N / (90 5 o™ (5, 83 (2)) — VIV 5 o) (s, @, (2))| s
+ 19V @) - Vv o
< (1D W oy + 157V ) [ 65 p(5) s

t
+ (1D Wl + 10V @) [ 100) = (2] s,
0
where we have used dual formulation of 1-Wasserstein distance and the fact that
ID*W | ooy < ID* W ooy + 1DV | oo ) -
Applying Gronwall’s equality, we obtain

(1.15) 9u(a) = 0 (0)| < [ 0 (60(0).p(s) s,

with L = (HD?WHLOO(Q) + ||DQV||LOO(Q)). Putting (1.13), (1.14), and (1.15) together and

applying Gronwall’s inequality again, we obtain

di(p™M (), p(t)) < ey (p™N(0), po)
Passing to the limit N — oo, the result of the theorem follows. OJ

A more general version of Dobrushin’s argument for second-order swarming models
can be found in [CCH14|. Thus, we see that in the mean field limit we obtain the solution
of the nonlocal PDE (IE) which is often referred to as the nonlocal interaction equation,
the interaction equation, or the aggregation equation. This stems from the fact that the
equation simply describes interactions between different particles in the absence of any
noise. Since there is no noise in this regime, the equation (IE) captures all the information
about the system of particles even for a finite value of N. This is clear from the fact that
the empirical measure p¥)(t) is a weak solution of (IE). As a result, in the interaction
regime the mean field limit contains all the information about the original system of
interacting particles.

The McKean—Vlasov regime: We now turn our attention to the so-called McKean—
Vlasov regime. From the discussion about the interaction regime, it is reasonable to
conjecture that the mean field limit should, in some sense, be given by the following
PDE:

(MVE) p =B Dp+ V- (VW % p+ VV)),

where the second term on the right hand side of the above PDE is identical to that on the
right hand side of (IE), while the first term should arise from the Wiener process in (1.6).
The above PDE is commonly referred to as the McKean-Vlasov equation®. It turns out
that this guess is correct as was proved by McKean [McK66a|. The precise result that he
obtained is as follows:

4The McKean in the name comes from the fact that it was derived by McKean. The Vlasov comes from
the fact that it can also be obtained as the overdamped limit of the Vlasov—Poisson equation from plasma
physics.
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THEOREM 1.2. Assume that V,W € CZ(Q) and let X; = (X}, ..., X}) is the solution
to the following system of SDFEs:

N
) . 1 ) . )
(1.16) dX{=-VV(X{)dt - > VW(X] - X])dt + \/25-1dB; ,
J#i
where the B! are independent Q-valued Wiener processes and Law(X;) = p§~ where
po € Po(2). Then we have that for each T >0 andi=1,...,N
< T
(1.17) sup IE(‘XZ ) < @,
1el0,7) VN

where C(T) > 0 and each of the 71 is an independent solution of the so-called McKean
SDE:

X, = — X)) — X 1R
(MSDE) dXy = VV(X}) = VW plt, X,) + v/2871dB;
Law(Xg) = po

with p = LaW(YE) the weak solution of (MVE).

The result as it is stated above does not seem to involve the empirical measure and
does not seem to be related to the phenomenon of propagation of chaos discussed in Sec-
tion 1.1.3. This relationship is made clear in the following corollary:

COROLLARY 1.3. The result of Theorem 1.2 implies that, for any fized T > 0, :

(a) suprcppz & (E(p™(1)), (1)) < L)

sociated to the system of particles.

C(T)

(b) sup,eo.r) di(py (1), p") < Wik where p = Law (X;) and pY is its n™"-marginal

, where p™N)(t) is the empirical measure as-

for some natural number 1 <n < N.

PROOF. The proof of both results can be obtained by noticing that (1.17) and the indis-
tinguishability, in law, of the particles implies the following bound:

N
(1.18) sup dy(p™ (1), p*N (1)) < sup <‘X’
te[0,T] te(0,T]

) < C(T)VN.
For the proof of (b), one can check that we have the bound

N
a0 < e, ),
which follows from the definition of the 1-Wasserstein distance. Since L%J > N the

2n?
result follows.
On the other hand, for the proof of (a) consider

[ ota) A®(M ) - Z | ol an( ——Z | et 4o,

where ¢ € Lip,(2), the space functions with Lipschitz constant less than 1. Taking the
supremum over all such ¢ and using the dual formulation of the 1-Wasserstein distance
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(cf. Theorem C.8), we obtain

p€Lipy (2

dy (E(p'"™(t)), p(t)) = sup [ Z / (z;) dp™ (L) — NZ /Q () dp@N(ﬂ]

<L UQNW) A0 = 70)| = 0,07 1),

@€Lip; (V)

Applying (1.18), the result follows. O

The result of Corollary 1.3 thus provides us with the required convergence of the
empirical measure as well as a precise characterisation of the propagation of chaos phe-
nomenon. The law of the N particle system thus decouples and each of its marginals
converges in the 1-Wasserstein distance to a product of the solution of a nonlocal par-
abolic PDE given by (MVE). Before we discuss the proof of Theorem 1.2, we remark
that deriving the mean field limit for systems of interacting particles such as (1.16)
has, historically, been a very active field of research. After McKean’s work [McK66a],
Oelschliger [Oel84], Girtner [G88], and others derived the mean field limit for a similar
system of interacting particles under varying conditions on the confining and interaction
potentials. Their proofs generally relied on characterising the limiting process as the
solution to a nonlinear martingale problem in the spirit of Stroock and Varadhan. A
review of these ideas can be found in [GKM™'96]. A major simplification in this approach
was made by Sznitman [Szn91| who introduced powerful coupling techniques to prove the
same result. Since then recent work has mainly been focused on pushing this result in
three different directions: deriving optimal rates, uniform-in-time convergence, or conver-
gence for singular interactions. In the direction of optimal rates, this relates to the work
of Mischler, Mouhot, Hauray and co-authors [MM13, HM14, MMW15] and the so-called
Kac’s programme in kinetic theory. In the second direction this relates to the work of
Eberle and co-authors [Ebell, Ebel6, DEGZ18, EGZ19| on contraction rates for diffu-
sions who proposed a novel coupling technique to obtain uniform-in-time convergence. We
will visit these ideas in Chapter 7. Finally, in the direction of singular interactions, this
relates to the work of Serfaty [Sw18|, Jabin and Wang [JW18|, and Bresch, Jabin, and
Wang [BJW19b, BJW19a| who have managed to use the so-called modulated entropy /free
energy technique to extend the convergence result of Theorem 1.2 to interaction potentials
which are as singular as the Coulomb repulsion or Newtonian attraction potentials.

We now turn to the proof of Theorem 1.2. We will present the particularly simple
coupling argument of Sznitman:

PROOF OF THEOREM 1.2. We will start by assuming that the McKean—Vlasov equa-
tion (MVE) is well-posed for initial data py € Pa(€2), i.e. we can find a curve of measures
p € C([0,T]; Po(2)) which satisfies, in a weak sense, (MVE) (cf. Section 1.3). It follows
that solutions to (MSDE) are also well-defined by the standard existence theory for SDEs.

For each i = 1,..., N, we choose a solution Y; of (MSDE) which is driven by the same
noise B} as the corresponding solution X} of (1.16). This is referred to as a synchronous
coupling of the two SDEs.

For the sake of notational convenience we set b(z,y) = —VW(zx —y) — VV(x). In-
tegrating the two SDEs in time, subtracting them, and taking the absolute value we
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obtain
. — t 1 N . . t —
X=X = [y o as— [ (o) dple) s
¢
1 o .
<| [ Db X - DB ds
0 7j=1 7=1
tq N ) N
~1 ! <J
| [ R - 5 UL T s
Jj=1 j=1
t 1 N i =
+ /oﬁzb( - X2)ds|,
7j=1
where b(? 72) = b(YZ,Yi) - fb(?%, y) dp(s)(y). Using the Lipschitz property of b we
R
obtain
o 11 Lo ;
X -X)| < K‘Xl ’XJ — SR X ds,
xi-x)< [ o+ [ X z [l <
where K is the Lipschitz constant of b. Setting sup,<p|X; — Yz = ‘Xt’ — X,| and taking
the expectation we obtain
. il r e TK & j
E(‘XZ—Xt )g/ KIE’X;—XS ds + NZE‘Xﬁ x| ds
0 0 j=1
T 1 XN
i —
+/0 ENZb(XS,XS) ds.

Let us now sum the above expression from 7 = 1 to N using independent copies of the
solution of the McKean SDE X,. This gives us that

iE(‘Xﬁ - X ) <C(K) /:i(ﬂxg _

Applying Gronwall’s inequality we obtain

éE(‘X}- <C(K,T) / Z(

N L N ' L N ' ‘
T~ 7 o 1 T~ 7
i=1 j=1 j=1
This leaves us with
ik T 1 N . .
E(‘X;’ ~X ) <C’(K,T)/ (E < XX > ds.
0 st
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Furthermore, we have that
1 & A\ 1 & — —
i =y T~ ==
(ﬁz ) | = 3 3 (T AT )

We have that

where we have used the fact that the processes Yf, Yi, are independent for j # k and that
they all have law p(s). We have also used the fact that b is a bounded function. After
applying Jensen’s inequality we obtain

( Zb ><O/\/_

Thus, it follows that

sup \/NE(sup X/ - X, ) < 00.
NeN t<T

From this it follows that
sup ]E(‘XZ X, ) < C(T)/VN.

t€[0,T]

U

Thus, we have shown that in the limit as N — oo our system is described in some
average sense (cf. Corollary 1.3(a)) by the solution of (MVE). It is possible to think
of this result as some sort of law of large numbers (LLN) for the system of particles.
The classical law of large numbers tells us about the average behaviour of a sum of i.i.d.
random variables, while Theorem 1.2 and Corollary 1.3 tell us about the average behaviour
of a sum of Dirac measures at the particle locations, i.e. the empirical measure pt)(¢).

The degenerate/aggregation-diffusion regime: We now treat the final regime
discussed in Section 1.1.4. The localised repulsion is retained in this setting while the
noise is switched off as N — oo, in such a way that 8, < N%/¢. Thus, for the mean field
limit one would expect a similar confinement and interaction term as in (IE) and (MVE).
In addition to this, the localised repulsion term produces a degenerate porous-medium
type diffusion term in the limit, to give us the following limiting PDE:

(ADE2) Op =B AP  +V - (p(VV + VW % p)) .

The above equation is commonly referred to as the aggregation-diffusion equation with
quadratic diffusion. The name aggregation-diffusion comes from the fact that the equation
is characterised by a competition between aggregation due to the (possibly) attractive
interaction term containing W and diffusion due to the nonlinear diffusion term Ap?. In
this sense, the McKean—Vlasov equation can also be thought of as an aggregation-diffusion
equation with a linear nondegenerate diffusion term. One way to convince oneself that
this is the correct limiting equation is to consider the formal asymptotics of the relevant
localised repulsion term in (1.8). If we treat £ = N~¢/? as some small parameter, we have
the following term:

—2V " % pM (1, XTY
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on the right hand side of the SDE for each of the particles ¢« = 1,..., N, where ¢* =
e~%p(e7'z). Assume that p™)(¢) converges to p the solution of some limiting PDE. Then,
since ¢° — Jy as € — 0, it follows that, at least formally, we must have that

e iy Voo i
=2V x p™M(t, X7) TR =2V p(X]).

Thus, at the level of the PDE, taking into account both the confinement and interaction
terms, we can guess that we have something that looks like

0ip =267V - (pVp) + V- (p(VV + VIV x p))
=B8NP + V- (p(VV + VW x p)) .

Note that the noise term vanishes in the limit and is essentially a technical require-
ment to obtain the proof of the limit. The proof of this convergence is originally due to
Oelschlédger [Oel90| but was simplified considerably by Philipowski [Phi07]. Since we will
not be dealing with the particle system in this regime for the rest of this thesis and will
stick exclusively to discussing the mean field PDE, we present the result below without
the proof:

THEOREM 1.4. Assume V,W € CZ(Q) and let X, = (X},..., X}) be the solution of
the SDE (1.8) in the aggregation-diffusion regime. Assume further that the particles are
independent and identically distributed at t = 0 with some law py € P2(2) N L*(Q). Then
for any fixred T > 0, we have that

lim sup di(p™(t), p(t)) = 0,

N—=00 te0,7]
where p™N) is the empirical measure of the system of particles as defined in (1.11), while
p is a weak solution of (ADE2) with initial data py.

It turns out that the above convergence can be generalised to obtain convergence to an
equation with degenerate porous medium-type diffusion with exponent m > 1. This can
be done by considering a slightly more complicated localised repulsion in the underlying
particle system as shown by Philipowski and Figalli [FP08]. The resulting limiting PDE
has the following form:

(ADEm) Op =B AP+ V- (p(VV + VIV % p))

and it is referred to as the aggregation-diffusion equation with exponent m. We will not
discuss the underlying particle system here as it falls outside the scope of study of this
thesis. However, we shall work with (ADEm) in general when we study the qualitative
properties of the mean field limits in the aggregation-diffusion regime in Chapter 4.

1.2.2. The central limit theorem. The discussion in this subsection is restricted
to the system of interacting particles in the McKean—Vlasov regime. This is due to the
fact that the interaction regime is deterministic and the noise in the aggregation-diffusion
regime is mainly a technical tool. As discussed in Section 1.2.1, the mean field limit is like
the law of large numbers and captures the average behaviour of the system of particles.
Let us return to the case of i.i.d random variables {X;}, . Assume that E(X;) = X for
all i € N. Then, the law of large numbers tells us that Xy = N~! Z@Nﬂ X, converges in
law to X in the limit as N — oco. The description of the fluctuations of X y around X
is then given by the Lindenberg—Levy central limit theorem (CLT) which tells us that,
if Var(X;) = 02 < o0, vy = NY?(Xy — X) converges in law as N — oo to N(0,0?), a
Gaussian random variable with variance o2. We would like to derive an analogous result
for the empirical measure associated to (1.16). Such a result, if it existed, would provide
us with some second order information about the convergence in the many-particle limit.
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It turns out that the relevant object to study is the following fluctuations process:
(1.19) GV (1) i= NY2(p ™) (1) - p(t) |

where p is the solution of the (MVE) with initial data py € P»(£2). Note that for each ¢ > 0,
GV (t) is a (signed) measure-valued random variable. The first result in this direction was
obtained by Dawson [Daw83] who studied (1.16) with Q =R, V(z) = —2?/2 + 2*/4 and
W (z) = x?/2. Under certain conditions (cf. Chapter 7), he was able to characterise the
limit as N — oo of GV as the solution of a linear stochastic partial differential equation
(SPDE). Interestingly, his results did not only hold for i.i.d initial data p$" and some
finite time horizon, but also for an infinite time horizon when the process (1.16) is at
stationarity as long as it is before the point of phase transition(cf. Section 1.4). We
will discuss Dawson’s results in more detail in Chapter 7. The finite time horizon non-
equilibrium result of Dawson was generalised to a more general class of confining and
interaction potentials by Fernandez and Méléard [FM97|. We state their main result
below:

THEOREM 1.5. [FM97, Theorem 5.4| Let GV be as defined in (1.19) with the initial
data coming from the initial distribution of the particle system (1.16) given by p(?N for
some py € Pa(). Assume V,W € CE(Q) and fix some T > 0. Then as N — oo,
G~ coverges in law, as a C([0,T]; S'(Q))-valued random variable, to the solution of the
following Ornstein—Uhlenbeck SPDE:

(1.20) G(t) = G(0) + / tc;g(s) ds + /2618,

where By is a Gaussian Markov process with the following correlation structure

min(s,t)
E((&:@(sm))/,sm) <st¢>(S(Q))’,S(Q)> = /0 /QVSO -V dp(u) du

for o, € S(Q) and L is the L*(Q) adjoint of the following linear operator
Lop(z) = B Ap(z) — (VW x p(s) + VV(2)) - V()

- / (YW (y — 2) + YV (1)) - Voly) dp(s)(y) + 5 / Ap(y) dp(s)(y)

Thus, the above theorem gives a characterisation, at least for finite time horizons,
of the limit of the fluctuation process GV. We will revisit the central limit theorem
in Chapter 7. In the next subsection, we will discuss how to obtain further information
about the many-particle limit by deriving an appropriate large deviations principle.

1.2.3. Large deviations principle. We now discuss the final level in the hierarchy
of many-particle limits: the large deviations principle (LDP). We again restrict ourselves
to the McKean—Vlasov regime. Before we discuss the LDP for our interacting particle sys-
tem, we return to our example of a sequence of i.i.d. random variables {X;}, . We have
already characterised the average behaviour and the fluctuations of X y through the law
of large numbers and the central limit theorem, respectively. Cramér’s theorem [Cra3s§]
provides us with a characterisation of the tail behaviour of X y in the limit as N — oo.
Specifically, it tells us that the quantity

1 —
N log IP’(X N > x)
converges in [—oo, 0] for all x € R. The limit is given by

.1 — :
]&gnoo ¥ logP(Xy > 2) = g%(logE(e’\Xl) —z) = —I(z).
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The above limit tells us that P(Xy > z) ~ exp(—NI(z)), thus providing us with refined
information about the tail behaviour of X . Indeed, if 2 = E(X,), one can check that
I(x) = 0. However, if x = E(X;) + ¢ for some £ > 0, then one can check that I(z) > 0.
So any “large deviations” from E(X;) vanish exponentially fast in the limit as N — oo.
Crameér’s result is a prototypical example of an LDP. Results of these form were brought
into a unified framework by Varadhan [Var66]. He introduced the following notions:

DEFINITION 1.6 (Large deviations principle). Consider a sequence of random variables
{Xn~}yen on a probability space (€, F,P) taking values in some Hausdorff topological
space, V. Let S : Y — [0,00] be a proper, Ls.c function and {an} ey C R converge to
+00 as N — oo. We say that {Xy} oy satisfy a large deviations principle with good
rate function I and speed ay, if for every Borel set £ C ) it holds that

(1) limsupy_,, ay' logP(Xy € E) < —inf 5 1(y)
(2) liminfy o ay' logP(Xy € E°) > —inf,cpe I(y)
(3) The sublevel sets of I are compact in ).

Note that from the definition above and the fact that infycp, o) I(y) = I(x), we can
restate Cramer’s theorem by saying that a sum of i.i.d random variables, {YN} NeN
satisfies an LDP with good rate function I(x) and speed N. We would now like to obtain
a similar result for the interacting particle systems in (1.16). In this case, the sequence of
random variables we consider are the associated empirical measures p), which we treat
as elements of C([0,T];P2(€2)) for some fixed time horizon T' > 0. The relevant result
was obtained by Dawson and Gértner [DG87] and is stated below:

THEOREM 1.7.  Denote by PWN)(Q) the space of empirical probability measures on €,

1.€.,
PM(Q) = {,06732 : 25”%69}

Assume that p") € PMN(Q) is such that there exists py € Pa() with do(pl, po) — 0 as
N — oco. Denote by Cr the space C([0,T];P2(Q)), equipped with the topology of uniform
convergence. Then,

(a) For all open subsets G of Cr it holds that

lim inf N ™! 10gJP><p(N)(~) c G, p™M(0) = p(()N)> > — inf I(p(+)).
N—oo p(-)EG,p(0)=po

(b) For all closed subsets F' of Cr it holds that

lim sup N‘lloglP)(p(N)(J e F,p™M(0) = péN)) <— inf  I(p(-)),
N—00 P(-)EF,p(0)=po
(¢) For each compact subset K of P2(Q2) and s > 0 the set
P (s) ={p(-) € Cr: I(p()) < 5,p(0) € K},
15 compact.
Here, I : Cr — (—00,+00] is the rate functional given for p € C([0,T]; P2(2)) by

/ ||8tp A\ IVp‘f‘PVV"_pVW*p)H?{*l(Q,p) dt’

if it is finite and by +oo otherwise.

The proof of the above result relies on deriving a large deviations principle in the dual
space, which itself relies on lifting a sequence of LDPs from a family of linear subspaces
to their projective limit. The technique is explained in detail in the book of Dembo and
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Zeitouni [DZ10, Section 4.6]. As can be seen from the form of the rate functional, it is
exactly 0 when p is a solution of (MVE) and is strictly positive otherwise. Thus, as in
Cramers’ theorem, the probability that p¥) lies in Cr \ B.(p), where p solves (MVE)
with initial data py € P2(2), vanishes exponentially as N — co. Here B.(p) is the open
ball of size ¢ > 0 around p in Cr. We will revisit these ideas in Chapter 6, where we
will explore the connection between this large deviations principle and the phenomenon
of noise-induced metastability.

1.3. Gradient flows and the free energy

The purpose of this section is to discuss an important structural feature of the mean
field PDEs discussed in Section 1.2.1: they are all gradient flows. Before we can explain
what we mean by this, it is useful to discuss what we mean by a gradient flow in Euclidean
space. Given a function V' € CZ(R?), we say that a curve z € C1([0, T]; R?) is a Euclidean
gradient flow of V' if z(t) is the solution to the following ODE

(1.21) i=—VV(z)

for all 0 < ¢ < T and some initial value zy. It is not immediately clear how to extend this
notion to a more general setting. The natural space for the PDEs discussed in this thesis
is the space of Borel probability measures, P(€2). Equipped with the weak-x topology,
this is a metrisable space. But it has no linear or differentiable structure and so there is
no real way to make sense of the notion of the gradient of a function or time derivative
of a curve of probability measures.

Ennio De Giorgi [DGMT80, DG93] had the idea to find an equivalent notion of solution
of (1.21) which does not require the notion of the gradient of a function. Consider any
y € C1([0,T]; RY) such that y(0) = ¢ and let us compute the evolution of V (y(t)):

d

GV = (T F0).

Applying Young’s inequality, we obtain

(1.22) SV0) 2 IV o) - 5|2 @)

It is easy to check that the above inequality is an equality for all 0 < ¢ < T if and only
if y =z, i.e. y is the solution of (1.21). In some sense, y reduces V' in the most optimal
way if it achieves equality in (1.22). This leads us to the following characterisation:

DEFINITION 1.8 (Euclidean gradient flows). A curve y € C*([0, T]; RY) is said to be a
Fuclidean gradient flow with initial value xg, if and only if

FVO0) =3IV - 3| P 0

for all 0 < ¢ < T and y(0) = .

As is clear from the above characterisation, this notion of solution for (1.21) only
requires appropriate notions of the absolute value of the gradient and the absolute value
of the time derivative. It turns out this notion can be generalised to metric spaces, which
we do in the following subsection.
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1.3.1. Curves of maximal slope. Let (X, d) be some Polish metric space and E :
X — (—o0,400] be a proper, lower semicontinuous (l.s.c) function defined on X. We
denote by D(E) := {z € X : E(z) < oo} the domain of the function E. We can then
define the following notions

DEFINITION 1.9 (Metric slope). Given x € X we define the metric slope of E at z,
|OE|(x), to be

(Ez) — E(Y))+

lim sup re DFE
OF|(x) == { yn’ d(@y) (B)
400 otherwise

If X = RY and d(z,y) = |z —y|, then the metric slope of a smooth function is precisely
the absolute value of its gradient. The notion of metric slope is thus an extension of this
idea to metric spaces. Before we can define the notion of the absolute value of the time
derivative, we need to narrow down on a class of curves for which this makes sense.

DEFINITION 1.10 (Absolutely continuous curves). A curve x : [0,7] — X is said to be
p-absolutely continuous with p € [1,+o0], denoted by = € ACP([0,T]; X), if there exists
some m € LP(]0,T]) such that

(1.23) dla(s).alt) < [ () dr,

foral0<s<t<T. S
We can now define the so-called metric derivative [AGS08, Theorem 1.1.2]:
DEFINITION 1.11 (Metric derivative/velocity). Assume that © € AC?([0,T]; X). Then

the limit
d t
s—t |s — t|

exists t-a.e and is referred to as the metric derivative or velocity of the curve x at time t.
The function ¢ — |2'|(t) is in LP([0,7T]) and is the minimal function satisfying (1.23).

Again, for Euclidean space, |2’|(t) is exactly the absolute values of the time derivative.
We can now define De Giorgi’s notion of a curve of maximal slope.

DEFINITION 1.12 (Curve of maximal slope). A curve z € ACP([0,T]; X) is said to be
a p-curve of maximal slope or a gradient flow of E with respect to the metric d if

d 1 1
_E t :__aEq t = /pt
FEG(0) = OB () = S1P(0),
holds ¢ a.e., where 1/p+ 1/¢ = 1. When p = 2, we will just refer to it as a curve of

maximal slope. Furthermore, we have that
OE|*(x(t)) = |2'|"(t)
t a.e. Thus, the following energy-dissipation identity holds

d q
SB(a(t) = —OB'(x (1),

t a.e.

Thus, from the above definition, (1.21) is a curve of maximal slope of V' with respect
to the Euclidean metric on R?. It is also clear from the above definition that any curve of
maximal slope decreases the energy E. Note that the above notion of solution is extremely
soft and does not provide us with uniqueness. A strong notion of gradient flow solutions
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based on so-called evolutionary variational inequalities (EVI), which provides uniqueness,
is available. However, we shall not discuss it in this thesis. We refer the reader to [AGS08§]
for more details.

1.3.2. Otto’s formal Riemannian structure. We can now revisit the mean field
PDEs of Section 1.2.1. It turns out that they can all be written in the following form

SE
1.24 _v.
(124 =N (pv 50)

where E : P2(2) — (—o00, +00] is referred to as the free energy. Depending on the choice
of E, we recover different PDEs. If E is the so-called interaction energy, which is given
by

Bilp)i= [ V@) dote)+5 [[ Wiw =) doto) aota).

we obtain the nonlocal interaction equation (IE). On the other hand, if E is the so-called
McKean—Vlasov energy, which is given by

(1.25)
By (p) = 5 [ pladtogpla) do+ [ Vi) do(o) + 5 [ Wia =) dpta) doto),

we obtain the McKean—Vlasov equation (MVE). Finally, if we consider the so-called
aggregation-diffusion energy, which is given by

(1.26)
E3R) = [ @) do— 2k [V aole) 45 [ Wi y) dote) dnto),

m

we obtain the aggregation-diffusion equation with exponent m (ADEm). Note that both
EyV oand EAD are defined to be +00 when p is not absolutely continuous with respect to
the Lebesgue measure on 2. Looking at the structure of (1.24), it was noticed by Jordan,
Kinderlehrer, and Otto [JKO98, Ott01] and by Carrillo, McCann, and Villani [CMVOS]
that these PDEs have the formal structure of a Riemannian gradient flow. To see this,
we consider the same ODE as in (1.21) but posed on a nice Riemannian manifold M with

Ve CHM):
T =—-VV(z)
=—- K, DV(x),

where K, : Ty M — T, M is the so-called Onsager operator or # operator. It corresponds
to the inverse metric ¢ and it maps co-tangent vectors to tangent vectors. Let us now
formally treat the space Py(€2) as a Riemannian manifold. We associate to each point,
p € P2(R2), the following tangent space:

T,(Pu(®) = {n € L) : [ nda=0}.

Thus, the functional derivative 2£ can be thought of as the differential of F, a co-tangent

5
vector which acts on any n € T, PQ(Q) by integration, as follows

< ,77> /—n dz.
T).T,
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)

If we think of the operator —V - (pVa—) as the gradient operator in P(12), it follows
P

that

K,:=V-(pV),
should be the associated Onsager operator so that (1.24) can be re-written as
oE
Op=—-K,—.
tp P 5[)

All that we have to do is identify is the metric which is defined by K, : T)(P2(f2)) —
T,(P2(2)). We first define the inner product between two tangent vectors n;,7m, €
T,(P2(£2)) using the inverse metric K,

<771,772>p = \/g;qlePgb? dZE,

where ¢, ¢y € T[’,(P2(Q)) are such that 7, = K,¢1,m2 = K,¢o. Thus, given a curve
p € C([0,T]; Po(2)) between two measures py, p2 € Po(€2) , we can compute its length by
computing the following integral

(1.27) /0 ' ( /Q o(t,2) K, 0(t, ) d:c) = /0 ' ( /Q Vot ) dp(t)) ",

where ¢ solves the continuity equation
(CE) Op = Ky ==V (pV9),

with initial value p(0) = p; and final value p(T") = po. Thus, the distance between
p1, p2 € P2(R2) is given by

T 1/2
JR— 1 2
(1.28) o1, p2) — (¢,3,§sz,;( [ [1wek ane dt) |

where CE is the set of all solution pairs (¢, p) of (CE). Note that we have used the
fact that, in analogy to the situation on a Riemannian manifold, the minimisers of the
length (1.27) and energy (1.28) functionals should be the same to bring the power 1/2
outside the time integral. Amazingly, (1.28) is exactly the formal dynamical formulation
of the 2-Wasserstein distance on Py(2) as discovered by Benamou and Brenier [BB0O|
(cf. Theorem C.9 for a rigorous version of these ideas). The space Py(2) cannot be
made into Riemannian manifold and the entirety of this discussion was completely formal.
However, it suggests that the 2-Wasserstein metric may provide the right metric to view
these mean field PDEs as gradient flows in the sense of Definition 1.12. Indeed, we have
the following result:

THEOREM 1.13. [AGS08, Theorem 11.2.8] Assume that V,W € CZ(Q). Then, a curve
p € C([0,T];P2(Q)) is a distributional weak solution of (IE) (resp. (MVE), (ADEm)) if
and only if it is a gradient flow/curve of mazimal slope, in the sense of Definition 1.12
of E' (resp. EJ"Y E4D ) with respect to the 2-Wasserstein metric day(-,-) on P(Q).

1.3.3. Constructing solutions. The gradient flow structure can be used to con-
struct solutions of these equations as was done in [JKO98|. The authors in this paper
considered a slightly different equation, the Fokker—Planck equation. We will do the same:
we will consider the Fokker—Planck (1.7) associated to our system of particles. It turns
out that this is a gradient flow of the energy EV : Py (V) — (—o0, +00], given by

B0 = ([ e tosste) ao b [ 10 dnto) )

QN
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with respect to the distance \/Lﬁdg(-7 -) on Po(2Y). The above energy functional E” can be

thought of as the free energy per particle of the system. Fix some initial data py € Po(2)
and some timestep 7 and consider the following discrete variational scheme:

1
T, = argmin —d> 4+ EN

Prea = ALE I 5 20, on) + E7 (),
for n > 1. It turns out that if we consider the interpolation p7(t) = pf for nt <t <
(n+ 1)7 and pass to the limit as 7 — 0, we obtain a weak solution of the Fokker—Planck
equation (1.7).The same discrete variational scheme applied to the ODE (1.21) would
simply correspond to the implicit Euler scheme. For a general metric space with metric
d, this corresponds to De Giorgi’s minimising movement scheme [DGMT80, DG93| for
constructing curves of maximal slope. Otto and others [JKO98, Ott01, CMVO03]| realised
that this could be applied for a large class of drift-diffusion equations including the mean
field PDEs of this thesis.

We will use this gradient flow structure throughout the rest of this thesis. It pro-
vides us with a useful way of studying the properties of these PDEs. For example, it
is straightforward to check that stationary solutions or steady states of these PDEs are
simply measures p where the slope of the free energy vanishes, i.e. |0F|(p) = 0. We shall
use this fact regularly in Chapters 3, 4 and 6. Also, the gradient flow structures and
energies of the Fokker—Planck equation (1.7) and the McKean—Vlasov equation (MVE)
are intimately related and provide us with a useful reinterpretation of the mean field
limit discussed in Theorem 1.2. We will discuss this in more detail in Chapter 7. The
field of gradient flows itself is a very active field of research. A large amount of what
is considered known can be found in the book by Ambrosio, Gigli, and Savaré [AGSO0S|.
Current research directions include, for example, establishing the existence of gradient
flow solutions for singular potentials V, W [CDF*11], constructing gradient flow solutions
to kinetic equations [Erb16], and using gradient flows to study singular limits of certain
PDEs [CT18|.

In the next section we will introduce and discuss the phenomenon of phase transi-
tions in these mean field PDEs. A large part of Chapters 3 and 4 will be focused on
understanding this phenomenon mathematically.

1.4. Phase transitions

1.4.1. Phase transitions in the Curie—Weiss and Ising models. To understand
the phenomenon of phase transitions, we revisit the stochastic Curie-Weiss model with
no external magnetic field, i.e. with h = 0. We have already seen that, for a finite number
of particles N < oo, the stochastic Curie-Weiss model has a unique invariant measure
MEIIV/V However, its equilibrium behaviour is different for different asymptotic regimes of
G-

(1) In the limit as § — 0, i.e. in the high temperature regime, we have that the
configurations are uniformly distributed. So, almost surely, the average magneti-
sation @™ is 0.

(2) In the limit as § — 400, i.e. in the low temperature regime, we have that the con-
figurations concentrate on the minimisers of the Curie-Weiss Hamiltonian, H, é\{,vv
So either w = +1 or w = —1. Since both of these scenarios are equally likely, we
have that the average magnetisation w” is +1 or —1 with equal probability.

Thus, in the high temperature regime, when the noise in the system dominates, the
distribution of spins tends to minimise the Boltzmann entropy®, since it is the uniform

50r maximise if one defines the Boltzmann entropy as a physicist would.
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distribution on Q. On the other hand, in the low temperature regime, when the inter-
actions between different spins dominate, the distribution of spins tends to minimise the
Curie-Weiss Hamiltonian. A natural question to ask is whether there is an intermedi-
ate value of # at which there is an exact balance between entropy and interaction. The
existence of this balance between two competing mechanisms is what is responsible for
the phenomenon of phase transitions: when the magnetic substance transitions from one
kind of behaviour to another. Since there is only one invariant measure for N < oo, it is
hard to provide any characterisation of this balance for intermediate values of 5. What
we could do is fix the value of 0 < < oo, pass to the thermodynamic/mean field limit
as N — oo, and hope that we can find this intermediate value of f3.

Consider now the stochastic Curie-Weiss model. The average magnetisation, w
defined in (1.10) (which is a Markov process), also has a unique invariant measure given
by

My, =w"#M{W € P(R),

N
where @V : OV — R, maps configurations to their average magnetisations. Similarly, if
pY = Law(w;), then the law of the associated average magnetisation process is given by

iy =" #uy

Thus, another way of interpreting the mean field limit is that for each ¢t > 0, 1z, converges
weakly to dz(;), where @ solves the ODE (1.10) for the average magnetisation in the mean
field limit. Thus, even though @ has a unique invariant measure for any N < oo, the
invariant measures of the limiting “process’® are not necessarily unique. Indeed, they are
given by 0z € P(R), where @ is a steady state of (1.10), i.e.

(1.29) tanh(ﬂ%) —T=0.

Note that w,, = 0 is a solution of the above equation for all 0 < g < oo and, for # small
enough, it is the only solution. However, for values of 5 > 2, one can show (cf. Fig. 1.3)
that there exist nonzero steady states £w* () of (1.10). Thus, there is a transition from
having one steady state, and thus invariant measure, to having three at some value of
the parameter 5. = 2. Furthermore, one can show that limg_,,, £00*(3) = £1. Thus, the
steady state w,, captures the unmagnetised or paramagnetic behaviour of the system at
high temperatures. On the other hand, the steady states, £w*(f) capture the partially
magnetised or ferromagnetic behaviour of the system at low temperatures. In the limit
of 0 temperature, the states +w* converge to the magnetisation of a perfectly magnetised
substance. The value of the parameter 3. = 2 thus captures the exact balance between
disorder/entropy and interaction and is referred to as the critical (inverse) temperature or
the point of phase transition. We thus formally define phase transitions as a qualitative
change in the set of invariant measures of the mean field system upon varying a parameter
of the system. We will provide a more precise definition in the later chapters of this thesis.
The bifurcation diagram of the Curie-Weiss system can be seen in Fig. 1.4.

One can further show that, for § > 2, the states W, is unstable for the dynamics
of (1.10). Looking at Fig. 1.4, one can see, at least qualitatively, that the transition at
B = B, is continuous. In statistical mechanics terms, this is a second order or continuous
phase transition, since the average magnetisation changes continuously across .. More

6Even though (1.10) is deterministic, it can still be thought of as a Markov process
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FIGURE 1.3. The solutions of (1.29) are represented by points where the
two curves intersect. (A). denotes the scenario before the phase transition
in which 5 < 2 and the only solution is given by w., = 0; (B). denotes the
scenario ahead of the phase transition in which 8 > 2 and the solutions are
given by We, and £w*(3).

0.5 ,

FIGURE 1.4. The bifurcation diagram of the Curie-Weiss system. Before
Be = 2, there is exactly one steady state, Wy, of (1.10). After . = 2, Wy
becomes unstable and 2 new stable solutions arise.

precisely’, we have that

This is not the only kind of phase transition that one can obtain for such systems. If one
considers the 2-dimensional stochastic Ising model with nonzero external magnetic field
h one can perform a similar analysis. Passing to the mean field limit as N — oo, one
obtains that the limiting invariant measures are given by dz(,). For 3 fixed and larger
than some critical value ., one can show (cf. [FV18, Theorem 4.22|) that the function
h — @(B, h) is discontinuous at h = 0 (cf. Fig. 1.5). Thus, if we treat h as a parameter

TA statistical physicist would define second order phase transitions by looking at the behaviour of the

lim +@*(f) = W = 0.

B—2+

infinite volume partition function. These two approaches are essentially equivalent.
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FIGURE 1.5. A schematic of the bifurcation diagram of the 2-dimensional
Ising model showing the mean field average magnetisation @w(/, h) as a func-
tion of the external magnetic field for § > S.. One can see that the mag-
netisation jumps at 0, which corresponds to a first order or discontinuous
phase transition.

of the system we have that

Tim (5, h) # lim @(5,h).
Thus, the system undergoes a first order or discontinuous phase transition with respect
to the external magnetic field h. As can be seen in Fig. 1.5, at h = 0 we have coexistence
of the two states with positive and negative average magnetisation, due to the spin flip
symmetry of the Ising Hamiltonian H*~ for h = 0.

As we have demonstrated through the examples above, one of the main reasons of
studying the mean field limit is to obtain a notion of phase transitions within the for-
malism of equilibrium statistical mechanics. In fact, this is the only way to obtain the
singular behaviour that thermodynamics associates with phase transitions, such as the
co-existence of liquid and vapour or the discontinuity in the magnetisation of the Ising
ferromagnet. For a finite system, the dependence of the systems properties on its pa-
rameters is always continuous. For example, the N particle Gibbs measure of the Ising
model is continuously dependent on 3 and h. A singularity in this dependence can only be
observed in the infinite particle limit. We can reconcile this with our everyday experience
of phase transitions by noting that even though the dependence of finite particle thermo-
dynamic quantities is smooth, in very large systems they will be closely approximated by
the corresponding singular dependence of the infinite particle mean field quantities. Thus,
in a real macroscopic system, the dependence of the quantities on the parameters, like
or h, will be experimentally indistinguishable from genuine singular behaviour (cf. [FV18,
Chapter 1]). In the next subsection, we will discuss the existence of phase transitions
in the XY model and how its behaviour is, by and large, analogous to the Curie-Weiss
model.

1.4.2. Phase transitions in the XY model. We now try and study phase tran-
sitions in the XY model with V' = 0 in a similar manner to the Curie-Weiss model. As
before, for N < oo, we have a unique invariant measure given by M /{(NY However, as in
the Curie-Weiss model, we can distinguish between two asymptotic regimes of 3:
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(1) In the limit as f — 0, i.e. in the high temperature regime, we have that the
configurations are uniformly distributed.

(2) In the limit as § — 400, i.e. in the low temperature regime, we have that the
configurations concentrate on the minimisers of the XY Hamiltonian, H é}]{,, as
defined in (1.1). So the distribution of spins concentrates on configurations in
which all the spins are aligned in the same direction, i.e. § = for any v € [0, 27),
with equal probability.

Thus, again, we have a dichotomy: in the high temperature regime disorder/entropy
dominates, while in the low temperature regime the interaction between spins dominates.
To study the balance between these two regimes, we pass to the limit as N — oo in
the relevant object, i.e. the empirical measure ptV)(¢). Passing to the limit as N — oo,
we have from Corollary 1.3(a), that for each t > 0, the law of p™)(¢) as a random
measure converges weakly to 0, where p(t) solves (MVE) with Q@ =S, V' = 0, and

W () = —cos(). Thus, the invariant measures of the limiting process are given precisely
by 9, where p solves
(1.30) B2 + 0.(pW' % p) = 0.

One can check that p,, = (27)~! is a solution for all values S > 0. This corresponds

0.5

0.2 i
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FIGURE 1.6. The bifurcation diagram of the XY model. Before . = 2,
there is exactly one steady state, po of (MVE). After 8. = 2, po, becomes
unstable and a family of new stable solutions {p3(8)}, <[ 2r) arise. The solid
black line after § > 2 represents this entire family; since they are translates
of each other they all have the same value of |p.(1)].

to the disordered state of the system when all spin configurations are equally likely.
However, for 8 > 2, one can show (cf. Proposition 3.47) that there exists a one parameter
family of solutions of (1.30) given by {p3(8)},cjpo,) Which are equal up to translates.
Thus, we have a phase transition just as we did in the Curie-Weiss model. These new
solutions are “clustered” around the angle . This corresponds to the regime in which
all the spins of the mean field system are aligned along a single direction. As § —
oo, we have that p,(3) converges weakly to d,, the distribution of spins of a perfectly
magnetised substance. The bifurcation diagram of the system can be seen in Fig. 1.6.
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The fact that the clustered states are equal up to translates arises from the translation
invariance of the XY Hamiltonian. This is analogous to the spin flip symmetry of the
Curie-Weiss Hamiltonian leading to the reflection symmetry of the bifurcation diagram
of the mean field system (cf. Fig. 1.4). As can be seen from the bifurcation diagram
in Fig. 1.6, we can capture the phase transition phenomenon by studying the value of
pe(1) = (2m)"2 [p(f)e~* d6, the first Fourier coefficient, of the stationary solutions.
Thus, it plays the same role as the average magnetisation does for the Curie—Weiss model,
i.e. it is an order parameter. Again, the phase transition is second order or continuous
(we will prove this later in Chapter 3) as can be seen from the fact that

lim [ (45),(8) (D] = [(Ase) (1) = 0.

B2t

In the next subsection we will describe our approach to studying phase transitions when
W is a general interaction potential.

1.4.3. Phase transitions in the mean field PDEs. As is clear from the dis-
cussions of the previous subsections, the problem of studying phase transitions for the
interacting particle systems is essentially equivalent to the problem of studying the set
of stationary solutions of corresponding mean field PDEs. A large section of Chapters 3
and 4 will be devoted to studying phase transitions for the mean field PDEs (MVE)
and (ADEm). Studying phase transitions for (IE) does not make sense as the underly-
ing particle system is deterministic and so there is no real balance between disorder and
interaction.

Unlike in the Curie-Weiss and XY models, it may not always be the case that there
is a well-defined order parameter that can help us spot the phase transition. Additionally,
for a general W and V, it may be the case that multiple stationary solutions arise at
multiple values of the parameter 8. Thus, it is not entirely clear how one can define a
phase transition. To get around this issue we use the gradient flow structure of the mean
field PDEs (MVE) and (ADEm) and the corresponding energies, E}'V and E4L. Note

that, for V =0, Eé” and E/8 both consist of two terms: an entroplc term given by

SV (0) = [ plo)los ) da
for (MVE) or by

ﬁ_l ﬁ_l
SAD = () dx —
2(p) L@

m—1 m—1"

for (ADEm), and an interaction term, which for both equations is given by

&) =5 [ Wia=dota) o).

with the parameter § controlling the relative strength of the two terms. Thus, the energies
of the system capture the balance between entropy and interaction. Also, since the PDEs
are gradient flows with respect to their respective energies the “most likely” states that we
will observe in the long-time dynamics are the minimisers of the free energy. Since these
are, in some sense, thermodynamically favourable states, we will define phase transitions
in Chapters 3 and 4 as the first qualitative change in the set of minimisers of the free
energies, EMV and EAD (cf. Definitions 3.25 and 4.27). Additionally, since in general
there may be no well- deﬁned order parameter, the problem of studying the continuity of
phase transitions is a genuinely infinite dimensional one, as a result of which the choice
of topology matters. We will choose different topologies on P(Q2) to study the phase
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transitions in Eé”v and EAﬁ (cf. Definitions 3.28 and 4.28) but the essential idea will be
to study the limit

lim argmin E(p),
BB peP()

in an appropriate normed topology X on P(€2), where . is the critical (inverse) temper-
ature at which a new minimiser arises. We remark that this notion of phase transition
defined using minimisers of the free energy corresponds exactly with the notion of phase
transition for the XY model based on bifurcations of new steady states, discussed in Sec-
tion 1.4.2. The branch of steady states {p}} co,) are the new minimisers of the free

energy Eé” Vifor 8 > f3,. For B < f3., pso is the unique minimiser of the free energy. Thus
new steady states and new minimisers arise at the same value of the parameter . in the
XY model. However, it is not always the case that the bifurcation of new steady states
corresponds to a change in the set of minimisers. We will distinguish between these two
phenomena in Chapters 3 and 4.

In Chapters 3 and 4, we will study bifurcations of stationary solutions and phase
transitions for (MVE) and (ADEm) in the setting in which Q = T¢ and V = 0. This
setting has the advantage that the trivial minimiser before . is explicit and is given by
Poo = (2m)7¢, which is a steady state for all 3 > 0. In Chapter 7, we will work in the setting
in which V' # 0 and use a slightly different notion of phase transition (cf. Definition 7.18)
which is more suited to our analysis.

We remark that in the setting of Q = R? and V # 0 partial results on the existence of
phase transitions for very specific assumptions on V' were obtained by Dawson [Daw83|,
Tamura [Tam84] and Tugaut [Tugl4]. On the other hand, for {2 = T? phase transitions
for (MVE) were studied by Chayes and Panferov [CP10|. Our work will significantly
extend the results of this paper. On the other hand for (ADEm), the problem was studied
before the phase transition by Chayes, Kim, and Yao [CKY13| and for the specific case of
the Newtonian interaction potential A by Carrillo and co-authors [CCW*20]. Our work
in Chapter 4 constitutes the first study of phase transitions for (ADEm) in full generality.

In the next section, we will discuss some applications of the class of systems defined
in Section 1.1.4. Specifically, we will show how phase transitions manifest themselves in
different ways with different meanings in models from the biological, physical, social, and
biological sciences.

1.5. Applications

As mentioned previously, in this section we will discuss some applications of the in-
teracting particle systems discussed in Section 1.1.4 which arise in various contexts in the
physical, social, and biological sciences. We focus our attention on the noisy Kuramoto
model for identical synchronising oscillators, the Hegselmann—Krause model for opinion
dynamics, and the Keller-Segel model for chemotaxis. We will introduce a few more
models in Chapter 3, when we discuss the applications of our results on bifurcations and
phase transitions.

We remark that the list of applications we discuss is by no means exhaustive. Large
systems of interacting particles in the presence of noise can appear in a range of dif-
ferent contexts ranging from the theory of random matrices [Serl5| and the construc-
tion of K&hler—Einstein metrics [BO18| to the design of algorithms for global optimisa-
tion [RV18, KPP19], the motion of pedestrians [CPT11], swarming [TBL06, KCB*13],
cell adhesion [PBSG15, CHS18|, and vortices in superconductors [SS04], to name only a
few.
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These systems form a part of a larger class of systems that model collective dynamics
and emergent behaviour. During the last decade the study of these systems has attracted
a large amount of interest. This is largely due to the fact that they pose challenging
mathematical questions and that they appear in several applications. Thus, understanding
their behaviour theoretically is of great importance. A review of these models can be
found, for example, in [PT13, MT14b, MT14a, CFTV10].

1.5.1. The noisy Kuramoto model for identical synchronising oscillators.
In this subsection, we present a model of synchronising oscillators which, under certain
conditions, has an identical mathematical formulation to the Heisenberg classical XY
model. The system was introduced by Kuramoto [Kur81| to model oscillators in chemical
and biological systems. Its properties were later analysed by Sakaguchi, Shinomoto, and
Kuramoto [SSK88|. Each oscillator is characterised by its phase, 6! € S, i =1,..., N, and
has an associated natural frequency 7;, which is possibly a random variable. It interacts
with every other oscillator through some interaction function and the associated ODE can
be written as follows
d9Z

sin( QZ

||Mz

Since sinx = —% cos(x), one sees that this system of ODEs is very similar to the system
of SDEs in (1.3). The main difference with (1.3) is the absence of noise and the presence
of distinct natural frequencies for each oscillator. If we make the assumption that all the
oscillators have the same natural frequency 7; = n € R and make the transformation
0t — 0! + nt, we obtain the following system of ODEs:

dQl 1
= — Z sin (6! — GJ

Adding an independent Brownian motion to each oscillator, it is immediately apparent
that we obtain the Heisenberg XY model for continuous spins:

dGZ _ ! Zsm (0! — 6)) + \/26-1dB! .

The above modification of the system is referred to as the noisy Kuramoto model for
identical synchronising oscillators or the Kuramoto model for mean field plane rotators.
We will study a slight generalisation of it in Chapter 3. As it is precisely the same system
as the Heisenberg classical XY model, the structure of its phase transitions is also identical
and is as described in Section 1.4.2. Namely, at 5. = 2, we transition from having p.,
as the only steady state of the mean field PDE (MVE) to having multiple steady states
apart from p.,. These steady states are all clustered around a particular v € S and are
translates of each other. This transition corresponds to a change in the behaviour of
the system from disorder to order. The steady state p., represents the unsynchronised
behaviour of the oscillators before the phase transition, while the clustered steady states
represent the oscillators synchronising with each other. The bifurcation diagram of the
system can be seen in Fig. 1.6.

Before proceeding to the next section, we remark that the Kuramoto model with
non-identical natural frequencies has been studied in detail by Giacomin and co-authors
[BGP10, GPP12]. The mean field limit in this setting is a kinetic equation and exhibits,
under certain conditions, the phenomenon of Landau damping as was shown in [DFGV18].
The synchronisation phenomenon in this system with identical and non-identical oscilla-
tors in the absence of noise has been studied in [HHK10, DX13, BCM15].
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1.5.2. The Hegselmann—Krause model for opinion dynamics. In this subsec-
tion we will turn our attention to a model from the social sciences, proposed by Hegsel-
mann and Krause [HK02], which describes the evolution of the political opinions/voting
intentions of a system of interacting agents. Each agent ¢ = 1,..., N has an opinion
X' € [~1,1] which can be thought of as an element of the traditional left-right political
spectrum. The value —1 represents the far-left while the value +1 represents the far-right.
It is assumed that agents have the tendency to talk to and interact with people whose
opinions are similar to their own. One can model this through an influence function
¥ [0 : 2] = R, such that ¢(]X; — X7|) denotes the influence the agent i has on j and
vice-versa. Note that if we assume that 1 is compactly supported, this amounts to an
assumption of “bounded confidence” between the agents. Hegselmann and Krause studied
a discrete time evolution of the opinions of the agents in which at every new time-step
the opinion of a given agent is the average of the opinions within a certain range of it.
This amounts to setting ¢(x) = xjo,r and performing the update

. 1 & ‘ -
Xis = 5 3 X (X, — X2 X
j=1
This model is one of the most popular models in consensus/opinion dynamics and its
properties have been studied extensively including, but not limited to, the formation of
consensus [YDHI14], its behaviour in the presence of noise [PTHG13] and the mean field
limit [CFT12|. Inspired by this and by the work of Motsch and Tadmor [MT14a], Garnier,
Papanicolaou, and Yang [GPY17] proposed the following continuous-time analogue of the
Hegselmann—Krause dynamics:

N
(1.31) Sxi= > 0(Xi - XE(XE - XD),
j=1

They performed numerical experiments which showed that the above continuous-time
version exhibited the formation of distinct clusters of opinions corresponding to politi-
cally distinct groups of agents. For the sake of mathematical convenience, the authors
in [GPY17] assumed that the opinions of the agents live on S. They remark that this does
not seem to affect the qualitative behaviour of the system. Keeping this in mind, we note
that if we consider the system of ODEs in (1.31) posed on S with W(z) := [ ¢(|y|)y dy,
then we are precisely in the interaction regime discussed in Section 1.1.4.

Furthermore, the authors in [GPY17] also considered the system of ODEs in the
presence of noise, i.e.

N

. 1 . . . . .

(1.32) AX{ = =~ > o(1X] = X{)(X] = X]) dt + /287 dB;.
Jj=1

Now, with the same choice of W as before, we are exactly in the McKean—Vlasov regime.
The system of SDEs in (1.32) is referred to as the noisy Hegselmann—Krause model. The
authors in [GPY17| studied, formally, the critical value of the parameter 5 at which
there is formation of consensus, i.e. a phase transition. As discussed in Section 1.4, the
phenomenon of phase transitions is related to a balance between disorder and interaction.
In this setting, a phase transition manifests itself as a balance between the noise in the
system and the communication between agents. If the noise dominates, one would expect
a complete lack of consensus, i.e. p., is the only steady state of the corresponding mean
field PDE. If the communication/interactions between agents dominates, one would expect
the formation of consensus, i.e. a nontrivial steady state of the mean field PDE. Since
the influence function ¢ is compactly supported, it may be the case that the consensus
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is localised, i.e. we have pockets of consensus which correspond to the clusters observed
in [GPY17|. In Chapter 3, we will study phase transitions for this model and will show
that in a certain scaling regime this model exhibits a phase transition which is necessarily
discontinuous.

The mean field limit of this model and its properties (existence, uniqueness, conver-
gence to equilibrium) was studied by [CJLW17|. For finite N, this model was studied
numerically in [WLEC17|. Variations of the deterministic continuous-time Hegselmann—
Krause model (1.31) with time-varying influence have been studied in [MPPD19].

1.5.3. The Keller—Segel model for chemotaxis. In this final subsection, we dis-
cuss an application of the interacting particle systems of this thesis to modelling a biolog-
ical phenomenon, namely, chemotaxis. Chemotaxis is the movement of an organism, such
as bacteria, in response to some chemical stimulus. In the 1970’s, Evelyn Keller and Lee
Segel [KS70] developed a phenomenological model for the chemotactic motion observed
in the initial stages of the morphogenetic development of a specific cellular slime mould,
Dictyostelium discoideum. They were trying to mathematically replicate behaviour that
was previously observed in experiments [Bonl6]. The amoebae in the mould tend to
move along the concentration gradient of a chemical substance, acrasin. However, the
organisms themselves produce the same chemical substance. Thus, the organisms in the
mould tend to aggregate into several clusters with the aggregation phenomenon mediated
by the concentration of acrasin. Keller and Segel proposed a set of PDEs to model this
behaviour, which in their simplified form® read as:

{&:p = [B7'Ap+ V- (pVe)

PKS
(pp ) edic = KAc+p

Y

where p(t,x) is the probability distribution or concentration of the organisms, c(t,x) is
the concentration of the chemical substance, acrasin, and ¢,x,8 > 0. It is assumed
that the organisms live in some set 2, usually R%. The density of the organisms diffuses
according to Fick’s law and moves along the concentration gradient of the resource v.
The chemical substance also diffuses according to Fick’s law and is generated by the
organisms. This model is extremely similar to an older more general model proposed
by Patlak [Pat53] which he derived from first principles, considering the behaviour of
organisms performing a stochastic random walk under the influence of external biases. A
review of this derivation can be found in [Tur91]. The set of PDEs in (ppPKS) is, therefore,
often referred to as the parabolic-parabolic Patlak—Keller—Segel model for chemotazis. We
refer the reader to [HP09, Pail9| for a comprehensive review of a range of more complex
models of chemotactic motion.

We will consider a further simplification of this model. We will assume that the rate
of evolution of the concentration resource is very small compared to the rate of evolution
of the bacterial density, i.e. ¢ < 1. This is referred to as the quasi-static approximation.
Thus, formally, we can rewrite the system as

{atp = BAp+ V- (pV0)

PKS
(pePKS) CwAe= p

The above system is referred to as the parabolic-elliptic Patlak—Keller—Segel model. Setting
k = 1 and inverting the Laplacian, we immediately see the connection between the system

8Keller and Segel’s original set of equations also accounted for the production and depletion of acrasinase,
an extracellular enzyme produced by the amoebae that degrades the concentration of acrasin. The
simplified form in (ppPKS) was proposed by Nanjundiah [Nan73].
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of PDEs in (pePKS) and the McKean—Vlasov equation (MVE), as we obtain
(1.33) Oip =B~ Ap+V - ()VN % p),

where N is the Newtonian potential. Thus, as seen in the discussion in Section 1.2.1,
we can think of (pePKS) as the mean field limit of a system of interacting organisms, as
in (1.16), which interact with each other through the (attractive) Newtonian interaction
potential. It is also possible to consider a variant of the above system with nonlinear
diffusion in which case we end up with the following system:

(1.34) Op =BHAP™ +V - (pVN % p),

which is a specific form of (ADEm) with W = N. The nonlinear diffusion models an anti-
congestion/local repulsion effect between the organisms. The systems (1.33) and (1.34)
have been extensively studied, mainly because the singularity of the Newtonian potential
at 0 raises interesting mathematical questions: the existence and uniqueness of minimis-
ers of the associated free energy |[CCV15, CHVY19, CCH17, CHMV18|, the proof of the
mean field limit [BJW19b|, and the existence and nonexistence of global-in-time solu-
tions [BCL09, BCC12, CCE12|. One of the most interesting features of these systems is
that they exhibit finite time blow-up. For example, for d = 2 and for § greater than some
critical value, (1.33) exhibits finite time aggregation of mass, i.e the solutions p(t, z) for
any smooth initial data converges to a Dirac with the same centre of mass in finite time.
This blow-up phenomenon has been extensively studied for both (1.33) and (1.34). We
refer the readers to [BCM08, CCE12, CF13, CGMT19b, CGMT19a, DAD"19| and the
references therein for further information regarding blow-up in these equations.

The dynamics of (1.33) and (1.34) fall outside the scope of this thesis. Instead, we
will focus our attention on the stationary problem. The question that we will address
in Chapter 3 is the existence of bifurcations of stationary solutions when the domain is €2 =
T?. Note that, as before, the uniform distribution p, is a steady state of (1.33) and (1.34)
for all § > 0. A nontrivial stationary solution would correspond to the existence of an
aggregated steady state in which the organisms all cluster at one or several locations, as is
known to occur early on in the life cycle of cellular slime moulds. We will show in Chapter 3
that (1.33) can exhibit infinitely many local bifurcations of stationary solutions. We do
not study the stationary solutions and bifurcations of (1.34) in this thesis and leave it
for future work. Previous results about bifurcations in Keller-Segel type systems include
those by Schaaf [Sch85] who studied (1.33) is a bounded domain with no-flux boundary
conditions and by Carrillo and co-authors [CCW'20] who studied (1.34) in 1-dimension
with no-flux boundary conditions.



CHAPTER 2

Main results

The purpose of this chapter is to provide a concise summary of the main results of this
thesis. We will often assume that we are in the simplest possible setting (for example,
in 1 dimension) and will occasionally be imprecise, mainly for the sake of notational
convenience and brevity. The complete and rigorous versions of all the results can be
found in the subsequent chapters. The main results of this thesis are based on four
papers that were written in collaboration with J. A. Carrillo, M. G. Delgadino, G. A.
Pavliotis, and A. Schlichting. We provide a brief summary of the results below and then
discuss them in more detail in the rest of the chapter.

e Phase transitions for McKean—Vlasov and aggregation-diffusion equations:
In Chapter 3, we investigate the existence and multiplicity of steady states as well as the
existence of phase transitions for the McKean—Vlasov equation (MVE) with Q = T?¢. We
show that for certain choices of W one can in fact obtain infinitely many steady states
as one increases the value of the parameter 5. Furthermore, we provide conditions
for the existence of both continuous and discontinuous phase transitions (disorder-
order transitions), extending considerably the results in [CP10]. This is the subject
of [CGPS20], written jointly with J. A. Carrillo, G. A. Pavliotis, and A. Schlichting.

For the case of the aggregation—diffusion equation (ADEm), this problem is treated
in a joint work with J. A. Carrillo. The case of degenerate diffusion demands a more
nuanced approach to deal with the loss of regularity. We recover analogous results for
bifurcations and phase transitions as in the case of the McKean—Vlasov equation (MVE).
This is the subject of [CG19] and Chapter 4.

e Rearrangements and symmetries of minimisers of the free energy: In Chap-
ter 5, we study the symmetries of the minimisers of the free energies E3'V and E4L
when © = T9 using rearrangement type arguments introduced by Baernstein and
Taylor [BT76]. We prove a new Riesz-type rearrangement inequality for T¢. As a con-
sequence of this, we obtain that for a special class of V' and W, there exist symmetric
decreasing (in the sense of Definition 5.1) minimisers of E}V and E4L . This chapter
is based on a work in progress by the author.

e Existence of saddle points in the McKean—Vlasov free energy and large
deviations: In Chapter 6, we provide conditions on W for the existence of mountain
pass/saddle points in the free energy landscape, E}'Y of (MVE) with © = T? The
result relies on a general mountain pass theorem in the space of probability measures
equipped with the 2-Wasserstein metric. We also discuss applications of this result to
proving bounds on the escape probabilities of the underlying empirical process p™(t).
This is the first proof of a mountain pass theorem in a nonsmooth setting. This is the
subject of [GS19], written jointly with A. Schlichting.

e The joint diffusive and mean field limits: In Chapter 7, we consider the diffusive
rescaling £ X, /.» of the solution of McKean’s system of interacting diffusions (1.6) when
W is smooth and periodic and € = R%. The question we wish to answer is whether
the limits N — oo and ¢ — 0 commute and what effect the presence of the phase
transitions discussed in [CGPS20| has on this commutativity. We manage to show that

47
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in the absence of phase transitions they do commute, while in the presence of a phase
transition one can construct initial data such that these limits do not commute. This
is the subject of the paper [DGP20|, written jointly with M. G. Delgadino and G. A.
Pavliotis.

Outline: The outline of the rest of this chapter is as follows: In Section 2.1, we present
our results regarding bifurcations and phase transitions for the mean field limits of the
interacting particle systems. Section 2.1.1 is dedicated to presenting the results for the
McKean—Vlasov equation (MVE), while Section 2.1.2 discusses the analogous results for
the aggregation-diffusion equation (ADEm).

In Section 2.2.1, we discuss the existence of symmetric minimisers of the free en-
ergies F5'" and EAZ% and how this is related to the rearrangement inequality derived
in Chapter 5. In Sectlon 2.2.2, we discuss the problem of finding saddle points of the free
energy E V" and how this can be used, along with the large deviations principle discussed
in Section 1.2.3, to study the escape probabilities of the underlying particle system (1.16).

Finally, in Section 2.3, we discuss the behaviour of the system of particles (1.16) under
two scaling limits: the mean field limit (which we have already introduced in Section 1.2.1)
and the diffusive limit. We discuss the conditions under which it is possible to pass to
the joint limit and what effect the presence of a phase transition has on the existence of
this joint limit.

2.1. Bifurcations and phase transitions

As mentioned in Section 1.4, we will study phase transitions for (MVE) and (ADEm)
with Q = T? and V = 0. We set the side length of the torus to be L and identify it with
[—L/2,L/2)%. One can notice immediately that p,, = L™ is a steady state of (MVE) for
all > 0. The question we try to address in Chapters 3 and 4 is whether nonconstant
steady states exist and if they do exist, can one characterise and classify them. Another
question we are interested in is the existence and uniqueness of minimisers of Eg‘[ V and
E’g{ﬁ. In the absence of uniqueness one would expect the presence of phase transitions,
values of the parameter f. at which there is a change in set of minimisers of E5'".
These phase transitions, if they exist, may occur continuously or discontinuously, in an
appropriately chosen topology.

2.1.1. Linear diffusion. In Chapter 3, we provide conditions on W in terms of its
Fourier modes that guarantee the existence of nonconstant steady states of

(2.1) Op = B Ap+V - (p(VW xp))  (t,z) € (0,00) x T,

which bifurcate from the constant branch (p., 3). We also show that one can find infinitely
many such bifurcation points for certain choices of W. Furthermore, we show that if 3 is
sufficiently small, minimisers of E% V' which is given by

(2.2)  EJV(p):=p6"" /Qp(fﬂ) log p(z) dz +%/Q QW(x —y) dp(z) dp(y) ,

are unique and given by p.. However, for a large class of W and large values of f3,
uniqueness is lost and there exists a value 5. > 0, the point of phase transition, at which
a new nonconstant minimiser of Eé” V' arises. We provide conditions on W for which this
transition is continuous or discontinuous, extending considerably the results in [CP10].
We remark that, following |[CP10], we study continuity (or lack thereof) of the phase
transitions in the L'(T%) topology (cf. Definitions 3.25 and 3.28). The nonuniqueness
of minimisers is particularly important for the dynamics of (2.1) and for applications to
algorithms for global optimisation. The presence of these phase transitions implies that,
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for certain values of 3, algorithms based on interacting particle systems may catch the
wrong minimum of the cost function. For the sake of clarity, we state the simplified
versions of the main results of Chapter 3 in one dimension (W (k) is the k™ Fourier

coefficient of W, cf. (0.1)):

THEOREM 2.1 (Local bifurcations, cf. Theorem 3.18). Let W € C?*(T) be even and let
(poos B) Tepresent the trivial branch of solutions. Then every k* € Z,k* > 0 such that

(1) card{k: €Zk>0:W(k) = W(k*)} ~1
(2) W(k") <0,
leads to a bifurcation point (ps,Bx) of the McKean—Viasov equation (2.1) through the
formula
21/2
b= =i
W (k*)psc
THEOREM 2.2 (Phase transitions, cf. Theorems 3.35 and 3.43). Let W € C?*(T) be
even. Then, the energy Eé”v, as defined in (2.2), exhibits a phase transition at B. < 0o

if and only if there exists a nonzero k € 7Z such that W(k) < 0. Such a W is said to be
catastrophic. If W is not catastrophic, it is called H-stable. We also have the following
two scenarios:
(a) If there exist strictly positive k* k', k¢ € Z with W (k) = W(k®) ~ W(k) ~
ming W (k) < 0 such that k* = k> + k¢, then EE"Y exhibits a discontinuous phase
transition.

(b) Let k* = arg ming W (k) be uniquely defined with W (k*) < 0 and B4 = —%.
pob

Let W, denote the potential obtained by multiplying all the negative Fourier modes

W (k) except W (k*) by some o € (0,1]. Then if o is made small enough, the

transition point . is continuous and . = By.

2.1.2. Degenerate diffusion. Our main goal, again, is to develop a theory for the
bifurcations of steady states and phase transitions of the aggregation-diffusion equa-
tion (ADEm) for V' = 0 and general interactions W, i.e.

(2.3) Bip = BAP™ +V - (p(VW % p))  (t.z) € (0,00) x T¢.

and its associated free energy Eg‘ﬁ, given by

2t B =t [ o= T S W=y dote) aota).

The results of Chapter 4 can thus be thought of as an extension of the results in Chapter 3
to the setting of nonlinear or porous medium-type diffusion. Note that, unlike in the
setting of linear diffusion, the L!(T¢) topology is not the natural topology in which one
should define phase transitions. It seems that for (2.3) the correct topology to work in
is L>®(T?) (cf. Definitions 4.27 and 4.28). Thus, for our results we will often require
compactness of the steady states of (2.3) in this topology. One possible way of obtaining
this compactness is via control of the Hélder norms of the stationary solutions of (2.3).
In Chapter 4, we prove this Holder regularity: it relies on the so-called method of intrinsic
scaling introduced by DiBenedetto for the porous medium equation (cf. [DiB79]), which
is a version of the De Giorgi-Nash—Moser iteration adapted to the setting of degenerate
parabolic equations. We make modifications to the method to deal with the presence of
the nonlocal drift term V - (pVIW % p) (cf. Theorem 4.3).

After the proof of the Holder regularity we proceed to discuss the local bifurcations of
stationary solutions from the flat state p.,, obtaining a similar result to the linear case:
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THEOREM 2.3 (Local bifurcations, cf. Theorem 4.18). Let W € C?*(T) be even and let
(poos B) Tepresent the trivial branch of solutions. Then every k* € Z,k* > 0 such that

(1) card{k: €eZ.k>0:W(k) = W(k:*)} =
(2) W(k*) <0

leads to a bifurcation point (pso, Bx) of the aggregation-diffusion equation (2.3) through the
formula

m21/2

6* == -
W (k*)p22™

We then prove existence and regularity of minimisers EA’% and show that, as in the
linear case, the notion of H-stability (cf. Definition 0.1) provides a sharp criterion for the
existence or nonexistence of phase transitions. We proceed to providing sufficient condi-
tions for the existence of continuous or discontinuous phase transitions, where the proofs
rely critically on the Holder regularity obtained. We also provide general conditions on
W for the existence of discontinuous phase transitions. We conclude by showing that for
m € [2,3] all catastrophic potentials W are associated with discontinuous phase transi-
tions of Eg‘ﬁ, while for m = 4 we can construct examples of W that lead to continuous
phase transitions of Eﬁﬁ. The main results of Chapter 4 concerning phase transitions are
summarised below:

THEOREM 2.4 (Phase transitions, cf. Theorems 4.36 and 4.41 and Proposition 4.39).
Let W € C*(T) be even. Then, the free energy Eg“,%, as defined in (2.4) exhibits a phase
transition at, 5. < oo if and only if W is catastrophic. We also have the following two
sCenarios:

(a) If there exist strictly positive k* k¥, k¢ € Z with W (k*) = W (k") ~ W(k) ~
miny W(k) < 0 such that k* = kb k¢, then EAQL exhibits a discontinuous phase
transition. Furthermore, for m € |2, 3] any phase transition is necessarily dis-
continuous.

(b) For m = 4, there exist a large class of explicitly computable W such that Eég
exhibits a continuous phase transition.

2.2. Rearrangements and saddle points
2.2.1. Rearrangements and symmetries. We set = T¢ and consider the
energies B}V and E4D If V,W e C?(Q2) are symmetric and increasing (in an appropriate
sense), one would expect the minimisers of the corresponding free energies to be symmetric
and decreasing. We make this vague notion more precise by introducing the notion of the
toroidal decreasing rearrangement of a nonnegative function f € L'(Q) (cf. Definition 5.1).
We present a formal version of our result below:

THEOREM 2.5 (Symmetries of the minimisers, cf. Corollary 5.12 and Theorem 5.7).
Assume W,V € C?*(Q) toroidal increasing functions. Then, there exist toroidal decreasing
minimisers of E3" and EAJ?L.

The above result is based on a Riesz-type rearrangement inequality (cf. Theorem 5.7).
It can be thought of as a generalisation of the rearrangement inequality derived by
Baernstein-Taylor [BT76] and Beckner [Bec93] on S? to the d-dimensional torus T?. Note
that unlike their results, we are unable to prove a strict version of the inequality when
V,W are strictly toroidal increasing. Thus, we cannot assert that all the minimisers of
EM V and EE‘D are toroidal decreasing When V, W are strictly toroidal increasing. This is
dlscussed in detail in Chapter 5.
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FIGURE 2.1. An illustration of the result of Theorem 2.6 applied to the
free energy E3" at § = f..

2.2.2. Saddle points and metastability. We place ourselves in the same setting
as Chapter 3 with W chosen such that E}"" exhibits a discontinuous phase transition
at some 8 = (.. One can show (cf. Proposition 3.30) that at g = S, Eé”v has at
least two distinct minimisers p,, and p. The question we try to address in Chapter 6 is
whether Eé” V' has a mountain pass/saddle point, p*, at 3 = 3., which admits a minimax
characterisation in the spirit of the well-known Ambrosetti-Rabinowitz mountain pass
theorem [AR73]. The mountain pass theorem is a classical result in nonlinear analysis
which is extensively used to prove the existence of solutions to nonlinear elliptic PDEs.

If such a point existed it would capture exactly the energy barrier between p., and p, i.e.
A =EfV(p*) — BV (pso) = EF" (p*) — E3"(p). Here A should be characterised by

o MV
A= inf Sup Eg (v(1)),
where T is the set of all curves in C([0, 1]; P(T?)) that start at ps, and end at p.

The main issue with applying a mountain pass type argument is that the functional
E5" is not continuous, it is only lower semicontinuous (1.s.c) on P(T%) and so the classical
mountain pass theorem or even generalisations to continuous functions on metric spaces
do not apply. In Chapter 6, we deal with this issue by proving a general mountain
pass theorem for functions on P(M) equipped with the 2-Wasserstein topology which are
l.s.c and A-convex in the sense of McCann [McC97, CEMSO01|. Here M is any compact,
complete, connected, and smooth Riemannian manifold. We do this by using a strategy
introduced by De Giorgi et al. in [DGMTS80]. This allows us to extend a given l.s.c
functional, E, to a continuous function Gg defined on the epigraph of E as follows:

gE(pa 5) = fa (pa 5) € epl(E) .

The extra regularity gained helps in proving a mountain pass theorem for the extended
function while the A-convexity ensures that this saddle point lies on the set (p, E(p)) of
the epigraph and is thus a saddle point of E in the classical sense. This is the first result
of its kind which shows a mountain pass theorem in a nonsmooth setting. Even though
the result is proved in the 2-Wasserstein setting, it easily generalises to the p-Wasserstein
case. We state a simplified version of the result below:

THEOREM 2.6 (Mountain pass theorem in P(M), cf. Theorem 6.1). Let E : P(M) —
(—o00, +00| be a proper, ls.c, and A-geodesically convex functional and assume that if
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p € D(E), then p < dz. Suppose p1,p2 € P(M)N D(E), ' is the set of all continuous
curves 7y : [0,1] — P(M) with v(0) = p1 and ¥(1) = p2, and the function T : T' — R is
defined by:

T(v) = sup E(y(t)).

t€[0,1]
Let ¢ = infer Y(v) and ¢; = max{E(p1), E(p2)}. If ¢ > c1, then there exists a ¢ > ¢
such that ¢ is a critical value of E, i.e. there exists an € P(M) with E(n) = ¢ such that
n 1s a critical point of E.

In Chapter 6, we further apply this result to the functional Eg/[ V' and show that at
f = fB. one can find a saddle/mountain pass point p*. We then use this result along
with the Dawson—Gértner large deviations principle (cf. Theorem 1.7) to compute upper
bounds on the escape probabilities of the underlying interacting particle system (1.16).
Let p™) be the empirical measure associated to the diffusion process, X;, i.e. p™(t) =
Nt va dxi. We show that, if p™(0) is close to ps in an appropriate sense, then the
probability that it reaches close to 7 in some time 7" > 0 scales like exp(—NA). The main
result is summarised in the following theorem:

THEOREM 2.7 (cf. Theorem 6.32). Assume W € C?*(T?) and (3, is the point of dis-
continuous phase transition, i.e. there exist at least two distinct minimisers of Eé”v at

B = [, such that one is ps and the other is some p € P(T9). It follows then that the
underlying empirical process p\N) with initial i.i.d uniformly distributed particles satisfies

P(p™(T) € B (5), p™M(0) = pi)) S exp(~N(A - O(£?)))

for N sufficiently large, where EgZ(ﬁ) is the closed ball of size € > 0 around p, A :=
Efyv(p*) — Eé”v(poo), where p* is the critical point obtained by applying Theorem 2.6.

2.3. Scaling limits

We now consider the system of interacting diffusions (1.16) in the McKean—Vlasov
regime with = R? and V and W chosen to be smooth and periodic. The law of this
system, p is described by the associated Fokker—Planck equation given in (1.7), i.e.

(2.5) O =7 APN + V- (VHNpY)

' p(0)  =p5" ’
for some initial data py € P2(RY). We are interested in analysing the behaviour of the
diffusive or parabolic rescaling p=V(¢,7) = e 9™ (¢7%t,e ) in the joint limit ¢ —

0,N — oo. One can check that p*" is the law of €Xy/e2, where X, is the solution of
the system of SDEs in (1.16). Additionally, this is equivalent to studying the law of
the interacting particle system in (1.16) in the presence of highly oscillatory potentials
Ve(z) = V(e 'z) and We(x) = W(e 'z). The individual limits themselves are well
understood. For a fixed € > 0, as N — oo, we have, as discussed in Theorem 1.2, that p&~
converges to p>®N, where p(t, ) is the solution of the McKean—Vlasov equation (MVE)
on R? with the potentials V¢ and W¢, i.e.

(MVE-¢) Oipf = B AP+ V- (pF(VWE % p+ VVF)),
On the other hand, for a fixed N < oo, as ¢ — 0, p>V(¢,2) converges uniformly to
p™*(t, z) which solves

O pN* =V - (AN pN*) (¢, 2) € (0,00) x RN

p™*(0) = do
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where AN ¢ R¥*N? ig the effective covariance matrix. The corresponding limit is
referred to as the diffusive limit and is a classical result in the homogenisation of parabolic
PDEs. It can be proved using analytic [BLP11| or probabilistic [KL.O12, Chapter 9|
techniques. The effective matrix A°®" can be obtained by solving a so-called corrector
problem and represents the effective transport coefficients of the system of particles.
Before we understand the joint limit, we first need to determine whether the two limits

1. 1 e, N 1 1 e, N
() and - i (),

exist, and if so, do they commute. Even though we are considering the problem on R,
since V' and W are periodic, it is influenced by the corresponding quotiented problem, i.e.
the system obtained by restricting the particles to T¢. Thus, for the analysis of the limit
lim._, p°(t, z), where p° is the solution of the rescaled McKean—Vlasov equation (MVE-¢),
the corresponding problem on T?, and thus the phase transitions discussed in Theorem 2.2,
may play a role. In fact, we need only a weaker notion of phase transition, based on
multiplicity of steady states of (MVE) (cf. Definition 7.18), to notice the effect on the
limit of p°(t,z). We state an extremely formal version of the results in Chapter 7 in the
following theorem.

THEOREM 2.8 (cf. Theorems 7.9 and 7.16 and Corollary 7.27). Assume V,W € C*(R?)
are such that quotiented mean field PDE (MVE) on T¢ exhibits a phase transition at some
B = Be, in the sense of Definition 7.18. Then, for all 5 < . and all initial data of (2.5),
it holds that

. . e,N _ . . e,N
i, 7 ) = i T ()

On the other hand for 8 > B., there exists initial data py € Po(R?) for (2.5) such that

. . e,N . . e,N
B i, 7 ) 7 i T ()

Thus, we can see from the above result that the presence of phase transitions plays
an important role in the commutativity of the limits. Note that, if they do commute, the
joint limit is given by p(t, ) which solves

Op =V - (AVp) (t,z) € (0,00) x R?
p(0) = do ’

for some effective matrix AT € R%*?. The proofs of the two limits use different techniques.
For the N — oo followed by ¢ — 0 limit, we use a probabilistic approach based on the
martingale central limit theorem. The key step is obtaining carefully controlled estimates
on a time-dependent version of the corrector problem and using information about the
long-time dynamics of the quotiented system in the presence and absence of phase tran-
sitions. For the ¢ — 0 followed by N — oo limit, we use ideas from [HM14, CDP19b| in
which the dynamics of p=" (¢, z) are pushed forward, under the empirical measure pN),
to the space Py(P2(R%)). Then, using ideas from the theory of mean field games [Lio07],
we pass to the limit N — oo in the covariance matrix A*®" . Finally, using techniques
from [CDP19b]|, we can pass to the limit in the effective flow on Py(Py(R?)).

The results in Chapter 7 are also of independent interest because they contain, to
our knowledge, the first homogenisation result for the McKean—Vlasov equation. Our
work implies that, when approximating the behaviour of the mean field system by the N-
particle system, one needs to be careful in the presence of phase transitions, as the effective
properties of the two systems can be quite different. In Corollary 7.27 and Fig. 7.3, we
show how stark this difference can be for a one-dimensional system exhibiting a phase
transition.
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Bifurcations and phase transitions






CHAPTER 3

Linear diffusion

The contents of this chapter are based on the following paper written with J. A.
Carrillo, G. A. Pavliotis, and A. Schlichting:

[CGPS20] J. A. Carrillo, R. S. Gvalani, G. A. Pavliotis, and A. Schlichting. Long-Time
Behaviour and Phase Transitions for the Mckean—Vlasov Equation on the Torus.
Arch. Ration. Mech. Anal., 235(1):635-690, 2020

3.1. Introduction

In this chapter, we analyse the PDE associated to the system of interacting SDEs on
T9, the torus of side length L > 0, of the following form

N
i#j

where the X! € T¢,i = 1... N represent the positions of the N “particles”, W is a periodic
interaction potential, and the B!,i = 1... N represent N independent T?valued Wiener
processes. The constant 5 > 0 represents the inverse temperature. Based on the choice
of W, one can then obtain models for numerous phenomena from the physical, biological,
and social sciences. This system is a specific instance of the system of interacting diffusions
in the McKean-Vlasov regime discussed in Section 1.1.4 with V' = 0 and Q = T%.

As discussed in Section 1.2.1, it is well known (cf. [Oel84, Szn91]) that for this class of
SDEs one can pass to the so-called mean field limit: if we consider the empirical measure
defined as follows

N N

1 .
pM) = N g Oxi, with  Law(X, := (X5 X)) = Hpo(xi),
i=1

=1

then, provided that W is sufficiently nice (cf. Theorem 1.2), as N — oo, E(p)) converges
in the sense of weak convergence of probability measures to some measure p satisfying the
following nonlocal parabolic PDE

{atp =B Ap+ V- (pVW % p)

(3. p(0,) = pol)

The above equation is commonly referred to as the McKean—Vlasov equation (cf. (MVE)
in Chapter 1), the latter name stemming from the fact that it also arises as the overdamped
limit of the Vlasov—Fokker—Planck equation. Equation (3.1) can also be thought of as a
nonlinear Fokker—Planck equation for the following nonlinear SDE, commonly referred to
as the McKean SDE,

dX, = —(VW % p(t))(X,) dt + /25~ 1dB, ,

57
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where p = Law(X;). The PDE (3.1) itself has a very rich structure associated to it - we
have the following free energy functional

32 Ealp) =" [ pogpdass [ W= ppwinte)dyds = Sio)+£00)

where Ss(p) and E(p) represent the entropy and interaction energy associated with p
respectively. This is identical to energy E}'V introduced in (1.25). We have dropped
the superscript MV as we will only be working with the McKean—Vlasov energy for the
rest of this chapter. It is well known, starting from the seminal work in (cf. [JKO98,
Ott01], Section 1.3, and Theorem 1.13), that this equation belongs to a larger class of
dissipative PDEs including the heat equation, the porous medium equation, and the
aggregation equation, which can be written in the form

oF
Op=V - (pV—) ;
op

for some free energy E and are gradient flows for the associated free energy functional
with respect to the 2-Wasserstein distance. Our goals are to study some aspects of the
asymptotic behaviour and the stationary states of the McKean—-Vlasov equation for a
wide class of interaction potentials. In terms of the asymptotic behaviour, we analyse the
stability conditions for the homogeneous steady state 1/L¢ and the rate of convergence to
equilibrium. We extend the L?-decay results of [CJLW17] to arbitrary dimensions and ar-
bitrary sufficiently nice interactions and also provide sufficient conditions for convergence
to equilibrium in relative entropy.

The rest of the chapter is devoted to the analysis of the properties of nontrivial sta-
tionary states of the Mckean—Vlasov system, i.e. nontrivial solutions of

B1Ap+V - (pVW xp)=0.

Previous results in this direction include those by Tamura [Tam84|, who provided some
criteria for the existence of local bifurcations on the whole space by using tools from non-
linear functional analysis, in particular, the Crandall-Rabinowitz theorem. Unfortunately,
his analysis depends crucially on the unphysical assumption that the interaction potential
is an odd function. One of the main results of this chapter is a complete, quantitative,
local bifurcation analysis under physically realistic assumptions. Dawson [Daw83| studied
for the first time the existence of nontrivial stationary states for a particular double-well
confinement and Curie-Weiss interaction on the line. The existence of nontrivial station-
ary states or the bifurcation of nontrivial solutions from the homogeneous steady state is
usually referred as phase transition in the literature. We also mention that more recently
several authors [Tugl4, DFL15, BCnCD16] looked at the existence of phase transitions in
the whole space with different confinement and interactions. The most related work to us
in the literature is due to Chayes and Panferov [CP10], who studied the problem on the
torus and provided some criteria for the existence of continuous and discontinuous phase
transitions.

In addition to presenting an existence and uniqueness theory for the evolution problem,
we extend considerably the results of both [Tam84| and [CP10|. We provide explicit
criteria based on the Fourier coefficients of the interaction potential W for the existence
of local bifurcations by studying the implicit symmetry in the problem. In fact, we
show that for carefully chosen potentials it is possible to have infinitely many bifurcation
points. Additionally, we extend the results of [CP10] and provide additional criteria for
the existence of continuous and discontinuous phase transitions.
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3.1.1. Statement of main results. We only state simplified versions of our results
in one dimension, so as to avoid the use of notation that will be introduced later. We
only need to define the cosine transform, W (k) := (2/L)"/? Jo W (z) (:08(27”g )dz for k €
Z,k > 0. We work with classical solutions of (3.1) which are constructed in Theorem 3.4.

THEOREM 3.1 (Convergence to equilibrium). Let p be a classical solution of the McKean—
Viasov equation (3.1) with smooth initial data and smooth, even, interaction potential W .
Then we have:

(a) [fOA<B < W/%/—T‘LPO(T) then Hpt LHL2 — 0, exponentially, as t — oo,
(b) If W (k) >0 forallk € Z,k > 0, orO<5<W then H(p(t,-)|1) — 0,

exponentzally, as t — oo

where H(p(t)|poo) pr 10g< ) dxz denotes the relative entropy.

The previous theorem implies that the uniform state can fail to be the unique sta-
tionary solution only if the interaction potential has a negative Fourier mode, i.e. the
interaction potential is not H-stable. Thus, the concept of H-stability introduced by Ru-
elle [Rue99] is relevant for the study of the stationary McKean—Vlasov equation as noticed
in [CP10]. We have the following conditions for the existence of bifurcating branches of
steady states.

THEOREM 3.2 (Local bifurcations). Let W be smooth and even and let (1/L, ) rep-
resent the trivial branch of solutions. Then every k* € Z,k* > 0 such that

(1) card{k eZ.k>0:W(k) = W(k;*)} =
(2) W(k*) <0

leads to a bifurcation point (1/L, By) of the stationary McKean—Viasov equation through
the formula

(2 L)l /2
W(k*)
We are also able to sharpen sufficient conditions for the existence of continuous or

discontinuous bifurcating branches. The following theorem is a simplified version of the
exact statements that are presented in Theorem 3.35 and Theorem 3.43.

ﬂ*:_

THEOREM 3.3 (Discontinuous and continuous phase transitions). Let W be smooth and
even and assume the free energy Eg defined in (3.2) exhibits a transition point, 5. < oo,
in the sense of Definition 3.25. Then we have the following two scenarios:

(a) If there exist strictly positive k* k', k¢ € Z with W (k) = W(k®) ~ W(k¢) ~
ming, W (k) < 0 such that k* = k¥ + k°, then f, is a discontinuous transition
point.

(b) Let k* = argmin, W (k) be uniquely defined with W (k*) < 0 and B; = /2L /(W (kY)).
Let W,, denote the potential obtained by multiplying all the negative Fourier modes
W (k) except W (k') by some o € (0,1]. Then if & is made small enough, the tran-
sition point B is continuous and . = Pj.

The proof of the above theorem relies mainly on Proposition 3.32 which states that if
Poo is the unique minimiser of the free energy Eg at 3 = 3 then 3. = 34 is a continuous
transition point; on the other hand if p. is not the global minimiser of Fz at 8 = f,
then 8. < B and f3, is a discontinuous transition point.

We conclude the introduction with a figure to provide the reader with some more
intuition about the spectral signature of continuous and discontinuous phase transitions.
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As it can be seen in Figure 3.1, the results of Theorem 3.3 essentially apply to two
perturbative regimes. Figure 3.1(a) shows the scenario for the existence of a discontinuous
transition point in which there are multiple resonating/near-resonating dominant modes
k® kb k¢ which satisfy the algebraic condition k* = k® + k¢ from Theorem 3.3(a). This
condition allows us to construct a competitor state at 3 = 4 which has a lower value of Ej
than p., by controlling the sign of the higher order terms in the Taylor expansion of the free
energy. The statement Theorem 3.3(a) is then a direct consequence of Proposition 3.32.

Figure 3.1(b) shows the scenario in which there is one dominant negative mode and
all other negative modes are restricted to a small neighbourhood of 0. In this case, there
exists a continuous transition point. The proof follows by showing that p., is the unique
minimiser of Fg at § = B;. For controlling the involved error terms, the neighbourhood
needs to made by small, which is equivalent to making « small in the statement of The-
orem 3.3(b). As it will become clear in Section 3.5, the condition in Theorem 3.3(b) is
essentially an assumption on the size of the spectral gap of the linearised McKean—Vlasov
operator. Again, applying Proposition 3.32, the result follows.

| 11 *
= =
& &
1 2 3 4 5 6 7 8 9 10 i 2 3 4 5 6 7 8 9 10
k k
(A) (B)

FIGURE 3.1. (A). The near-resonating modes scenario, in which the modes
k* =7, kb = 5, k¢ = 2 satisfy the algebraic condition k* = k® + k¢; (B). The
dominant mode scenario.

This chapter provides a complete local and global bifurcation analysis for the Mckean—
Vlasov equation on the torus. This enables us to study phase transitions for several
important models that have been introduced in the literature. This is done in Sec-
tion 3.6. In particular, we apply our results to the following examples: the noisy Ku-
ramoto model for synchronisation, the Hegselmann—Krausse model for opinion dynamics,
the Keller-Segel model for bacterial chemotaxis, the Onsager model for liquid crystal
alignment, and the Barré—Degond—Zatorska model for interacting dynamical networks.
As an example of the typical bifurcation diagram expected for this kind of system, we
discuss the noisy Kuramoto model (cf. Section 1.5.1) which has the interaction poten-
tial W(x) = —(2/L)?cos(2rz/L). For 8 sufficiently small, the uniform state is the
unique stationary solution. At some critical § = [, a clustered solution branches out
from the uniform state and for all § > f. this clustered state is preferred solution, i.e.
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it is the global minimiser of the free energy, Ez. The bifurcation diagram and a plot of
the clustered solution can be seen in Figure 3.2. The model is discussed in more detail
in Section 3.6.1.

FIGURE 3.2. (A). The bifurcation diagram for the noisy Kuramoto system:
the solid blue line denotes the stable branch of solutions while the dotted red
line denotes the unstable branch of solutions; (B). An example of a clustered
solution representing phase synchronisation of the oscillators. See also the
discussion surrounding bifurcations for the XY model in Section 1.4.2

Outline: The chapter is organised in the following manner: In Section 3.2, we intro-
duce assumptions on the interaction potential W, state a basic existence and uniqueness
theorem for classical solutions of the evolutionary problem and present a series of results
about the stationary problem and the associated free energy that we use for our later
analysis. In Section 3.3, we present the proof of Theorem 3.1. Additionally, we perform
a linear stability analysis of the McKean—Vlasov PDE about 1/L%. Section 3.4 is mainly
dedicated to the proof of Theorem 3.2, including further details about the structure of the
bifurcating branches and the structure of the global bifurcation diagram. In Section 3.5,
we give sufficient conditions for the existence of continuous and discontinuous phase tran-
sitions and we present the proofs of Theorem 3.3(a) and Theorem 3.3(b), along with some
supplementary results. In Section 3.6, we apply our results to various models from the
biological, physical, and social sciences.

3.2. Preliminaries
Let Q = T¢ = RY/LZ4= [~L, L)" € R? be the torus of size L > 0.

3.2.1. Assumptions on W. Throughout the subsequent discussion we will assume
that W is at least integrable and coordinate-wise even, that is

for a.e. x € T% Vi € {1,...,d}: Wiy, ...,xiy. .. xq) = W(xy, ..., =Ty ..., 2q) .
For the evolutionary problem we will assume
(A1) W e W=(Q),

while for the stationary problem we will assume
(A2) WeH Q) and W_e€L>®(Q) with W_(x)=min{0, W(z)},
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where the LP(Q2) with 1 < p < oo represent the Lebesgue spaces and W*?(Q) represent
the Sobolev spaces with H*(Q2) = W*2(Q) (cf. Chapter 0). Wherever required, weaker or
stronger assumptions will be indicated in the text. As one may expect, the assumptions
on W for the evolutionary and stationary problems to be the same, it is important to
mention that these assumptions are in no way sharp and the aim of this chapter is not to
study low regularity theory for this class of PDEs.

3.2.2. Existence and uniqueness of solutions for the dynamics. We present
an existence and uniqueness result for the McKean—Vlasov equation and comment on
the nontrivial parts of the proof. The proof is quite standard. Our result is an exten-
sion of [CJLW17, Theorem 4.5 since we consider all potentials W satisfying Assump-
tion (A1) in any dimension d, as opposed to [CJLW17, Theorem 4.5| which deals with the
Hegselmann—Krause potential in one dimension. Additionally, we prove strict positivity
of solutions as opposed to the nonnegativity proved in [CJLW17]. We prove below the
existence of classical solutions p(t,-) € C%(f) to the system

Op = B Ap+V-(pVW xp),  (t,z) € (0,T] x Q
(3.3) _
{P(Qx) = p0($)7 r €l

THEOREM 3.4. Assume Assumption (A1) holds, then for py € H34(Q) NP(Q), there
exists a unique classical solution p of (3.3) such that p(t,-) € P(Q) N C*(Q) for all
t > 0. Additionally, p(t,-) is strictly positive and has finite entropy, i.e. p(t,-) > 0 and
Ss(p(t,-)) < oo, for allt > 0.

PROOF.
Existence: We start by arguing that for smooth initial data, p’ € P(Q2) NC>*(Q2), the
following sequence of linear parabolic PDE:

atpn = ﬁ—lApn + V(PnVW*Pn—l) ) (ta Qf) € (Oa T] X
(34> Vi€ {L)d} pn(t7+Lez) :pn<t7)7 (t,[[‘) € [07T] X 00 )
pt,z) =p, (t,z) € {0} x O

have unique smooth solutions. The proof of this follows from classical results in the theory
of linear parabolic equations (cf. [Eval0, Chapter 7]). Thus, we have a sequence {p, }nen €
C*([0,T] x Q) NP(2). We define a weak solution of our nonlocal McKean—Vlasov PDE
as any function p € L*([0,T]; H(Q)) N L>=([0,T]; L*(Q?)) and 9;p € L3([0,T); H*(Q))
such that

T T
| @it [ [ 57V Vs 090 <p) - Vadadr ~0.
0 0

for all n € L*([0,T]; H'(Q2)) with p(0,z) = p’. The idea then is to show that the sequence
{pn}nen has some compactness properties so that up to a subsequence we obtain limits
which we would then expect to satisfy our definition of a weak solution. Using essentially
the same ideas as in [CJLW17| and the given regularity of W we obtain the following
results

(3.5a) pn—p  in L0, T]; LY(Q)),
(3.5b) po —p i LX([0,T]; HY(Q)),
(3.5¢) Oipn, — Op in L*([0,T); H'()),

where p,, is a subsequence and p is the limiting object which we expect to be a weak
solution. Additionally, both the limit and the sequence satisfy the following estimate:

(3.6) 1o Lo .1 22()) T 10 22010 )y 11021 20,77 m5-1020) < CDNA 2y -
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Now we multiply (3.4) by some n € L?([0,T]; H'(Q2)) for some n = n; and integrate by
parts to obtain

(3.7)
T T
| @onthsymiadt+ [ [ 571 V0n Vit pu W s pua) - Vipdedt =0,
0 0

Consider the following term,

//pnk Wk ppy—1) - Vndadt = //pnk— V(W % pp,—1) - Vndrdt
+/ /pV(W*(pnkl—p))-Vndxdt
0 Q
T
+/ /pV(W*p)~Vndxdt.
0 Q

For the first term on the right hand side notice that
V(W 5 pug 1) - Vi € LA(0, T; L)) < LA([0, T]; H (%)
Indeed, we have
T
(3.8) /0 IV OV 5 pn—1) - Vil oy At < LW Lo IV g0 17582000 -
For the second term we have
T
/ / PNV (W x (pn—1 — p)) - Vi da dt
0 Ja

SHPHLOO([O,T];L?(Q))||Vn||L2([0,T];L2(Q)) V(W * (ppy—1 — p))HL?([O,T];LOO(Q))

T 2
<C(T)||10/||L2(Q)||V77||L2([O,T];L2(Q))||VW||L°°(Q) (/ |Png—1 — P||il(9) dt)
0

We know that ||pn,—1 = pll 10y < lPne—1ll 1) + £l 11 (o) = 2 therefore we obtain

1
T 2 1
2 2
(3.9) (/ [ng—1 — pHLl(Q) dt) < \/§<Hpnk*1 - PHLl([o,T];Ll(Q))) :

Using (3.5a) and (3.5b) along with the estimates (3.8) and (3.9) we obtain

//pnk (W % pry—1) Vndx—)/ /pVW*p Vndz,

for all n € L2([0,T]; H'(Q)). Addltlonally, we can use (3.5¢) to argue that

T
k—o0
/0 (O ) gy 1(Q),H(Q) dt == ; <atp777>H—1(Q),H1(Q) dt, vne L*([0,T); H'(2)).

Finally using (3.5b) we obtain

T T
/ / Von, - Vndzdt "= / / Vp-Vndxdt, Vne L*([0,T]; H ().
0 Q 0 Q
Putting it all together we obtain
T T
/ (Oep, ) jr-1.0), 11 () AT + / /QB‘IV/) -V + pV(W xp) - Vndadt =0,
0 0

for ally € L*([0,T]; H*(2)). What remains is to check that p satisfies the initial condition,
ie. p(0,-) = p'. This condition makes sense as we know from |Eval0, Section 5.9.2,
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Theorem 3| that p € C([0,T]; L*(Q2)). Picking n € C*([0,T]; H'(Q)) such that n(T,z) =0
the weak form of the PDE reduces to:

T T
— [ 0ot + [ [ B0V VOV < p) - Vydads
0 0

:/ p(0,2)n(0,x) dx .
0

Similarly, choosing the same 7 for (3.7), we obtain

T
—/0 (O, P -1 (), 111 (0 A

T
—i—/ / ﬁﬂVpnk -V~ pp, VW % pp, ) - Vndazdt = / p'n(0,z)dx .
0o Jao Q

As k — oo, we obtain the following relationship:

/Q (0, 2)0(0, ) dz: — /Q on(0,2) dz .

Since 7(0, ) can be any arbitrary H'({2) function it follows that p(0,z) = p'. It should
also be noted that (3.5a) implies that p(t,-) € P(€2), t a.e. This completes the proof of
existence of a weak solution for smooth initial data. We can now relax the regularity
assumption on the initial condition to p € L*(Q) N P(Q) to obtain existence of a weak
solution. We do this by mollifying the initial data p. = ¢, * po(here ¢, is the standard
Friedrichs’ mollifier), applying the above arguments again, and then passing to the limit
as e — 0.

Uniqueness: Assume p; and p, are two weak solutions for some initial data p, €
L*(Q) NP(2) and set & = p; — pa. Then we have for all n € L2([0,T]; H'(Q2))

T T
/ (O M) pr-1(0) 111 (2 dt+/ /B Ve Vndodt = / /fV(W*pl) - Vndxdt
0 o Jo
T
(3.10) —/ /pQV(W*é) -Vndzdt.
o Jo
We can estimate the first terms on the right hand side of the above expression as follows

T
/ EV(W % py) - Vndmdt‘
Q

SHV(W*Pl)HLoo([o,T};Loo ”5HL2 ([0,T);L2(Q ”VUHL? ([0,T);L2(2))
SHVWHLOO(Q)||f||L2([o,T];L2(Q))||V77||L2([0,T};L2(Q))

—1
2 2 2
STHVUHLQ([O,T};LZ(Q)) + BINVWI oo ) 1€ 720 112222 -

The second term follows in a very similar manner

P2 V(W % &) - Vndadt
0

<llp2ll Lo 0,732 I V1 2200 7y;2200) IV W * Ell 22 10,79, 2200))
Cc(T) ||100||L2(Q) ||VW||L°°(Q) ||V77||L2([0,T};L2(Q)) ||§||L2([0,T];L2(Q))

-1
2 2 2 2
< IVnllzzqo 220 + BET) 100 2 VW e ) 1€ 2 0,722 -
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Using the above estimates and setting n = £ in (3.10), we obtain

T
| 08101000 S(PIVW i)+ BCT Pl W ) Wl s -

Applying [Eval0, Section 5.9.2, Theorem 3|, we know that

(048, E) iy sy = 3 3516 o
Thus, we have

1 4 d 2 2 2
3| IO at <(Cs + ColT il €0y

Thus, for almost every ¢ € (0,77, it must hold that

IOy <(Cr + oDl ) 16O -

Applying Gronwall’s inequality and noticing from [Eval0, Section 5.9.2, Theorem 3| that
p1,p2 € C([0,T]; L*(Q2)), we have the desired uniqueness, i.e. [|{(t)]| 2 = 0 for all
e (0,77.

Regularity: We return to the sequence of linear PDEs presented in (3.4). If we mollify
the initial data, p'* = . * py, we obtain sequence of linear parabolic PDE with smooth
and bounded coeflicients which thus have smooth solutions, {p5,}52 . This leaves us free
to take derivatives to any order. After establishing the required regularity estimates on
this mollified sequence, we can pass to to the limit as n — oo. We will again omit the
standard arguments for passing to the limit as ¢ — 0 and will suppress the dependence
on € in our calculations. For regularity in space, we need to derive the following estimate:

190l 2o s mv+2 @y + 1Pl oo o i1 )y < Cr(T 6, for po € HYQ)NP(Q),

where k£ > 0 and C}, is a constant that depends on the H*(£2) norms of the initial data for
¢ < k. We prove this by induction noting that the & = 0 case follows from estimate (3.6).
We assume the estimate is true for k—1 > 0 and try to prove it for k. Differentiating (3.4)
by 0, for some multi-index a with |«| = k, multiplying it by Ad,p, and integrating by
parts, we obtain

HvaaanLz + ﬁiluDZ&MOnHiz(Q) < /Q‘Aaapnaav : (pnvw*pnflﬂ dz.

2 dt
Applying Young’s inequality, we deduce
1d
2dt||vaapn||L2(Q + 6~ 1HD aocanp
a 2
(3.11) STHD%’aPnHLz(Q) + CZHPn(@ciW * Pn—l)”}zqkﬂ(g) :

i=1
All that remains now is to obtain a useful estimate on the second term on the right hand

side given the regularity on the interaction potential that we have, i.e. W € W2>(Q).
We have the Poincaré inequality (cf. Lemma B.5)

||pn<a$1W * pn—l) H?{kﬂ(g)

<C\ [lpn(02,W * p— 1)HL2 + Z 10 (00, (W prn 1))HL2

|v|=k+1
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For the second term (for some multi-index v with |y| = k + 1) by the Leibniz rule we
obtain

2

D CUA) (D09 (DeDeW % ppa)

1<y

12(9)
< > O ANN—epallz2() 1000 W % pr e (e

(<, 0|<min(d,k+1)

S Al 10D paa P2y

£<~,|€|>min(d,k+1)

2 2 2
< § c(l, 7)||pn||Hk+1(Q)||W||W27°°(Q)||pn—1||Hmin(d7k+1)*1(ﬂ)
£<, || <min(d,k+1)

2 2 2
+ Z C(f, 7)||aw—€pn||L°°(Q)||W||W21°0(Q)||pn—1||Hk(Q) .
£<~,|¢|>min(d,k+1)
Note that for the second inequality, we have simply integrated by parts in the convolution
and applied Holder’s inequality. If d > k+1, then it is clear that the second sum vanishes
and we have
2 2 2
105 (00, (W x pn—1)) 2 () SCllpnllzme ol on-1llnq) -

Let us assume that this is not the case, i.e. min(d,k + 1) = d. We now note that for
(| > d we have |y—{| = |y|—|¢| < k+1—d. Thus, for |{| > d, ,_p, € H*(Q) and by the
Sobolev embedding theorem (cf. Lemma B.1), [[0y—¢pnll e () < |05—epnll graqy- Using this
and retaining only the highest order Sobolev norms we can obtain the following estimate

2 2 2
105 (Pn 0, (W % pn1)) 72y SCllonllgrroyllon—1lltx ) -
Thus, finally we have the following bound

2 2 2
||pn8$i(W*pn—1)||Hk+1(Q) < C||pn||Hk+1(Q)||pn—1||Hk(Q) :

Substituting this into (3.11), summing over all |a| = k, and integrating with respect to

time we derive
—1

sup || pnll5s + =100l 201002 (@)
0<t<T 2 Y

2 2 2
<[|p"zgsr + CHPnHLz([o,T};HkH(Q))HPn—lHLoo([o,T};Hk(Q))
=:Cp1(p, 1),
where in the last step we have used the induction hypothesis for p, and p,_;. We are now
free to pass to the n — oo limit and obtain
(3.12) 120 2o sz () + 10l oo o7, 100 41 0y < O (T4 97) -

The method for obtaining regularity in time is identical to [CJLW17, Theorem 4.3 and
we have the following estimates for py € H* () N P(Q) :

O"p € L*([0,T]; H¥~*"1(Q)) N L>=([0,T]; H¥~*™(Q)), for 0 <m < j.

Finally, we are in a position to apply our assumptions on the initial data. Setting k+1 =
3+d in (3.12), we have that p € L>([0,T]; H**4(Q)). It follows by the Sobolev embedding
theorem (cf. Lemma B.1) that p(t,-) € C%(Q). Similarly, setting 2j = 3 + d it follows
that, 0;p € L*([0,T); H**4(Q)) and 82p € L*([0,T]; H4(S2))(since 2 < (3 + d)/2, for any
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d > 1). Since the embedding H**4(Q)) — H'™4(Q) is compact (cf. Lemma A.6), by
the Aubin—Lions lemma, it follows that 9;p € C([0,T]; H*(€2)). Again, by the Sobolev
embedding theorem, we have d;p € C([0,T]; C*(£2)), which gives us the required pointwise
differentiability in time.

Positivity. Consider the “frozen” linearised version of the McKean—Vlasov equation, i.e.

o) =V- (ﬁ_IVﬁ + (VW % p(t, x)))

This is a linear parabolic PDE with uniformly bounded and continuous coefficients. Ad-
ditionally, p(t,x) is a classical solution to this PDE. Thus, we have a Harnack’s inequality
of the following form (cf. [BKRS15, Theorems 8.1.1-8.1.3] for sharp versions of this result)

sup p(t1,x)) < C’igf p(te, x)
Q

for 0 < t; < ty < oo for some positive constant C. Since we know that p(t,z) is
nonnegative this implies that igf p(t,x) is positive for any positive time. The fact that

the entropy is finite follows from the fact that p(¢, z) is positive and bounded above. [

3.2.3. Characterisation of the stationary solutions. In subsequent sections, we
will study the stationary solutions of the McKean—Vlasov equation (3.3), i.e. classical
solutions p € C?*(2) of

(3.13) V- (B 'Vp+pVWxp) =0, z€Q.

In this subsection, we present standard results about the stationary McKean—Vlasov equa-
tion that will be useful for our later analysis. The main results in this section are The-
orem 3.5 which discusses the existence of solutions and their regularity, Proposition 3.6
which connects stationary solutions to minimisers of the free energy, and Theorem 3.9
which discusses the existence of minimisers for the free energy.

We start by discussing the existence and regularity question for the stationary problem.
The proof relies on the link between the stationary PDE and the fixed points of a nonlinear
map as was discussed in [Tam84| and [Dre87].

THEOREM 3.5 (Existence, regularity, and strict positivity of solutions for the station-
ary problem).
Consider the stationary McKean—Viasov PDE (3.13) such that Assumption (A2) holds.
Then we have

(a) There exists a weak solution, p € H'(Q)NP(Q) of (3.13) and any weak solution
is a fized point of the nonlinear map T : P(Q2) — P(Q)

1
3.14 Tp=———eP"*  where :/ AW qg

(b) Any weak solution p € H'(Q) NP(Q) is smooth and strictly positive ji.e. p €
C>(Q)NPL(Q).

PROOF. The weak formulation of (3.13) is
(3.15) —B_l/V@-Vpdx—/pngVW*pdx—O, Vo € H'(Q),
Q Q

where we look for solutions p € H'(2) NP(Q2). We have the following estimate on the
map 7 from (3.14)
(316) ||Tp||i2(ﬂ) < ||7’p||LOO(Q) < eﬁ(llw—IILOO(Q)+||W||L1(Q)) )

Thus, it makes sense to search for fixed points of this equation in the set E := {p €
L*(Q) NP(Q) : HpHiz(Q) < HIW=llzoo @) HIWllL @)Y ag all fixed points must be in this set.
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It is easy to check that F is a closed, convex subset of L*(2). We can now redefine 7 to
act on E. Additionally, for any p € E, we have that

(3.17)
1 TPl ) =N TPl 2y + IV To 300y < 1Tl ey (1 + BTl ey VW )

where we have used the fact that W € H'(Q). Thus, using (3.16), we have that T(F) C E
is uniformly bounded in H'(2). By Rellich’s compactness theorem, this implies that 7 (E)
is relatively compact in L?*(2), and therefore in E, since E is closed. Furthermore, T is
Lipschitz continuous, i.e. we have for p1,ps € E : [[Tp1 — Tpall12(0) < Cllor — p2ll2(
for some positive constant C'. By the Schauder fixed point theorem, there exists a fixed
point of p € E of T which by (3.17) is in H'(£2). Plugging this expression into the weak
form of the PDE (3.15) we obtain (a). Also note that fixed points of 7 are bounded from
below by e~ BUIW=ll oo (@) HIWll 1 (@) TPl oo 2)) , proving the positivity of them.

Before proceeding to the proof of (b), we argue that every weak solution in H'(€) N
P(Q) is a fixed point of the nonlinear map, 7. Consider the “frozen” version of the weak
form in (3.15),

(3.18) —B_l/V@-Vﬂdm—/ﬂVgo-VW*pdx:O, Yo e H(Q),
Q )

where p € H*(2) N'P(Q) is a weak solution of (3.13) and 9 is the unknown function. The
above equation is the weak form of a uniformly elliptic PDE whose associated bilinear
form is coercive in the weighted space, Hy (€, Tp) where H} () = H'(Q)/ R. To see this,

set ¥(x) = h(x)Tp. We then obtain the following integral formulation of the transformed
PDE,

—Bl/VLp'Vthdxzo, Vo € HY(Q).
Q

Let hy and hs be two weak solutions of the above equation. By choosing ¢ = hy — hy = h,
we obtain a unique weak solution to (3.18) up to normalisation. Here, we also used that Tp
has full support, since it is bounded from below. Hence, if it is chosen to be a probability
measure, it is unique. We observe that ¢ = Tp is such a weak solution, as is p. This
implies that any weak solution must be such that p = Tp.

We obtain regularity of solutions by observing that if f € H™(Q),g € H™(2), then we
have that fx g € W™>°(Q)). Then we use a bootstrap argument, i.e. W € H'(Q),p €
H'(Q) implies that p = Tp € W2>(Q). This implies that W x p € W3*°(Q) and so on
and so forth. Thus, we have that p € H™(Q2) N W™>(Q) for any m € N. The strict
positivity follows from the lower bound on Tp. O

We already know that associated with this PDE we have a free energy functional
Ez : P(Q2) — (—o0,+00] defined in the space of Borel probability measures on §2 by

(3.19) =0~ /plogpdx+ / Wz —y)p(y)p(z)dy de
=Ss(p) +E(p) .

if it is finite and by +oo otherwise. The free energy Ej is a Lyapunov function for the
evolution and its negative derivative along the flow is given by the entropy dissipation
functional which is given by the square of the metric slope [0Es| : P(2) — [0, +o0]
(cf. Definition 1.9, [AGS08, Theorem 10.4.13]) with

) 1/2

pdw) ,

p
0Bl (/ Vs b
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if it is finite and +o00 otherwise. This follows from rewriting (3.3) as
Op=V-(p(B'Viogp+ VW %p))

and formally differentiating the free energy functional along the flow

d

3 Eep) Z/(ﬁ‘llongrW*p)@tpdx

=— /|51Vlogp+ VW*p‘zpdx = —|0Es*(p(t)) < 0.

The above identity is a manifestation to the energy-dissipation identity that holds for
general gradient flows (cf. Definition 1.12) in the context of the McKean—Vlasov equation.
Finally, we have the Gibbs state map Fj : P(2) — M(2). This equation encodes the
stationary states as fixed points of the nonlinear mapping 7 from (3.14)

(320)  Fslp)=p—Tp=p— Z(; 3

The identification of stationary states (3.13), critical points of Ejs and |0Ejs|, and zeros of
Fjy is given by the following proposition:

PROPOSITION 3.6. Assume W satisfies Assumption (A2) and fix 5 > 0. Let p € P(Q).
Then the following statements are equivalent:

e W where  Z(p, B) :/eﬁw*pdx.
Q

(1) p is a classical solution of the stationary McKean—Viasov equation (3.13).
(2) p is a zero of the map Fz(p).
(3) p € Pac(Q), Es(p) < oo, and

d

) s =Y,
P B(P)SZO 0

where p; = (1—8)p+sp1, fors € (0,1) and all p € P(Q)NLY(Q) with Eg(p1) < oo.
(4) p is a global minimiser of the entropy dissipation functional \GEﬁ\z(p).

PROOF. (1)<(2): Observe that p is a zero of Fp(p) if and only if it is a fixed point of T.
Thus, by part Theorem 3.5(a) we have the desired equivalence.

(2)=-(3): The main observation for this is that zeroes of Fj; represent solutions of the Euler—
Lagrange equations for Fz. Additionally, they are necessarily absolutely contin-
uous with smooth densities in P} (Q2) by Theorem 3.5(b). Let p € PL(Q2),p1 €
P(Q) N LY(Q) such that Eg(p), Es(p1) < oo and define the standard convex in-
terpolant, ps = (1 — s)p + sp1, s € (0,1). Then we have the following form of
the Euler-Lagrange equations (which are well-defined),

d :/(ﬁ_llogp+W*p)ndx:0,
s=0 Q

(3.21) = Ey(p.)
where 7 = p; — p. Now if p is a zero of Fj it is easy to check that the above
expression is zero for any p; € P(Q) N LY(Q).

(3)=(2): On the other hand assume that p € P(Q) satisfies (3). If the integrand 3! log p+
W % p in (3.21) is not constant a.e., we can find, without loss of generality, a
measurable set A of nonzero Lebesgue measure such that

A= {xEQ: (B ' ogp+ W *p) > /(ﬂllogp+W*p)pdy} .

We are now free to choose p; € Pl () to be

1

pr = 24 (1= Dxale) +xa@)) |



70

d

5

—F
ds ,3(,05)

3. LINEAR DIFFUSION

for some € > 0. For this choice of p;, we have,

=(1—¢)a+eb,
s=0

where a:% ((ﬁ_llogp+W*p)—/(5_110gp+W*p)pdy)dx7
A

1
Td p ((ﬁllogp—i—W*p) —/(5110gp+W*p)pdy> dx .

From our choice of the set A, it is clear that a > 0 and b < 0. Since € can be
made arbitrarily small, (1—¢)a+eb can be made positive. Thus, we have derived
a contradiction since p is a critical point of Ej and therefore it must satisfy the
Euler-Lagrange equations in (3.21). Thus, the integrand must be constant a.e.
from which we obtain (3)=(2).

and b

: Clearly, |0E5|* is nonnegative. Thus, if |0Ej|*(p) = 0 for some p € P () then

it is necessarily a global minimiser. Plugging in p for some zero of Fjz completes
the proof of this implication.

: Now, any global minimiser p of |0Es|*(p) must satisfy [0Es|*(p) = 0 since

10E5]*(pso) = 0. Tt follows now that p € P(Q) € LY(Q) otherwise |0E|*(p) =
+o0. It follows that [DFE3|*(p) = 0 is possible if and only if

P _
V log g v 0, ae.,

one each connected component B;, © € N of supp p. Note that there can only
be countably many such components. Each component is, by definition, open
in the subspace topology on supp p. Thus, since they are disjoint, each of them
contains a unique element of some countable dense subset (supp p is separable
since 2 is separable), that lies in none of the other components. This provides
us with an enumeration of the connected components. On each B; we have that,
p— Cpe PW* =0, a.e., for some constant, Cp, > 0. Thus, for any ¢ € H?(Q)

B_I/Vgo-Vpdx:—B_l/Aappdx
Q Q

D R
i=1 Y Bi

where we have used the fact that p is countably additive. It follows that

! /Vgp -Vpdr =— Z/ V- (VW * p)Cpe ?W* da
& i=1 v Bi

:—Z/ Vgo-(VW*p)pdx:—/Vgo-(VW*p)pdx.
i=1 v Bi Q

Thus, p is a weak solution of (3.13). By Theorem 3.5, the implication (4)=(1)
follows. O

The following lemma is taken from [CP10] in which it is shown that for any unbounded
p € P(Q) N LYQ) there exists a bounded pf € P(2) N L>(£) having a lower value of the
free energy. For the convenience of the reader, we include the entire proof.

LEMMA 3.7 (|CP10]). Assume that W satisfies Assumption (A2) and fix B € (
Then, there exists a positive constant By < oo such that for all p € P(Q) N LY(Q

0,00).
) with
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Pll o) > Bo there exists some pt € P(Q) with ||pf < By satisfying
L L

Es(p') < Es(p) .

PrOOF. We start by noticing that we can control the entropy and interaction energy from
below:

(3.22) Sa(p) =671 og peo
1
(3.23) Elp) = - §||W—||L°°(Q) )

where the bound on the entropy follows from Jensen’s inequality and the bound on the
interaction energy follows from Assumption (A2). Thus, the free energy Ejs is bounded
below. Now fix some B > 0 and p € P(Q2). Let eg be the p-measure of the Borel set,

B ={x € Q:p(x)> B}, ie.
€B :/ pdz .
Bg

Following Chayes and Panferov |[CP10], we consider two different cases of (p, B), namely,
eg > 1 5 and ep < =. For the case, eg > 1 , we have by an application of Jensen’s inequality

B_l/plogpdx 22—logB—|—ﬂ_1 plog pdx
Q g BS,
>p71 ( logB+(1—5B)log(1—5B))

>p71 (—/BlogB+e )

Since from (3.23) the interaction energy £(p) is bounded below, we choose B large enough
such that there exists some positive constant B; < B such that for all p € P(Q2) with
HpHLOo > By, ep, 2 we have p,, < B; and

Es(pso) < Es(p) -

Now consider the case for (p, B) with ep < % We write p = pg + pr, Where, pp = px5
and p, = p — pp. It should be noted that p, is not a probability measure as it is not
normalised. For B > 1,e5 > 0 we have

Ss(p) = B~ 'eplog B + Ss(pr) > Ss(pr) -

Consider the case Ez(p) < Es(poo) (otherwise the proof is complete). We now define the
following bilinear form & : L'(Q) x L'(Q) — R associated to the interaction energy

Ep1, p2) = / W= (@)l drdy.

such that E(p,p) = E(p) for any p € LY () N P(Q). The interaction energy E(p) is
bounded below and we have the following estimate

_ 1
Sa(p) < —E(p) + 57" 10g pa + §PooHW||L1(Q)

1 B 1 .
We also write
E(p) <(Sp(poc) = 95(p)) + E(Poo) < E(Po) -
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Using this and the fact that ep < %, we obtain

1 1 .
E(prspr) <Epsc) + 5225 = ERIW- | oy < E(psc) + SIW- | ey = €

Set the p, := (1 —ep) 'p, € P(Q2). We are now in a position to compute the difference
in free energy, Eg(p) — Es(py):

g
S5(p) = Sa(pr) 267 eplog B — 3= Ss(pr) + 67" log(1 — <5)

>3 tep (logB - 11+BS ) .

For the interaction energy we know that

1
E(p) = E(prypr) + 5(—253 + e Wl e -
The above estimate together with eg < % gives

—2ep + €%

)~ 60 = (T2 ) (GIW-mia + E00)) = e

Thus, if we pick B to be larger than some Bs, we have that Fs(p,) < Es(p). However,
pr can take values as large as 2B, a.e. due to the normalisation. Thus, we set, By =
max{ B, 1,2B,} and pick for pf, depending on 5 either po, or 7. O

The next lemma shows that minimisers of Eg(p) over P(2) are attained in P} ().

LEMMA 3.8. Assume W satisfies Assumption (A2) and let p € P(Q) \ P,L(?). Then,
there exists p* € P(2) such that,

Es(p™) < Es(p) -

PROOF. We can assume without loss of generality that p € L'(Q) as otherwise the proof
follows by choosing p* = po.. Let By := {x € Q : p(z) = 0}, then from assumption
p ¢ PL(Q), it follows |By| > 0. We define the competitor state

1

_ m(p(m) + g, (2)) € PL(Q)

pe()

and show that for € > 0 sufficiently small p. has smaller free energy. We first compute its
entropy

B! / -1
7 ] — B og(1 + ¢|B
Ss(pe) T+ 2[Bo] Q(p+8mo) og(p + exm,) dz — 87 log(1 + €|By|)

e|Bo| _,€|By| loge e|Bo| 4
- - o) — 1 ,
1+ 5|IB%0|Sﬁ('0) + 5 Sﬁ(p> 1+ 6|B0| (Sﬂ(p ) 6 Ogg)
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where we have used the fact that Sz(p) > S5(peo), Vp € P(),p # ps. For computing

the interaction term, we use the fact that £(p) > ——HW | oo (@) tO estimate

&)= [[ W= dray

<El)+ (W - 1)5@)

€ 1 g2

S B Byl ————
1/ |Bo|(2 + £[By|) £[Bo|
<(C/’ — Wf oo C
<)+ 3 ( TR B Wi + o
€|B0|
<& +———(C1 + (),
(v) 1+€|IB30|( 1+ )

where C1,Cy < oo depend on W and By and we have chosen ¢ to be sufficiently small.
Combining the two expressions together we obtain,

e|Bo|
1+€|B0’

Thus, for € sufficiently small but positive the logarithmic term will dominate and give us
the required result. 0

Eslp.) < Eslp) + (B log e — Ss(pas) + (Ci + Co)e).

THEOREM 3.9 (Existence of a minimiser [CP10]). Assume W satisfies Assumption (A2).
For 3 € (0,00) the free energy Eg(p) has a smooth minimiser pg € C°(Q2) NPL(L).

PROOF. Since by (3.22), Eg(p) is bounded from below over P(f2), there exists a min-
imising sequence {p;}32; C P(§2). Furthermore, by Lemma 3.7, the minimising sequence
1
can be chosen such that {p;}52, C L*(€) with 10l o) < Bg, where By is the con-
stant from Lemma 3.7. Thus, there exists a subsequence which we continue to denote by
{p;}52, such that p; — pg Weakly in L*(2). Clearly we have that [, pgdz = 1. It is also
easy to see that pg > 0, a.e. Thus, pg € L*(Q) NP (). The lower semicontinuity of Ss(p)
follows from standard results (cf. [JLJ98, Lemma 4.3.1]). Consider now the interaction
energy term. For W € L'(), the interaction energy is weakly continuous in L*(€2) [CP10,
Theorem 2.2, Equation (9)]. This implies that the free energy Ejz(p) has a minimiser pg
over P(£2). A direct consequence of this and Lemma 3.8 is that the minimisation problem
is well-posed in P} () since the minimiser ps must be attained in P;(2). We can then
use Theorem 3.5 together with Proposition 3.6 to argue that any such minimiser must be
smooth. O

PROPOSITION 3.10. Assume W satisfies Assumption (A2) such that Wy is bounded
from below, where W, is the unstable part defined in Definition 0.1. Then, for § €
(0, Beon), where Beon = ||W, _HZ;(Q), the functional Eg(p) is strictly convex on PL(),
that is for all s € (0,1) holds

Eg((1—s)p1+5p2) < (1—=5)Es(p) + sEs(pa)  Vp1,p2 € PL(Q) .

PROOF. For py, p2 € PL(Q), let ps = (1 —s)p1+ sp2, s € (0,1) and n = py — p;. Then we
have

S(p) =6~ /”—dx+/W*n>ndaz—5 s psdx+[2<<ws+wu>*n>ndx.
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Now, we apply Jensen’s inequality and use the fact that W € H, which gives us

szﬁ(Ps ) =57 (/ \n!dx> /Q(Wu*n)ndw.

Finally we bound W, (x) from below to obtain,

d2 2
T 2 (57 = W) ([ )

showing the desired statement. U

REMARK 3.11. It follows from the above result that if W, = 0, i.e. W € H,, then
Ejs(p) is strictly convex for all 8 € (0, 00).

3.3. Global asymptotic stability
In this section we present the proofs of Theorem 3.1(a) and Theorem 3.1(b)

3.3.1. Trend to equilibrium in L?*(Q). In this section we present the decay in
energy result, which follows from similar arguments to those presented in [CJLW17], but
works in arbitrary dimensions and for arbitrary W € W2 (Q).

THEOREM 3.12 ( [CJLW17]). Let py € P(Q) N H3(Q) with Ss(py) < oo and W €
W2>(Q). Then we have that

272

3 2
”p(t? ) pooHLQ < exp (t [ﬁ (E”VW”LOO(Q)) — W

Thus, if B € (0’3LIIVT/‘Q/#W>’ [p(t) = pocll 2y — O exponentially as t — oo, where

p(t,x) is a classical solution of (3.3).

>I|p(0,-) — pooll2ay

PROOF OF THEOREM 3.1(A). We start by writing an evolution equation for the differ-
ence 1 = (p — poo):

o) — BHAY = V(v VIV % 9) + %v (VW %)) .

Multiplying by @/} and integrating by parts we obtain

ey + 67 IV

< /wvw-vwwdm +
Q

= /va~VW*wdx

1

§||VW*¢||L°°(Q)H¢“L2(Q) ||V¢||L2(Q) + ﬁ“vw*¢||L2(Q)||V¢||L2(Q) :

It is easy to show that
IVW x Pl 20y < LAV oo o 19| 20 -
Using this and Young’s inequality, we obtain
- 2

2dt||¢||L2 + 1||V¢HL2(Q) §3||VW||L°°(Q)||1/}HL2(Q)||v¢||L2(Q)7

and thus

2
1
531Vl <8 (51T W limie)) 110 = 551901
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Using the Poincaré inequality (cf. Lemma B.5) with the optimal constant L/2m, we obtain
the following estimate:

3 2 2772 2
51Vl < (8 ( S5I9W i) = 35| 19

We can now apply Gronwall’s inequality to assert that

3 2 o2
1, Mia@ < exp| B ZNVW ey ) — =75 190, 2
) NG @) T 3L (
Thus, if 8 < WLMQ), we have that [|¢(¢, )|l 2q) — 0, exponentially fast, as ¢t —
0. 0

REMARK 3.13. A sharper estimate based on the diameter of the support can be ob-
tained if it is assumed that the gradient of the interaction potential has compact support
strictly contained in €. Let ¢ = R/L denote the ratio of the diameter of the support to
the size of the domain. Then we can obtain exponential convergence to equilibrium in

27
L2(Q), for f < grewy e

3.3.2. Trend to equilibrium in relative entropy. In this subsection, we will use
the free energy as defined in (3.19) to study the global asymptotic stability of the uniform
state for the system (3.3). By introducing the relative entropy

(3.24) Hiplow) = [ plog (poo) dr

we observe the following identity between the free energy gap and the relative entropy

Es(p) — Eg(poc) = BT H(plpoc) +E(p = pPocs p = o) -

By directly differentiating the relative entropy (3.24), we obtain the rate of change of the
relative entropy

d
(3.25) % =—p1 /Q |V log p|*pdz — /QV(W*p) -Vpdz.

PROPOSITION 3.14 (Exponential stability and convergence in relative entropy). Let
po € P(Q) N H3(Q) with Ss(py) < oo and W € W*°(Q). Then the classical solution p
of (3.3) is exponentially stable in relative entropy and it holds
2

H(p()lp) < 050 (—5T + 208l 0 )| Hlsnlo)

FEspecially, in the cases W € Hg (cf. Definition 0.1) for any 8 > 0 and if W ¢ Hy for
B < WELMQ) it holds that we have exponentially fast convergence to the uniform state

in relative entropy for any initial condition py € P(2) N H3+4(Q).

PROOF OF THEOREM 3.1(B). We know the solution p is classical, thus H(p(t,-)|pe0) €
C1(0,00). Using (3.25), we obtain with another integration by parts

d
o) = =571 [ [VlogpPpdat [ AWppde, Vee (0.00).
Q Q

The first term is the Fisher information and can be controlled by a log-Sobolev inequality
(cf. Lemma B.6) of the form

L2
(3.26) Hiplow) < g / Vlog pfp da |
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Now, we rewrite the interaction term in its Fourier series by (0.5), estimate it in terms of
the unstable modes and transform it back to position space

47'('2 2.4 1 ~ 2
/QAW*ppdx:_ﬁgm Wik > lale®)]

keNd k o€Symy,(A)
47'('2 2:% 1 ~ 2
—— ) |kl Walk) 5 > glo(k))]
keNd k o€Symy,(A)
:/AWu *p pde.

Now, we use the fact that AW, has mean zero to replace p by p — po and estimate

2
/AWu *p pde <[|AWy* (p — Poo)HLoo(Q)HP - Poo”Ll(Q) < ||AW11HL°°(Q)HIO - IOOOHLl(Q) :

The above term can be controlled using the Csiszar-Kullback—Pinsker inequality (cf.
Lemma B.7) in the following way

(3.27) 10 = poollpria) < V2H(plps) -

In combination with (3.26) and (3.27), we obtain the bound

4 2
00 < (=575 + 21AWalm ) Mol

Finally, by Gronwall’s inequality, we have the desired result. 0

REMARK 3.15. For the case of the noisy Hegselmann—Krausse model for opinion dy-
namics studied in [CJLW17], we have W (z) = [ ¢(|z|)x dy with ¢(|z]) = X|zj<r- We can

estimate by the same arguments |/ (x )HLOO(Q) < [[W"(@)|| () = R Thus, for § < L2 :

we have exponential convergence to equilibrium. See Section 3. 6 2 for a detailed analysis
of this model.

REMARK 3.16. By the improved entropy defect estimate of Lemma 3.40, the above
statement could be slightly improved under more specific assumptions on the unstable
modes of the potential. For the moment, we want to keep the presentation as concise as
possible and refer to Section 3.5 for the details.

3.3.3. Linear stability analysis. We start this subsection by linearising the sta-
tionary McKean-Vlasov equation around some stationary solution, pg. We obtain the
following linear integro-differential operator:

Lw =B Aw+ V-(psV(W xw)) + V- (wV (W % pg)) .
If we pick pg to be the uniforms state p., the above expression reduces to
Lw := B AW+ poo AW xw).

We are now interested in studying the spectrum of this operator over mean zero L*((2)
functions, LZ(2). From the classical theory for symmetric elliptic operators, it follows
that the eigenfunctions of this system form an orthonormal basis in L3(f2) given by

271'/

{L" PR czay g0y With the eigenvalues given by

(g (2N e (27N
Ak,_(_ﬁl( BV a2 )m(k)),
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where dW (k) = L% [, W(x)e " ¥ dz. One can check that we have the following
relationship

~ 1 ~
W, (k') = MW(k), ke = |kj)|, k€ N?,

where O(k) is as defined in (0.2). To obtain the above expression we have used the fact
that W is coordinate-wise even, which implies that

/W(x)e_i?k/"”dx:/W(x)e_izﬁrk"xdx
Q Q
d
2wkhx 2 klx
= | Wz CoS ¢ >+z’sin( ¢ ))dx
fre (e (* :
d 2wkhx
= W(x)H(cos( £ ))dm
e (=7

Thus, we have the following expression for the value of the parameter 84 at which the first
eigenvalue of L crosses the imaginary axis:

LY20(k)
mingena oy W (k)

(3.28) fi=—

We will refer to (3, as the point of critical stability. We denote by k* the critical wave
number (if it is unique) and define it as:

(3.29) k¥ = argmin W (k).
keNT\ {0}

3.4. Bifurcation theory

For the local bifurcation analysis, it is convenient to rewrite the fixed point equa-
tion (3.20) of the nonlinear mapping (3.14) by making the parameter § € (0, c0) explicit.
Hence, in this section we consider the nonlinear map F : L?(Q) x (0, 00) — L?(Q2) defined
as

1
(3.30) Fp,B) = Fs(p) = p - Eefﬁw*”, where 7 = / e PV dy
Q

where 8 > 0 is fixed, and W € L?(Q) with L?(Q), the space of coordinate-wise even and
square integrable functions as defined in (0.7).
The purpose of this section is to study the bifurcation problem:

F(p, ) = 0.

Any zero of F(p, () is also a coordinate-wise even fixed point of T : P(2) — P(2). The
converse is true if W satisfies Assumption (A2). We do not make this assumption for the
whole section as we want the bifurcation theory to be valid for more singular potentials,
e.g., the Keller-Segel model which we treat in a later section. It is also clear that the
map F(p, 3) is translation invariant on the whole space L*(Q), i.e. if p is a zero of F(p, 3)
then so is any translate p(- — y) of p(-) for any y € Q.

The first result is an easy consequence of the characterisation of stationary solutions
from Section 3.2.3, but could be also derived by standard contraction mapping argument
on the map F' as done in [Tam84, Theorem 4.1| and [MS82, Theorem 3].

PROPOSITION 3.17. Assume W satisfies Assumption (A2) and W, € L>*(QQ). Then,
for B sufficiently small, the uniform state ps, is the only solution of F(p, ) = 0.
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PROOF. Proposition 3.10 implies that E3(p) is strictly convex for f < feon = ||Wu||£olo(9)
Hence, using Theorem 3.9, it has a unique minimiser and exactly one critical point. This
implies from Proposition 3.6 that F'(p, $) has a unique solution. O

We use the trivial branch of solutions F(po,8) = 0,8 € (0,00) with p,, = 1/L% to
centre the map and define for any u € L?(f2)

(3.31) F(u, 8) = F(u+ poo, B) .

In this way, we have Ia (0,8) = 0. We compute the Fréchet derivatives of this map for
variations wy, we, w3 € L*()

(3:32) Dy(F(0.A)lun] =+ 5oV 5 01) = B | (W wwn)(a)

(333)  Dy(F(0,8)) =0,

(3.34) D25(F (0, 8))[w1] =poo(W x w1) = pls / (W xwy)(w) dz — p2 W % D,(F(0, 8)[un]
D3, (F(0, 8)[wr, ws] =B(w, — Dp<ﬁ<o 5))[ o)) (W x wy)

(3.35) — Bpoo(wa — D,( ) [ws] / W xw (z

~ B | W un (o) s = D (F(0,8))fua]) (o)
D3 F(0, B)[w, wa, ws] = — BD?,F(0, B)[wa, ws] (W *w;)

+ (D, PO, Bl wsl) [ (W ww)(w) da

(3.36) = Bz = D,F(O,A)fua]) [ (W % w1)(z)(us = D, PO, Hlus ()
- Blua = DoF0.A)fual) [ (O« wn)(a)(wz = D, (0, Bl )
B [ (W5 0) @)D F(O. D)z, wa]) o) o

We have the following characterisation of the local bifurcations of F:

THEOREM 3.18. Consider ' : L*(Q) x (0,00) — L(Q) as defined in (3.30) with
W e L%(Q). Assume there exists k* € N4, such that:

W) Wk
(1) card{k e(k)) = @((k*))} =1.

(2) W(k*) <0.
Then (0, 3,) € L2(Q) x (0,00) is a bifurcation point of F(p, 8) = 0 where

L:O(k*
(3.37) g, = _L2OW)
In addition, there exists a branch of solutions of the form
(3.39) pu(5) =poo + 5103 + 7(s050, B(3))

where wyx € L2(Q) defined in (0.1), s € (—=6,8) for some 6 > 0, and B : (=6,8) — V is
a twice continuously differentiable function in a neighbourhood V' of B, with 5(0) = p..
Moreover, it holds 5'(0) =0, 8”(0) = 26* > 0, and p, is the only nontrivial solution in a

neighbourhood of (0, B.) in L2(2) x ]R
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Specifically, the error r : span|wy] x V — (spanfwy-])t C L2(Q) is a map satisfying

(3.39) Vs € (=0,0):  r(swg, B(s)) € L>() with — r(0,0) =0,
and n ||7”(3wk*,5(5))||L2(Q) —0
|s|—0 |s]

PROOF OF THEOREM 3.2. The proof of this theorem relies on the Crandall-Rabinowitz
theorem [CRT71|, which for the convenience of the reader is included in Appendix A.2.

Before we proceed it is convenient to rewrite Dpﬁ’ from (3.32) as

(3.40) D,(F(0,8)) =I = BT,

where T : L2(€2) — L2(Q) is defined for w € L%(Q) by

(3.41) (Fw)(x) = (—poo<W*w><x> i [orew) dy) |

Using the above expression one checks that the linear operator T is Hilbert-Schmidt
o |12 o 2

(cf. (A.1)) with HTHHS = > pend |[Twr ) < 00, where {wy}rene is the orthonormal

basis of L2(Q) as defined in (0.1). Thus, 7" is compact (cf. Lemma A.6) and I — 8T is
Fredholm by Lemma A.4. Since the index of a Fredholm operator is homotopy invariant
(cf. Theorem 4.3.11 [Dav07]), we show that the mapping 8 — (/—£7") is norm-continuous:

H1—51f—l+52fH = |52—51|HTH .
L( L(L2())

L2(9))

Thus, the index satisfies ind(/ — BT) = ind(/) = 0. We diagonalize I — BT with respect
to {wr}yena

1 Vi=1..d: k=0,

1+ BLd/‘;V—(S(k)> we(z), else

(3.42) (I = BT)wp(z) = {(

Now it is easy to see that if Condition (1) in the statement of the theorem is satisfied,
then dimker(/ — BT) = 1 for § = B,. Indeed, if Condition (1) is satisfied, we have
ker(I — 8,T) = span|wy-] and Condition (2) ensures that f, is positive.

Thus, Condition (1) of Theorem A.8 is satisfied. Since Im(I — 7)) is closed we have
that Im(I — 8T") = ker(I — ST*)*, with T* denoting the adjoint. It is easy to check that
if vy € ker(I — BT), vo # 0 then vy € ker(I — BT*). Then, by differentiating (3.40) in 3
and using vy € ker(I — 8T , we get the identity

9 o . o o -1 2
<D05(F(O’6))[U0]’UO>L2(Q) =— <TU0aUO>L2(Q) = =B |lvoll72) # 0,

since vy # 0 by assumption.This implies that Diﬁ(ﬁ(o,ﬁ))[vo] ¢ ker(I — BT*)L. Thus,
condition (2) of Theorem A.8 is also satisfied. Thus, we can now apply Theorem A.8 and
use (3.33) to obtain (3.38).

Before proceeding, it is useful to characterize Im(I — 8,7). By using (3.42), we can
see that we have the following orthogonal decomposition of L?(€2) into

L2(Q) = spanfwy] ® Im(I — 8,T).
Using the identity [Kiel2, (1.6.3)] it follows that /’(0) = 0 provided that
D2 F(0, B)[wye, wye] € Im(I — B.T).
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Thus, it is sufficient to check that

A 1\ %2
2 = vk e 3 - \2L ) -
<DPPF(O>ﬁ)[wk*:wk*]’wk*>L2(ﬂ) B <5W<k ) [wk* (2> <2L> ] o >L2(Q) "

where we have used (3.35) and the fact that [,wj.dz = 0. Thus, we conclude that
£'(0) = 0. Likewise, from [Kiel2, (1.6.11)], we also have that

(Dhork 0 Bl e ] “’k*>L2<Q> 2B () (L)Y 2B,
3<D35F(O’B*)[wk*]7wk*> SPmW(k*)(L/Q)d/Q 3poo

()

p"(0) =—

>0,

where we have used (3.34) and (3.36). The first two properties of (3.39) follow from
Theorem A.8. To prove the third property in (3.39), we observe that

I71(st0, B(s))ll o)

im =0.
|51 +18(s)—8:1»0 | s| +1B(s) — B.]
Since 4'(0) = 0, we also have lims_ ‘B(S‘)Sf*' = 0. Thus, we conclude

lim ||T(8wk*76(8))”L2(Q) i ||T(ka*76(8))||L2(Q) (lim |s| +|B(s) — 5*’) ~0.

1 _=
|s|—0 |s] lsl=0 |s| +|8(s) — B4 |s|—0 ||
where we have used the fact from Theorem A.8 that [ is continuously differentiable. This
completes the proof. O

The statment of Theorem 3.18 becomes more transparent in one dimension:

COROLLARY 3.19. Fiz Q = (=L/2, L/2) and consider F : L*(Q) x (0,00) — L2(Q) as
defined in (3.30) with W € L?(Q). Assume that there exists k* € N, such that:

(1) card{k W (k) = W(k*)} —1.
(2) W(k*) <0.
Then (0, B) is a bifurcation point of ]%(p, B) =0, where
(2L)z
AW (k)

that is, there exists a branch of solutions having the following form:

1 2 2rk*z
P« (8) =7 +3\/;cos( 7 ) +o(s), se€(—0,9),

with all the other properties of the branch being the same as Theorem 3.18.

B*:

REMARK 3.20. Tt should also be noted that one can obtain the existence of bifurcations
with higher-dimensional kernels as well, i.e. when dim(ker(7")) > 1. Since T is self adjoint,
for any eigenvalue its algebraic and geometric multiplicities are the same. From [Dei85,
Theorem 28.1] it follows that any characteristic values (the reciprocals of the eigenvalues

of T) of odd algebraic multiplicity correspond to a bifurcation point. This implies that
we could replace Condition (1) in Theorem 3.18 with card{ fo Wk _ W)

ok = O } = m, where
m is odd. However, it is not easy to obtain detailed information about the structure and

regularity of the bifurcating branches in this case.
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REMARK 3.21. Condition (1) of Theorem 3.18 is in particular satisfied for an interac-
tion potential W € L2(Q) if the map W : N¢ — R is injective. In this case, every k, € N¢
such that W(k) < 0, corresponds to a unique bifurcation point /3, of F'(p, 5) through the
relation (3.37). For example consider the interaction potential W (x) = z?/2. In this case
W is injective and therefore the system has infinitely many bifurcation points. On the
other hand, when W (z) = —wj(z) for some k € N% the system has only one bifurcation
point.

REMARK 3.22. In dimensions higher than one, the space L?*(€2) may not be small
enough for our purposes, i.e. it is possible that the potential may have additional sym-
metries. For instance, the potential could be exchangeable, that is W(x) = W(Il(x))
for all possible permutations II of the d coordinates. In this case it is easy to check that
(W, wg) ;2 © = <W, wn(k)> 2@ for all £ € N¢. We can then define the equivalence relation,
k ~ k" if k" = TI(k) for some permutation IT and write [k] for the corresponding equivalence
class. Thus, the consequence of W having this symmetry is that the value W (k)/O (k)
is constant on [k|. This implies that kernel of DpZ% is can never be one-dimensional. We
can quotient out this symmetry by defining the space L2 () = span{wy,}, where {wp;}
is an orthonormal basis defined by

d

Wik = Z we(z k e N*,
V ée[k]

where #[k] denotes the cardinality of the equivalence class [k]. Then £ : L2 (Q)x (0, 00) —

L2 (Q) is a well-defined mapping. Then, the results of Theorem 3.18 carry over to F

defined this way for W € L2 (Q) and the corresponding orthonormal basis {wy}ren. In

this case the conditions read as follows

WK _ W(ED |
(1) card{[/f] " O(k) — Ok } =1

(@) W) <0
with W ([k]) = W(k), ©([k]) = O(k) for any k € [k]. The bifurcation point is given by
Li6([k])
W ([#*])
REMARK 3.23. Consider the following interaction potential

— 1
_Z |k|28wk(x), s>1.
k=1

It is straightforward to check that Wy belongs to H*(2) and thus to C(2). Additionally,
Wy — —w; uniformly as s — oo. One can check now that, for any s > 1, W, satisfies
the conditions of Theorem 3.18 for all £k € N,k # 0 and thus the trivial branch of the
system has infinitely many bifurcation points. However, as mentioned in Remark 3.21,
the system W (x) = —w;(z) has only one bifurcation point. This can be explained by the
fact that as s — oo all bifurcation points of W, except one are pushed to infinity. This
example illustrates however that two potentials may “look” similar but their associated
bifurcation structure may be entirely different. Therefore, approximating potentials, even
uniformly, by some dense subset, may not reveal all the information about the bifurcation
structure of the limiting system.

6*:_

If we now assume that W satisfies assumption (A2) we can see that the zeros of F(p, )
are fixed points of the map 7 which by Proposition 3.6 are equivalent to smooth solutions
of the stationary McKean—Vlasov equation. Theorem 3.18 also provides us information
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about the structure of the branches, i.e. if wy(x) is the mode such that & € N? satisfies
the conditions of Theorem 3.18, then to leading order the nontrivial solution is of the
form ps + swi(z). One may think of this as a “proto-cluster”, with the nodes of wy(x)
corresponding to the positions of the peaks and valleys of the cluster.
So far the analysis in this section has been local. We conclude this section by providing
a characterisation of the global structure of the bifurcation diagram for F as defined
in (3.31).
PROPOSITION 3.24. Let V' be an open neighbourhood of (0, 5.) in L%(Q) x R, where
(0, Bs) is a bifurcation point of the map F in the sense of Theorem 3.18. We denote by Cy
the set of nontrivial solutions of ﬁ’(p, B) =0 1inV and by Cyg, the connected component
of Cy containing (0, 3,). Then Cv,, has at least one of the following two properties:
(1) Cyp, NOV #10.
(2) Cv . contains an odd number of characteristic values of T, (0, B;) # (0, By), which
have odd algebraic multiplicity .

PROOF. The proof follows from the direct application of the so-called Rabinowitz alter-
native [Dei85, Theorem 29.1| which we have included as Theorem A.9 for the convenience

of the reader. It is easy to check that the map F can be written in the following form,

Fp,B) = p—BTp+Glp,B),
with 7" as defined in (3.41), and

1 s
Glp, B) = poo = e "+ BTp.

We now need to show that G is completely continuous and 0<HpH 12 (Q)) uniformly in g as

el 12(q) — 0. For the first, it is enough to show that G is since compact and completely

continuous operators are the same for reflexive spaces (cf. Appendix A.1). We establish
the following estimate:

1G(p1, B) = G(p2, B 120

1
—BW% —BWx
§Z<p2)He e p1||L2(Q)
e 1o HLoo(Q) /2 o
oz L) = 20|+ 8T = ),
SLf/z BV 20y 2]l 20 (1 n ezmwwuLz(m||p1||L2m>) IW % (92 = 1)l i
28

+ a2 = p1) gy -

Now setting ps = p and G(py, ) = 7G(p, 5) = G(7p, B)(with 7f(x + 7)) in the above
expression we obtain

(3.43) 1G(p, B) = TG (P, Bl 2y SCBIIW 5 p = TW x pll oo -
Similarly we can also deduce the following estimate by bounding W (ps — p;) from above:
(3.44) 1G(p1, B) — G(p2, 5)||L2(Q) §06||W||L2(Q)||P1 - P2||L2(Q) :

In the above two expressions, Cp is a constant which tends to 0 as § — 0. Setting p; = 0
in (3.44), it follows that G is a bounded map on L?*(f2). Together with this and (3.43),
and using the fact that the convolution is uniformly continuous, one can check that that
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G/(A) satisfies the conditions of the Kolmogorov—Riesz theorem, where A is any bounded
subset of L2(2). Thus, G is compact. The fact that G is 0<H oll LQ(Q)) follows by Taylor

expanding e #W*? /7.

One can now check that if condition (1) of Theorem 3.18 is satisfied for some k € N%,
the associated eigenvalue 3~!(which could be negative) of T is simple, i.e. it has algebraic
multiplicity one. This implies that all bifurcation points predicted by Theorem 3.18 are
associated with simple eigenvalues of T. Thus, we can apply Theorem A.9 to complete
the proof. O

3.5. Phase transitions for the McKean—Vlasov equation

We know from Proposition 3.10 that p., is the unique minimiser of the free energy for
[ sufficiently small. We are interested in studying under what criteria there is a change
in the qualitative structure of the set of minimisers of Eg. For the rest of this section
we will assume that W satisfies Assumption (A2), i.e. W € H'(Q) and bounded below.
We build on and extend the notions introduced by [CP10]. The first definition introduces
what we mean by a transition point.

DEFINITION 3.25 (Transition point). A parameter value . > 0 is said to be a transi-
tion point of Ejp if it satisfies the following conditions:

(1) For 0 < B < B, peo is the unique minimiser of Eg(p) .

(2) For B = B., pso is a minimiser of Eg(p).

(3) For > f., there exists some pg € PL(2), not equal to ps, such that pg is a
minimiser of Eg(p) .

In the present chapter, we are only interested in the first transition point by increasing
[ starting from 0, also called the lower transition point. To convince the reader that the
above definition makes sense we include the following result from [CP10].

PROPOSITION 3.26 ([CP10, Proposition 2.8]). Assume W € HS and suppose that for
some Bp < 0o there exists pg, € Pi.(Q) not equal to ps such that:

EBT(IO,BT) < EﬁT(ﬂOO) .

Then, for all B > Br, pss Mo longer minimises the free energy.

In addition, the following result from [GP70| shows that H-stability (cf. Definition 0.1)
of the potential is a necessary and sufficient condition for the nonexistence of a transition
point.

PROPOSITION 3.27 (|GP70]). Es has a transition point at some = B, < oo if and
only of W € HS. Additionally for B > [, with B4 the point of critical stability as defined
in (3.28) in Section 3.3.3, pe s not the minimiser of Egs.

From this result it follows directly that if the system possesses a transition point ., pso
can no longer be a minimiser beyond this point. We are also interested in understanding
how this transition occurs. In the infinite-dimensional setting it is not always possible to
obtain a well-defined order parameter for the system characterizing first and second order
phase transitions in the sense of statistical physics. For this reason, it may be better to
define such transitions in terms of discontinuity in some norm or metric.

DEFINITION 3.28 (Continuous and discontinuous transition point). A transition point
Be > 0 is said to be a continuous transition point of Ejg if it satisfies the following condi-
tions:

(1) For B = B., pso is the unique minimiser of Eg(p) .
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(2) Given any family of minimisers, {ps|5 > f.}, we have that

limsup||ps — PooHLl(Q) =0.
BB

A transition point . which is not continuous is said to be discontinuous.
We now include a series of results from [CP10] that we need for our subsequent analysis.

PROPOSITION 3.29 ([CP10]). H7131(r£12) Es(p) — BE(pso) is mnonincreasing in .
pE

PRrROPOSITION 3.30 (|CP10]). Assume W € HS and that condition (2) of Defini-

tion 3.28 is violated. Then there exists a discontinuous transition point 5. < oo and

some pﬁc 7£ pOO S/U/Ch’ tha’t Eﬁc(pﬁc) = Eﬁc(poo)

PROPOSITION 3.31 (|CP10]). Assume W € HS and that the free energy Eg exhibits a
continuous transition point at some . < 0o. Then it follows that 5. = By.

By combining certain properties of transition points with the previous analysis on
critical stability in Section 3.3.3, we obtain more streamlined sufficient conditions for the
identification of transition points, which is the basis for the proof of Theorem 3.3, or more
precisely Theorem 3.35 and Theorem 3.43.

PROPOSITION 3.32. Let Eg have a transition point at some 3. < oo and let B4 denote
the point of critical stability defined in Section 3.3.5.

(a) If ps is the unique minimiser of Eg,, then B. = B4 is a continuous transition
point.

(0) If pso is not a global minimiser of Eg,, then 8. < By and B, is a discontinuous
transition point.

REMARK 3.33. The statements of Proposition 3.32(a) and Proposition 3.32(b) are only
necessary conditions for the characterisation of transition points. In particular, they are
not logical complements of each other, i.e. p,, could be a global minimiser of Ejs, without
being the unique one or vice versa.

PROOF. A consequence of the assumption in the first statement (a) of the proposition is
that p. is the unique minimiser for all 3 < ;. Indeed, from Proposition 3.29, we know
that min,cp) s < Ep, (poo) for 8 < fSe. Thus, if py is the unique minimiser at some
8 = B., it must be a minimiser for all # < .. In fact, using Proposition 3.26 we can assert
that p is the unique minimiser of Ejs for all 8 < S.. Indeed, if this were not the case
then there exists some pg, € P,-(€2) not equal to ps such that Eg, (ps,) = Esy(pso) for
some (Br < [3;. Proposition 3.26 then tells us that p., can no longer be a minimiser for any
f > pr, which is a contradiction. It follows that conditions (1) and (2) from Definition 3.25
are satisfied. That condition (3) is satisfied follows directly from Proposition 3.27. This
implies that B4 satisfies the three conditions of being a transition point.

Now, we have to verify condition (2) of Definition 3.28 (condition (1) is already satisfied
from the statement of the proposition). Assume condition (2) doesn’t hold, i.e. there exists
a family of minimisers {pg|8 > B.} of Es(p) such that limsupg_,5+[/ps — pooll 1) # O-
Then we know from Proposition 3.30 that there exists some pg, € PL(Q2) not equal to
poo such that it is a minimiser of the free energy Es(p) at = .. Applied in the present
setting with 8. = B4, we would deduce that p. is no longer the unique minimiser of
Ejs,(p), in contradiction to statement (a) of the proposition. Thus, both conditions (1)
and (2) of Definition 3.28 are satisfied from which it follows that . = f; is a continuous
transition point.
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To prove the second statement (b) of the proposition, let p be such that Egs,(p) <
B3, (poo). Then for any § close enough to f;, we also have Eg(p) < Ep(ps). Hence by
a combination of Proposition 3.26 and Proposition 3.27 there exists a transition point
B < By and, in particular f;, cannot be a transition point. From Proposition 3.31, we
have the fact that if 3. is a continuous transition point of Fj3, then necessarily 8. = ;.
This implies that 3. < 3 cannot be a continuous transition point. O

Before proceeding to present the main results of this section, we remind the reader
that for the rest of the chapter 8. denotes a transition point, £ denotes the point of
critical stability, and (3, denotes a bifurcation point.

3.5.1. Discontinuous transition points. We provide below a characterisation of
potentials which exhibit discontinuous transition points, which proves Theorem 3.3(a).

DEFINITION 3.34. Assume W € H¢ and let
W (k) o W(k)
K°:= <K e N“\ {0} : < .
{ SN0 g = il on TOf
for some 9 > 0. We define d, to be the smallest value, if it exists, of § for which the
following condition is satisfied:

(C1) there exist k%, k%, k¢ € K°*, such that k% = k® + k°.
Note that two of the modes in (C1) can be repeated e.g. k, = 2,k =1,k = 1.

THEOREM 3.35. Let W be as in Definition 3.34. Then if 0, exists and is sufficiently
small, Eg exhibits a discontinuous transition point at some . < ;.

PrOOF. We know already from Proposition 3.27 that the system possesses a transition
point /.. We are going to use Proposition 3.32(b) and construct a competitor p € P (Q)
which has a lower value of the free energy than p. at 5 = ;. Let

(10 3 ) emiie)
kEK S

for some € > 0, sufficiently small. We denote by |K°¢| the cardinality of K% which is
necessarily finite as W € L*(Q). Expanding about p,, we obtain

K o ’
Ss(p) =S95(pee) + 87" |—p0062 s / e’ Z wg | da + o(€?)
2 3 Ja
ke Ko
(—:2|K5* 02 W(k) 62|](<5* 5
d E(p) <E(poo) + ———==2 in —Ard/2y Z 17 P
an (p) <Elpc) + ——— mmin o(k) 21,3/2
Using the fact that 3 keg}liao} % = —L%? | we obtain,
. -1
o ’ €26, poo| KO W(k)
Es (p) <E poo——/< w)dx—— min —— + o(€%).
ﬁﬁ( ) Bﬁ( ) 3/8ﬁ o kg* k 26:1 kENd\{O} (k:) ( )
1
Setting € = 02 (if 0, > 0, otherwise we stop here), we obtain
(3.45)
. ~1
W (k) 3

3
02 poc ’ 82 g | IO
o) <Ex ()~ 55 [ (X w) R
ke Ko«

1mn
keNd\ {0} O(k)
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One can now check that under condition (C1), it holds that

/g}(Z wk>3dx>a>0,

kEK O

where the constant a is independent of d,. Indeed, the cube of the sum of n numbers a;,
i =1,...,n consists of only three types of terms, namely: a}, a?a; and a;a;ay. Setting the
a; = W), with s(i) € K % one can check that the first type of term will always integrate
to zero. The sum of the other two will take a nonzero and in fact positive value if and

only if condition (C1) is satisfied. This follows from the fact that

/ cos({z) cos(mx) cos(nx)dxr = g(5€+m,n + Ometnt + Ontom) -

—T

Thus, for d, sufficiently small considering the fact that |K°| > 2 and is nonincreasing as
J, decreases, p has smaller free energy and po, is not a minimiser at 5 = ;. 0

REMARK 3.36. The case of the above result for §, = 0 can be thought of as the pure
resonance case. In this case the set K° will denote the set of all resonant modes. Similarly,
the above result for d, small but positive can be thought of as the near resonance case.

The corollary below tells us that if we have a have a sequence of potentials whose
Fourier modes grow closer to each other then it will eventually have a discontinuous
transition point, as long as the potentials do not lose mass too fast.

COROLLARY 3.37.  Let {W"},en € HS be a sequence of interaction potentials such
that d.(n) — 0 as n — oo, where J, is as defined in Definition 3.3/. Assume fur-
ther that for all n greater than some N € N, there exists a constant C' > 0 such that
W (k)
O(k)

min
keNd\ {0}
free energy Ej(p) possesses a discontinuous transition point at some 3! < By

> C6,(n)Y for some v < 1/2. Then for n sufficiently large, the associated

PROOF. We return to estimate (3.45) from the proof of Theorem 3.35

3
5*5[)00 3 52poo|K5*
B0 <8y~ 50 [ (5 ) a2
By By 368: Ja k% 264

where we have suppressed the dependence of 9, on n. We also note that the error term
is independent of the potential W™. Using our assumption on the potential (for n > N),
we have

W (k)| s
2\ 62),
kegldl&o} O(k) +oé7)

3
02 Poc ’ 02 poo| KK 5
E% (p) <E% (poo) — /( > wk) dz + =—>—— +0(02).
By By
3@1 @ \peks 2@
Since v < 1/2 and d, — 0 as n — 0o, the result follows. O

To conclude our discussion of discontinuous transition points, we present the following
corollary to provide some more intuition of the types of interaction potentials that exhibit
a discontinuous transition point.

COROLLARY 3.38. Let {W"},en be a sequence of interaction potentials such that
W™l p1q) = C for alln € N and W" — —Céo in the sense of distributions as n —
oo. Then for n large enough, the associated free energy Eg(p) possesses a discontinuous
transition point at some B < By

PROOF. Note first that we have not included the assumption W" € H¢ as eventually this
must be the case if the potentials converge to a negative Dirac measure. Now we just
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need to check that the other conditions of Corollary 3.37 hold true. We have the following
estimate

- wn (k)
(3.46) W) 2 —CNe = 55

for all & € N\ {0}. From the convergence to the Dirac measure it follows that for any
e > 0 we can find an NV large enough such that %,(C)k), Mggéi’;) € (—C’L‘d/z, —CL™? + e)
for all n > N, for some k € N¢\ {0}. This and (3.46) tells us that §, < € and since ¢
is arbitrary 6, — 0 as n — oco. From similar arguments we assert that for all n > N,

( min M) < —CL~%? + ¢. Thus, we have that < min %)
keN\{0}

Z _CL*d/z ,

2d/2
T > C 45 — € for
n > N. Since the conditions of Corollary 3.37 are satisfied, we have the desired result. [

REMARK 3.39. As examples of potentials that satisfy the conditions of Corollary 3.38
, we have the negative Dirichlet kernel W"(z) = —1 — 23"}, wy(z), the negative Féjer

1—wi ()

kernel W"(x) = —% <1_w—m>, and any appropriately scaled negative mollifier.

3.5.2. Continuous transition points. We now present a couple of technical lem-
mas starting with a functional inequality that gives a bound on the defect in the Gibbs
inequality from below by the size of individual Fourier modes. These will be useful for
the characterisation of continuous transition points provided in Theorem 3.43 and, in
particular, in the proof of Theorem 3.3(b).

LEMMA 3.40. Let (2, %, 1) be a probability space and {wy}, .y be any orthonormal
basis for L*(Q, p). Assume that f € L*(Q, ) is a probability density with respect to u,
that is f is nonnegative and [ fdu =1, then we have, for any b € R and any k € Z, the
following estimate,

(3.47) H(fulp) > — 10g/QeXp(b<f, wk>L2(Q,u)wk(x)) dp +0|(/, wk)LQ(Q,p,)‘Q ;

In particular, let Q@ = Q, 4 = ps and wy is as defined in (0.1). Moreover, for any
k€ Z%\ {0} let n = n(k) = |{i : k; # 0}| denote the number of nonzero entries. Then,
there exists a strictly increasing function G : R™ — R* with G(0) = 0 such that it holds

(3.48) H(plpos) = Cn(k) 1A (R)* = G(1A(K)])
where the constant C(n) > 0 for is given by C(1) = C(2) =1 and for n > 2 by
_ (/2
C(n) = =1
DEFINITION 3.41. Assume that W € H¢ has one dominant negative mode, i.e. there

exists a unique k* € N? such that Vg((:j)) = Mminyend %(as defined in (3.29)). We define

the a-stabilised potential W, (x) as follows
Wa(z) = (W, wis) 2w (2) + a(Wa(z) — (W, wps) 2y wis (7)) + Wi(z)
where « € [0, 1], Wy, W,, are as defined in Definition 0.1, and W; = W.

<1.

The above definition puts into context the discussion around Fig. 3.1(a) in Sec-
tion 3.1.1, i.e. the a-stabilised potential W, pushes all negative modes except the domi-
nant one to some small neighbourhood of 0. We define the fixed point equation associated
with the interaction potential W, to be

1

Fy(p.a) = plx) — e

—BWaxp
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LEMMA 3.42. Let Wo(x) be as in Definition 3.41, O(k*) = 22, and let C C PL(Q)
denote the set of nontrivial solutions of Fp,(p,a) = 0 for o € [0,a*) C [0,1]. Then, for

o sufficiently small, we have the uniform lower bound 5.  |p(a(k*))|* > ¢ for all
o€Sym,; (A)

p € C and for some ¢ > 0 independent of o € [0, a*).

We are now in the position to give the precise statement of Theorem 3.3(b) and prove
it. We present the proofs of Lemma 3.40 and Lemma 3.42 after the proof of Theorem 3.43.

THEOREM 3.43. Let W, (z) be as in Definition 3.41 such that © (k') = 212 where O(k)
is as defined in (0.2). Assume further that W, and Wy are bounded below. Then, for a
sufficiently small, the system exhibits a continuous transition point at 5. = Bj.

PROOF. By Proposition 3.32(a), it is sufficient to show that at the point of critical stability
ﬂﬁ, ie.

_ . LPe)  Lie(k)
N AR

the uniform state p., is the unique minimiser, for « small enough. Let p be any solution
of F,(p,a) =0, i.e. a critical point of Eg, (cf. Proposition 3.6). Then we have

Eﬁu (p> - Eﬁu (pOO) :ﬁﬁilﬂ(p’poo) + 5(0 — Pooy P — poo)

d/2 YA/ (14
=B Hplpw) + WD [ S

#
2 @<k ) o€Sym, 4 (A)
L2 Wa (k) )
D > 1plo(R)
5 oK)
keNd kKt c€Symy, (A)

Since O(k') = 22 we can translate p without loss of generality so that p(c(k%)) =

0,Vo € (Symy:(A) — €) and throw away all positive W, (k). A consequence of this is that
p(k)2= > |p(o(k*))]%. Thus, we obtain

o€Sym,; (A)

By, (p) = En,(pw) 25, [(H(plpoo) - S lP)

L W, (k)O (k) ) )
Ty Z (W)_ Z p(o (k)|

keNd gkt o€Symy, (A)

Since W, (k) = aW (k) for all k € N%, k # kt with W (k) < 0 and by definition W (k)/©(k) >
W (k*)/O(k*), we can obtain the estimate

Es,(p) — Ep,(poo)

d o d
26| (Hiplow) - 09R) =5 S | It

keNd kzkt \ o€Symy (A)

We apply Lemma 3.40 to the first term on the right hand side

ald
B0) - En(pw) >5" (9050 = Tl )
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Here, we use that the fact that the assumption that ©(k¥) < 2 is equivalent to n(k*) < 2,
where n(k*) is the number of nonzero components in k* as defined in the statement
of Lemma 3.42. Now, we use the result of Lemma 3.40 with the constant ¢ and the
monotonicity of the function G to further estimate

Ld
Balo) - Bulos) 57 (660 = 5 ol )

where ¢ is precisely the constant from Lemma 3.42 for a € [0,a*). Since p is a zero of
Fs,(p, ) = 0 we have the following estimate

(3.16)
0020y < 1y < 50 (B (Il + 1 Walroy) )
<exp (B (IWe iy + LI Wall o)) ) -

If we restrict a to [0, a*) as in Lemma 3.42, we can obtain the following estimates on the
norms of W:

W, —||L°°(Q) §||Ws—||Loo(Q) +[[W, —||L°°(Q) + (a+ 1)|W(kﬁ)|
<NWerll gy + Wl ooy + (@ + DIW (K]
and  [Wallza) =IWsllz2@ +0<2HW 1720y + (1 — )| W (%)
<[Wellza(q) + (@) ||Wu||L2(Q) + WP

Thus, for a € [0, « ) we have ||p||7 12(0) < ¢1 for some positive constant ¢; independent of
U

ProOF OF LEMMA 3.40. Using its Fenchel dual, the relative entropy has the following
formulation

(3.49) H(fplp) = sup {/fgdu /eg dp < 1}

geL2(Q,u)

From here a lower bound is obtained by choosing, for b € R arbitrary,

g(x) = b(/, wk>L2(Q,#)wk(I> - 10g/exp(b<f, wk>L2(Q,y)wk(I)) dp.

It is easy to check that [ e’ du = 1 and hence g is admissible in (3.49). The estimate (3.47)
follows by plugging this specific choice of ¢ into (3.49)

(3.50) H(fulp) > — log/exp(b(f, wk>L2(Q,p,)wk(x)> dp + 0|(/, wk>L2(Q,,u)|2 :

In the special case Q = Q2 and i = po, setting f = p%.o, we obtain from (3.50) the lower
bound

H(plpse) > — log / exp(bp(k)wi(z))poo A + BIA(E)[?

We can pick b = aL? for some o > 0 and set y = LY?2"/25(k). We thus obtain,

2
(p’poo) = O;in — log (poo/ eayH:-L:1 cos(2mk;x; /L) d:lj’) ’
Q
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where the wy, (z;) are as defined previously and n > 1 represents the number of k; # 0.
Setting x; = #Hi for all k; # 0, we arrive at

2 1
(3.51) H(p|poo) > > log / exp ayHcos Hdé’
2 27" Jio 2l

( / ' cos(0)* d9> '

We introduce the function

1 n oo
In(z):2n7rn/[02 exp( Hcos )1:[ Z

eyt
=2

1=0
We will show that
- A2? - 1 ne{1,2}
(3.52)  G(z) = XIS logZ,,(2) with A= A(n) = {(72/1);_1 09 :
n/2)n Y

is strictly increasing in z with G(0) = 0. Once we have shown (3.52), the proof concludes
by combining this with (3.51) to deduce that
2 2 2 2
ay Aay? a=A"t Y
H(ﬂ‘ﬂOO) - g<ay) = 2_n - on+1 (2 o Oé)\) 2n+1 = W?
from where the result (3.48) follows by setting G(y) = G(y/\).

It is left now to show (3.52). For its validity, it is sufficient to note that Z,(0) = 1
and to show that exp(Az?/(A2"T1))/Z,(z) is strictly increasing in z. A sufficient condition
for the monotonicity of this quotient is that quotient of the coefficients of the individual
power series expansion of numerator and denominator are also increasing (cf. [HVV09,
Theorem 4.4|, [BK55|). First of all, we observe that the odd coefficients are zero. We are

left to investigate

(exp(A2?/2"F1))y (11)2n22in \! B (11)2n—12kn=1) \l
(Zo(z)2 (@DYr1208D00 (20T
/! ,n=1

n n—1
= Mt R=T9l)\l/(n—1) _1 .
<( : @) ) = ()" ,n>1

In the case n = 1, the monotonicity follows by the above representation. For n > 1, we
consider

a1 AVOD )R AVeD( 4 )

a  (A+2)2+1) 20+ 1

We need to find a A such that the above expression is greater than or equal to 1. Hence,
we obtain

A1/(7171) — sup 2[ + L _ n _1L ’
>1 (l + 1)n—1 (n/z)n—l

where we note that the sup is attained for [ = %47 hence proving (3.52).

O

PROOF OF LEMMA 3.42. For the first part of the proof, we fix @ € [0,a*). Then, we
know that § = f3; independent of « is a bifurcation point, i.e. it satisfies the conditions
of Theorem 3.18. One can then check that, since ©(k*) = 22, any zero of L?(Q) —
L*(Q),(p, B) — Fs(p,) can be translated so that it lies in L?,(Q) = {f € L*) :
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{f, wa(kn)>L2(Q) = 0,Vo € Sym,;(A), o # e} where e represents the identity element. Then
one can check that the same set of arguments can be applied in the larger space L,(Q)
instead of L(€2). For fixed o, we consider the map, F : L2,(92) x (0,00) — L*(),
(p,B) — Fs(p, ) and note that any p such that F(p,) = 0 is trivially in L%,(9Q).
Additionally, any zero of I defined above is also a zero of F* : L2, () x (0,00) — L?,(12),
which is defined as

F*(pa 5) = F(p7 6) - Z <F(p7 ﬁ)7wa(kﬁ)($)>L2(Q)wcr(kﬁ)('T) :

o€Sym, 4 (A),0#e

One can also notice that F*(p) does not change any of the local properties of F(p) near
Poos 1.6 DyF*(poo, ) = DPF(,OOO,B)‘L211 and D/%BF*(pOO,B) = DiﬁF(poo,ﬁ)‘LQﬁ. The
k

advantage of defining F* in this way iskthat the Fréchet derivative of the map is then
Fredholm with index zero, which is not the case with F. We also know from Theorem 3.18
that F' has at least one nontrivial solution pg € L2() in a neighbourhood of (pa, 54)-
We can now apply the same bifurcation argument to F™* to obtain that F™ has exactly
one nontrivial solution in some neighbourhood of (pa, 3;). Since every zero of F is a zero
of F* it follows that pg is this nontrivial zero in some neighbourhood of (pe, ;) and that
F has only one nontrivial solution in this neighbourhood. Thus, the problem of studying
bifurcations of F' is reduced to that of studying bifurcations of F*.

Now, since we need a lower bound which is uniform in «, we redefine F* to be a
function of «, i.e. F* : X x (0,00) — L7,(2), where X := L?,(€2) x R is Banach space
equipped with the norm ||-[| ;5 + |- | and f = (p, @) € X a typical element of the space.
We will now show that due to the particular structure of the problem one can still apply
a Crandall-Rabinowitz type argument and obtain existence of local bifurcations. What
follows below is a description of the Lyapunov—Schmidt decomposition for the map F™* and
a slightly modified version of the proof of the Crandall-Rabinowitz theorem as presented
in [Kiel2].

We recentre the map as in the proof of Theorem 3.18 and linearise the map F™* about
((0,0), B;). We also note that F*((0,«),8) = 0, for all 8 € (0,00), € [0, a%) and it is
precisely this fact that will help us apply a Crandall-Rabinowitz type argument. Before
we start out analysis, we write out the exact form of F™* for the convenience of the readers

F*(£,5) =p(z) + puo — W

- > <p(x)—%€5 W‘”*”vwa<kﬂ>(x>> Walht) (7).

o€Sym, 4 (A),0#e L3 (Q)

It is clear that D;F*(f, ) = (DPF* DaF*) € L(X, L2,(9)), the space of linear operators
from X to L7,(Q), with

Do ((0,0), 8)fun] =us + B (Wo ) = i [ (W un)(0)
Q
D.F*((0,0), 8;) =0,
where wy € L7,(Q). We will also need D3,F*(f,3) = (D,sF* D25F*), with
D2 ((0,0), ) ) =pm(Wo x w0) = g [ (W) (o) d
Q

— P2 Wy x Dy(F*((0,0), B) ]
D2, F*((0,0), ;) =0.
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Then, by using the arguments of Theorem 3.18, we see that
N :=ker(D;F*((0,0), 3;)) = spanfwy:] x R=R?
and
Zy = R* = (Im(DF*((0,0), 3;)))" = spanfwys] .
Thus, D;F*((0,0), 5)) is Fredholm and we have the following decompositions into com-
plementary subspaces,

X =N & Xo,
L, (Q)=R® Z.
Given these decompositions, we define the following projection operators,
P:X — N, (p,a) = (ﬁ(kﬁ)wku (:v),a) ,
Q: Lix(Q) — Zo p = PR )wya ().
By introducing the splitting v = Pf, w = (I — P) f, we can solve F*(f, ) = 0 individually
on complementary subspaces
G, w,p) :=I-Q)F (v+w,8)=0
O(v,w,B) =QF (v+w,B) =0.

As in Theorem A.7, one can check that D,,G((0,0),(0,0),5;) = (I — Q)DsF*((0,0), 5s) :
Xy — R is a homeomorphism. Thus, applying the implicit function theorem, there exist
neighbourhoods 2 of ((0,0), 5;) in N x R and V of (0,0) in Xy along with a C'! function
U : Q — V such that every solution of G(v,w, ) = 0in Q@ x V is of the form (v, 8, ¥(v, 3))
with U((0,0), ;) = (0,0). Thus, in © we are left to solve,

®(v, B) :=QF (v + ¥(v, 8), 5) = 0.
It is also straightforward to show that DzW((0,0),5) = 0. Indeed,
Dﬂ(l - Q)F*(U + qj(”aﬁ)?ﬂ) =0
(I = Q)(DsF* (v + W(v, B), B) + DpF* (v + ¥(v, §), ) Ds¥ (v, §)) =

Setting v = (0,0) and 8 = f; one can see that DgF™*((0,0), 5;) = 0 . Furthermore, since
(Dg¥((0,0),8),0) € X, which is complementary to N, we have that DzW¥((0,0), 54),0) =
0. Using an argument similar to the above one, one can show that D,V ((0,0), 3;) =
0 € L(N, Xo).

Since a typical element of N can be represented by (p(k*), @) = (s, ) we proceed by
rewriting ® as follows,

1 1
<i>(<s,a),@):/0 %@((tswkﬁ,a),ﬂ) dt:/o D& ((tswyz, @), B)wy: dt

where we have used the fact that ®((0,«),3) = 0, since p, is always a trivial solution.
Now, ® : R?xR — R is the map, which we analyse in the neighbourhood 2 and nontrivial
solutions correspond to s # 0. Let © = (tswys, ) € N, then we compute,

DDs® (0, B)wys =Dg(QD,F* (0 + (0, B), B)(wys + Ds W (0, B))wys)
=QD2,F*(0+ Y (0,3), B)[wi: + DU (0, B))wys, Da¥ (0, B)]
+QD,F* (6 + U(0, 8), B) D20 (0, By
+ QD5 F (0 4 W(0, B), B)(wys + DyW(0, B))wye) -

Setting v = (0,0) and S = [, we see that the first term of the above expression is zero
because DWW ((0,0),5) = 0 and the second term is zero because ) maps the range of
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D,F*((0,0), B4) to zero. Noting that D,W((0,0),3;)) = Dsut)¥((0,0), B;) = 0, we finally

have

500,01, 4) =QD2,F(0,0). 8uss £0.

Thus, we can apply the implicit function theorem to obtain a function C*(Vi; Vs), ¢(s, a)
such that ®((s,a),p(s,a)) = 0, where V; and V5 are neighbourhoods of (0,0) and f;

respectively and V; x Vo C Q. Additionally in V; x Vj every solution of & (and hence )
is of the form ((s, @), ¢(s,a)) and p((0,«)) = fz. We know however from Theorem 3.18,
that we could apply the same set of arguments for fixed « € [0, 1] to obtain single locally
increasing branches which, at least for some small neighbourhood around 0, must coincide
with (s, «). Thus, we now know that for each o € [0, 1], we can find ¢, > 0 such that
©(s,a) > Py for 0 < |s| < €. Now, let a € [0, ") = A. If we show that inf 4 €, = € > 0 for
a* small enough, we can conclude the proof. To see this, set V] = Vi N (=€, €) x [0, a*)
and observe that ((s,«),p(s,«)) are the only solutions in V{ x V4 and ¢(s,a) = Sy
implies (s, ) = (0, ). Thus, in VY, (0, «) is the only solution of the bifurcation equation
which would provide the desired result. Assume now that there exists no a*, such that
inf 4 €, > 0. It is straightforward to check that this would violate the continuity of ¢ since
€y > 0. O

REMARK 3.44. Theorem 3.43 indicates that if the linearised McKean—Vlasov oper-
ator £, has a sufficiently large spectral gap A, then (assuming all other conditions are
satisfied) the system exhibits a continuous transition point. Indeed, the spectral gap of
L : D(L3(Q)) — LE(Q) at 8 = 4 associated with the interaction potential W, can be

computed as
, 2mlkINT e 27 R\ Wa(k)
A\ = . 1 =7 L d/2 ¢
m¢< () (7))

Let us assume that || > O} for some constant C; > 0. This implies that for all k € N¢
such that W (k) < 0 it must hold

(87! - i ) OR)
L2 (k)|

o <

It is easy to see then that A being sufficiently large is equivalent to a being sufficiently
small.

We conclude this section with the following useful proposition which provides us with
a comparison principle for interaction potentials to check if they possess continuous tran-
sition points.

PROPOSITION 3.45. Let W € HS be an interaction potential such that the associated
free energy E};V(p) has a continuous transition point. Additionally, assume that G € H¢

is such that arg mingcya (o, G(k) = arg Milyend g0} W(k) = k* and G(k*) = W(k*) with
G(k) > W (k) for all k # k', k € N*. Then Eg(p) exhibits a continuous transition point.

PROOF. As in the proof of Theorem 3.43, it is sufficient to show that at 8 = 3;, the free
energy Egﬁ (p) has ps as its unique minimiser. Noting that given the assumptions on G,
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the value of (3, is the same for G and W, we have for p # pe, p € L*(Q) N P()
E§.(p) = E§ (o) =B85 H(plpso) + E(p = pocs p = poc)
=B, H(plpso) + EY (0 = pocs p = Po0) + ETT (p = oo, p = poc)
:(EEZ(p) - EEK(%)) +ETW(p— ooy p = Poo)

where EW (p1, p2) = 5 [[ W(z — y)p1(x)p1(y) de dy. Using the fact that the term in the
brackets must be strictly positive, since the free energy Eg‘;(p) associated to W possesses
a continuous transition point, we obtain

E§,(p) = E§ (poo) >E (0 = pocs p = poc)

~ ~

— oy GBSV S ] 2o

Ny
keNd kKt oe€Symy, (A)

In the above estimate we have used the fact that G(k*) = W (k?) and that G(k) > W (k)
for all other & € N?. Thus, we have the desired result. [l

REMARK 3.46. Before concluding this section, we remark that we now have enough
information to compare the different parameter values 3., 3., 3. Let us assume that (.
is a continuous transition point and W € HY is such that there exists only one dominant
negative mode k¥ € N, Then, we have that

(ﬁ*)l = ﬁc - Bﬁ )

where ()1 corresponds to the first bifurcation point. On the other hand if g, is a
discontinuous transition point and W € HY is such that there exists only one dominant
negative mode k¥ € N (this is possible, see Theorem 3.35), then

Be < (B1=5;.

3.6. Applications

3.6.1. The generalised Kuramoto model. Let W(z) = —wg(z), for some k €
N,k # 0, as defined in (0.1). Then we refer to the corresponding McKean SDE given by

N
X _% S wl(Xi — X7) + 25 1dB] i=1,...,N,
i=1
as the generalised Kuramoto model. For k = 1, it corresponds to the so-called noisy Ku-
ramoto system (also referred to as the Kuramoto-Shinomoto-Sakaguchi model (cf. [Kur81,
SSK88, ABPV*05])) which models the synchronisation of noisy oscillators interacting
through their phases. A discussion of this model can be found in Section 1.5.1. It also
corresponds to the continuous Glauber dynamics associated to the Heisenberg XY model
as discussed in Section 1.1.2. For infinitely many oscillators, we obtain a mean field ap-
proximation of the underlying particle dynamics given precisely by the McKean—Vlasov
equation with W(z) = —w;(z). It is well known that this system exhibits a phase tran-
sition for some critical, 8. (cf. [BGP10]). For k = 2, it corresponds to the Maiers—Saupe
system which is a model for the synchronization of liquid crystals (cf. [CKT04, CV05]).
Again, in the mean field limit we obtain the McKean—Vlasov equation with the effective
interaction potential, W(x) = —wsy(z). The system exhibits a continuous transition point
which represents the nematic-isotropic phase transition as the temperature is lowered, i.e.
as [ is increased. As discussed in Section 1.5.1, there is a more general version of the
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Kuramoto model where the individual oscillators are allowed to have different natural fre-
quencies. We refer the reader to [ABPV™05] for a nice review of the subject and [CCP19]
for recent numerical work on phase transitions for this problem.

Although it is possible to directly apply Theorem 3.43 to prove the existence of a
continuous phase transition for this system, we employ an alternative approach that gives
us more qualitative information about the structure of the nontrivial solutions.

PROPOSITION 3.47. The generalised Kuramoto model exhibits a continuous transition
point at B. = Py. Additionally, for f > ., the equation F(p,5) = 0 has only two
solutions in L*(Q2) (up to translations). The nontrivial one, pg minimises Eg for § > f.
and converges in the narrow topology as [ — oo to a normalised linear sum of equally
weighted Dirac measures centred at the minima of W.

PROOF. The strategy of proof is similar to that of Theorem 3.43, i.e. we show that at
B = B4, poo is the unique minimiser of the free energy. We do this by showing that
F(p,3) = 0 has a unique solution at § = (3, which implies, by Proposition 3.6(since W
satisfies Assumption (A2)) , uniqueness of the minimiser.

For W (x) = —wy:(x), we can explicitly compute,

F(p,B) eXp@ PR s + 1 kﬂ)w"‘”)
P, =p—
Lﬁz exp (5\/ Pk )wys + p( kﬁ)w,ku)> dx

Since F'(p, ) is translation invariant, one can always translate p so that p(—k*) = 0.
Thus, we obtain the following simplified equation,

exp (B/L/2p( ) )
Lﬁz exp(ﬁ\/_p (k?) wm)

Taking the inner product with wy:(x) we obtain,

(k) — ffé% exp(Bp(k*) cos(2mk?z /L) )wys da .y
T, e Bp(#) cos@nbia /L)) du

After a change of variables we obtain,

o exp(Bp(k*) cos(y)) cos(y) dx
# 0 =
-7 T e B cosy) de

We can express the above equation in the followmg form,

LIO \/>ﬁ° )=a,

where the I,, represent modified Bessel functlons of the first kind having order n, r,(a) :=

I"I:(lg), and a = Bp(k*). This equation is similar to the one derived in Section VI

=0

(3.53) F(p,B)=p— =0

(3.54) M(a, B) =

of |[Bav91|(cf. [MS82, Bat77|). It is also qualitatively similar to the self-consistency equa-
tion associated with the two-dimensional Ising model.

For p = ps, we know that p(k*) = 0. We argue that any nontrivial solution of
F(p, 3) = 0 must have p(k*) # 0. Assume this is not the case, i.e. there exists ps # poo
which satisfies F(pg, 3) = 0 and gg(k*) = 0, then from (3.53) we have that p = p.,. Thus,
F(p, f) has nontrivial solutions if and only if (3.54) has nonzero solutions. One should
note that since I; is odd and I is even, nonzero solutions to (3.54) come in pairs, i.e. if
a is a solution so is —a. However, these two solutions are simply translates of each other.
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We now show that if § < 8y = V2L, (3.54) has no nonzero solutions. As mentioned
earlier it is sufficient to study the problem on the half line. Note first, that for a > 0,
ro(a) is increasing, i.e. r{(a) > 0 (cf. [Amo74, (15)]). Additionally, we have that,

Ip(a)Iy(a) — i(a)®>  ro(a)?
2[0(&)2 2

1
T’O(a) :é —+

and so 74(0) = 1. We can now use the so-called Turan-type inequalities (cf. [TN51, BP13))
to assert that Ip(a)la(a) — I1(a)? < 0 for a > 0. This tells us that,

1 ro(a)?
ryfa) <2 — Lol

with 79(a) > 0 for @ > 0. Using the fact that 5 < (4, we obtain,

%(a, B) <1 —ry(a)?.

We know now that M(a, ) is increasing for a > 0, M(0,5) = 0, %(O,ﬁ) = 1, and
&1 (a, ) is bounded above by 1 for a > 0. Thus, the curve y = M(a, ) cannot intersect
y = a for any a > 0. Thus, ps is the unique minimiser for 3 < £, which implies, by
Proposition 3.32(a), that 8. = /5 is a continuous transition point.

We will now show that for 8 > f, (3.54) has at most one solution for a > 0. We know

that

—(0,5) >1.

—(0,5)
Also for a large enough, a > M(a, ) (since ro(a) — 1, as a — oo, and is strictly
increasing). Thus, by the intermediate value theorem, there exists at least one positive
a such that (3.54) holds for every 3 > ;. One can now show that 92(a, B) is strictly
decreasing for ¢ > 0. This is equivalent to showing that r{(a) is strictly negative. We
have

3 3 1 3 3 1
—7“6/(@) ZZTO + 57”37“1 - 27”3 - 17’07’17“2 =Ty (Z + 51“07"1 - 27"(2) — ZT’IT’Q) ,

where we have used the formula %In = %(InH +I,.1),n > 1. The ratios r, enjoy the
following monotonicity and separation properties (cf. [Amo74, (10),(11)]):

(3.55) P STt s
(3.56) and <r, <

n—|—1+\/a2 (n+1)

Using these we obtain

L, 353 /3 3 5, 3 3 301
—TU(CL) Z To 1—1—57”07’1—17’0 =70 Z—Zro—i"f’o 57”1—57”0

T0><1 ( (3 1 )>(3§6) r%( 3a a )
rol ol =71 — =7 - —
\P\2T 2] T 22 VT Var+d

B r_g (V9a% + 36 — Va2 + 9 —2)a
2 (2+\/a2+9)\/a2+4

a>0,n>0.

a
+ \/a? + (n—|—2)2’

>>0, fora > 0.

This implies that & (a — M(a,3)) = 1 — %2%(a, ) changes sign only once. Thus (3.54)
has only one solutlon ag for a > 0 and 3 > Bu Additionally, a < M(a, 3) if and only if
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0 <a<aganda> M(a,p) if and only if a > ag. Now let By > 1 > [, with ag, and ag,
the solutions of (3.54) at 51 and [, respectively. We then have

B B B

_2a,31 :_2M(a517 ﬁl) = M(aﬁmBZ) <M _2a51aﬁ2 )

B B B
where we have used the fact that 8y > (31, the linearity of M(a, 3) in 3, and that M(a, 3)
is strictly increasing for positive a. Using previous arguments, the above inequality tells
us that 0 < g—fagl < ag, which implies that ag — oo, as 8 — oco. Finally, we have the
following form for the solution
1 %8 cos(2rkx/L)

p(:)j,ag) - Z ]O(Clﬁ)

Let us denote by p(dx,ag) the measure associated to the density p(z,az). We will now
show that for k = 1, p(dz,ag) converges to &y as ag — oo in the narrow topology, i.e.
tested against bounded, continuous functions. The argument for other £ € N is then
simply an extension of the k = 1 case. Let A be a continuity set of dy, then if 0 ¢ A it
follows that 0 ¢ 0A. By a large deviations argument, Laplace’s principle, we have that

' 1 T fA e98 cos(2mz /L) dz ‘
ailinoo (a_g log (z [ e dy = sip cos(2mrx/L)—1<0 if0¢A.

Thus, p(dz,as)(A) — 0 for every Borel set not containing 0 and thus p(dx,ag)(A) — 1
for 0 € A. By the portmanteau theorem(cf. [Bil99, Theorem 2.1|), we have the desired
convergence. For arbitrary k, one can apply the same argument on periods of the function
cos(2mkx /L), and due to the periodicity/symmetry of the solution the masses in each
Dirac point are equal. 0

3.6.2. The noisy Hegselmann—Krause model for opinion dynamics. The noisy
Hegselmann—Krause system(cf. [HK02]) models the opinions of N interacting agents such
that each agent is only influenced by the opinions of its immediate neighbours. In the
large N limit, we obtain again the McKean—Vlasov PDE with the interaction potential

2
Whk(z) = —35 ((\x! — %)7> for some R > 0. The ratio R/L measures the range of influ-
ence of an individual agent with R/L = 1 representing full influence, i.e. any one agent

influences all others. In order to analyse this system further, we compute the Fourier
transform of Wy (z) given by

(—m2k?R? 4+ 2L%) sin (28) — 27k LR cos (ThE)
4\/571'3/{33\/%

A simple consequence of the above expression is that the model has infinitely many
bifurcation points for R/L = 1. For the other values of R/L the problem reduces to a
computational one, namely checking that the conditions of Theorem 3.18 are satisfied.
Also, Wh(z) is normalised and decays to 0 uniformly as R — 0, i.e. as the range of
influence of an agent decreases so does its corresponding strength. We could define a

Wik (k) =

, keNEk#0.

2
rescaled version of the potential, Wi (z) = — 5 <(|x| — %)7> which does not lose mass

as R — 0. We conclude this subsection with the following result.

PROPOSITION 3.48. For R small enough, the rescaled noisy Hegselmann—Krause model
possesses a discontinuous transition point.

PROOF. We define C' := ||Wﬁ||L1(Q) and note that it is independent of R. The proof
follows from the observation that WX — —C¢y as R — 0 and applying Corollary 3.38. [
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3.6.3. The Onsager model for liquid crystals. In Section 3.6.1, we discussed
the Maiers—Saupe model as a special case of the generalised Kuramoto model. In this
subsection we discuss another model for the alignment of liquid crystals, i.e. the Onsager
model which has as its interaction potential, W (x) ‘sm z)|. As discussed in [CLW10],

one can also study the potential W () = [sin (2% :L')| € Lg(Q) NC>(2) with £ € N, £ > 1,
so that the Onsager and Maiers—Saupe potential correspond to the cases £ =1 and ¢ = 2,
respectively. We have the following representation of W, (z) in Fourier space

. 723~ cos re+1
(3.57) Wok) = — VT )L+
D (3(=k+0+2)T (5(k+(+2))
Any nontrivial solutions to the stationary dynamics correspond to the so-called nematic

phases of the liquid crystals. We can obtain the following characterisation of bifurcations
associated to the Wy(z) and thus of the Onsager model.

PROPOSITION 3.49. We have the following results:
(a) The trivial branch of the Onsager model, Wi(x), has infinitely many bifurcation
points.
(b) The trivial branch of the Maiers—Saupe model, Wy(x), has exactly one bifurcation
point.
c e trivial branch of the model Wy(x) for £ even has at least - bifurcation points
(¢) The trivial b h of th del Wy(z) for ¢ h [ ﬁb'f ) )
if% is even and f + % bifurcation points zfé 1s odd.
(d) The trivial branch of the model Wy(x) for ¢ odd has infinitely many bifurcation

points if ‘}51 s even and at least ”1 bifurcation points if =5~ =1 s odd.

PROOF. The proof of (b) follows from Proposition 3.47 so we only need to show (a),(c),
and (d) We start by noting that W,(0) > 0 and W,(k) = 0 for all odd k € N. We also note
that & e is an entire function with zeroes at all nonpositive integers and W, neN
is negatlve for all even n and positive otherwise. For the rest of the proof we will always
assume that £ > 0. We will now attempt to show that all nonzero values of Wg(k) for
k > 0 are distinct. Assume [ is even, then we have the following explicit form of W,(k):

A 722 cos I'e+1
(z(—k+ ))-(5( +k)
where k is assumed to be even and k < ¢ 4 2(since it is zero for k odd or k > [ + 2).

From the above expression one can check that the denominator is strictly increasing as
k increases from 2 to ¢, thus |W,(k)| is strictly decreasing. Thus, the nonzero values of

Wg(k) are distinct for £ even. For ¢ odd, we first note that by simple integration by parts
we can derive the following recursion relation

(3.59) Wik) =~ (k).

where again k is even(and thus not equal to ¢). For £ = 1, we have the following alternative
formula for W,(k) for even k:

(3.59) Wi(k) = \/g —(Cosfikij Y|

It is clear now that for £ = 1, Wi (k) has distinct(and in fact negative values) for k even.
From the recursion formula in (3.58) it follows that this holds true for all odd ¢, i.e.
|We(k)| takes distinct values for k even.
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Assume now that ¢ = 1(i.e. the Onsager model), then as mentioned earlier we can
deduce from (3.59) that W;(k) is distinct and negative for all k even. It follows that
Wl(k) satisfies the conditions of Theorem 3.18 for all even k, thus completing the proof
of (a).

Now let £ > 2 and even. It is clear from the expression in (3.57) that then Wy (k) can
be negative only if cos(km/2)/T (3(—k + £ + 2)) is negative. This happens if and only if £
isodd and k < £+ 2 since if k > (+ 2, W is evaluated at a negative integer and
thus Wg(k’) = (. Since by the previous arguments each g odd with k£ < ¢+ 2 corresponds

to a distinct value of W@(k), we can apply Theorem 3.18 to deduce that such k correspond
to bifurcation points. Given an ¢ > 2 and even, there are g + % such k if é is odd and g
if £ is even. This completes the proof of (c).

Now, we let ¢ > 2 and odd. One can check again that Wg(k) is negative if and only if
% is odd and k < ¢ + 2 when Z’Tl is odd and if k is even, but % is odd if k < ¢ + 2, when
@71 is even. For 4771 odd there are % such k, while for Z’Tl even there are infinitely many

such k. Applying Theorem 3.18 again, gives us (d). O

The above result provides us with a finer analysis to that presented in [CLW10], as
we are able to count the solutions for general odd and even /¢, instead of just proving
the existence of nontrivial solutions. The above result also generalises the work in [LV10]
which studied a truncated version of the Onsager model with only a finite number of
modes and proved the existence of nontrivial solutions. It also partially recovers results
from [NY15, Theorem 2| in which the non-truncated Onsager model is analysed. We refer
the reader to [Vol17| for an analysis of the Onsager model in 2 dimensions, i.e. for liquid
crystals that live in 3 dimensions with two degrees of freedom.

3.6.4. The Barré—Degond—Zatorska model for interacting dynamical net-
works. The Barré-Degond—Zatorska system [BDZ17] models particles that interact through
a dynamical network of links. Fach particle interacts with its closest neighbours through
cross-links modelled by springs which are randomly created and destroyed. Taking the
combined mean field and overdamped limits one obtains the McKean—Vlasov equation
with the interaction potential given by

iy = [Gel =07 = (=07 1)< R
0 lz| > R’

for two positive constants 0 < ¢ < R < L/2. In [BDZ17, Theorem 6.1|, using formal
asymptotic analysis, it was shown (and later numerically verified in [BCD*18]) that one
can provide conditions for continuous and discontinuous transitions for the above potential
based on the values of the Fourier modes. We restate their result using our notation for
the convenience of the reader.

PROPOSITION 3.50 (Sharp characterisation of transition point by formal asymptotics
[BDZ17, Theorem 6.1]). Consider the Barré-Degond-Zatorska model with ¢, R, L chosen

such that SW (1) + V2L < 0 and BW (k) + V2L > 0 for all k # 1,k € N. Then

(a) If 2W(2) — W (1) > 0, then the system exhibits a continuous transition point.
(b) If 2W(2) — W(1) < 0, then the system exhibits a discontinuous transition point.

The assumptions in the proposition essentially imply a separation of the Fourier modes.

It follows immediately under these assumptions that £ = 1 satisfies the conditions of The-
1

orem 3.18 and thus f, = —% corresponds to a bifurcation point of the system. Ad-

ditionally, looking at Figure 3.1 one can see that the conditions (a) and (b) from the
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above proposition are consistent with our analysis for the existence of continuous and
discontinuous transition points. If W( 1) and W(2) are resonating/near-resonating then
it follows that condition (b), i.e. 2W (2) — W (1) < 0 must hold for 8, small, where 8, is
as introduced in Definition 3.34. Indeed, let k = 1,2 be elements of the set K¢, then we
have 2W(2) =W (1) = W(1)+2(W(2) - W (1)) < W( )+ 20, < 0, for 0, sufﬁmently small.
Similarly, using Proposition 3.45 and comparing with an a-stabilised potential say G, one
can argue that if (1) is the dominant mode then condition (a), i.e. 2W(2) — W (1) > 0
must hold for a small, where « is as defined in Definition 3.41.

3.6.5. The Keller—Segel model for bacterial chemotaxis. The (elliptic-parabolic)
Keller—Segel model is used to describe the motion of a group of bacteria under the effect
of the concentration gradient of a chemical stimulus, whose distribution is determined by
the density of the bacteria. This phenomenon is referred to as chemotaxis in the biology
literature [KS71|. For this system, p(t,x) represents the particle density of the bacte-
ria and c(t, x) represents the availability of the chemical resource. The dynamics of the
system are then described by the following system of coupled PDEs:

Oip =V-(B7Vp+pVe), (t,z) € (0,00) x Q
(3.60) —(=A)'c=p—ps, (t,z) € [0,00) x Q2 ,
p(0,2) = po z € {0} xQ

for s € (%, 1]. Note that we have subtracted p, in the equation for ¢ to impose mass
preservation. The link between the model in (3.60) and the McKean—Vlasov equation
is immediately noticed if one simply inverts —(—A)® to obtain ¢. We refer the reader
to Section 1.5.3 for a more detailed discussion of this model. Thus, the stationary Keller—
Segel equation is given by,

(3.61) V-(B7'Vp+pV®°xp) =0, z€Q,

where ®° is the fundamental solution of —(—A)®. Since ®* does not, in general, satisfy
assumption (A2), Theorem 3.5 does not apply directly. However we can circumvent this
issue to obtain the following result.

THEOREM 3.51. Consider the stationary Keller-Segel equation (3.61). For d < 2
and s € (3,1], it has smooth solutions and its trivial branch (pes, B) has infinitely many
bifurcation points.

PROOF. &7 is given by the following formal Fourier series,

‘DS@):—(Q%)QS ) ‘,ﬁ (@)

keNd\{0}

The weak form of (3.61) is then given by

(3.62) —ﬁl/Vw‘Vpdx—/pV<p-Vcdx:0, Vo € H'(Q),
Q Q

where we look for solutions p in H!'(Q) NP(Q2) and ¢ = ®* x p. We start by noticing that
any fixed point of 7%* is a weak solution of (3.62) where the map 7% : L?(Q2) — L?(Q2)
is defined as follows:

Thsp = e P¢. where Z(p,ﬁ):/e_ﬁcdx.
Q
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17@
16@

FIGURE 3.3. (A). Contour plot of the Keller—Segel interaction potential ®*
for d = 2 and s = 0.51. The orange lines indicate the positions at which the
potential is singular; (B). The associated wave numbers which correspond
to bifurcation points of the stationary system

Indeed, let p be such a fixed point and 0 < e < s — %, then

S U =(T) ¥ grem X Wet)R <o

kezd keNd\{0} o€Symy(A)

Thus, ¢ € H'™(Q) which by the Sobolev embedding theorem for d < 2 implies that
c € C%$). This tells us that p € H(Q) N P(Q) with Vp = —ZLe PVec. Plugging p
into (3.62), we see immediately that it is a solution. The reverse implication follows by
arguments identical to those in Theorem 3.5.

Since pa is a solution to p = T*p, for all B > 0, we need to check that any solution of
the fixed point equation is smooth. Assume that p € HY(Q), i.e. Y, za |k[*|p(k)|* < oo.
Then for 0 < e < s — % we have that

T 4s 20
Supeenr (7)Y e X P,

kezd keNd\{0} keSymy, (A)
o7 4s R
<(F) S <o
kezd

Thus, ¢ € H*1*¢(Q) and, by Morrey’s inequality (cf. Lemma B.1), we have that H*"1+<(Q)
is continuously embedded in C*(€2). Thus, for all multi-indices a such that |a| < ¢, we
have that d,c € L>(Q). Since p = Z e, computing 9,p with |a| = £ + 1 gives us:

Oup = Z e P0uc+ F(Z71, B,0cc), for all |¢] <.

Thus, 0,c enters the expression for d,p linearly. Since all lower derivatives of ¢(z) are
bounded, one can then check that [|0ap|| 12(q) < 0o and thus p € H*1(Q). We can then
bootstrap to obtain smooth solutions.
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Observe now that for d < 2 and s € (3,1], ®* € L2(?). For d = 1, Theorem 3.18
applies directly and the bifurcation points are given by:

L 2s
B, = (—> k|*L, ford=1.
2T

For d = 2 one can notice that ®!(z) = ®!(II(z)) for any permutation IT of the d coor-
dinates. Our strategy will be to apply Theorem 3.18 after reducing the problem to the
symmetrised space L2 (2) and then use the discussion in Remark 3.22. Then, showing
that a particular [k] corresponds to a bifurcation point reduces to the condition

WS W) _waen o W) em\E oL |
Cad{[k]'@ukn‘@([k*])}‘ d{[k]@([kb (%) !kl2sL} a

d 7
which holds for example for [k] = {(1,0),(0,1)}. We argue that g, = —%ﬁ’j];), where
[p"] = {(p™,0),(0,p™)}, pis aprime, and n € N satisfy the conditions of being a bifurcation
point. We need to check that

a W) 2m\* 1|
Ca‘"d{[p sy~ () WSL} -

which is equivalent to checking that given a prime p there is a unique way (up to per-
mutations) of expressing p?® as the sum of two squares and this is precisely (p™)? + 0%
Jacobi’s two square theorem tells us that number of representations, r(z), of a positive
integer 2z as the sum of two squares is given by the formula

r(z) = (dia(2) — dsa(2))
where dy4(z) is the number of divisors of z of the form 4k + ¢,k € N,/ > 1. If p = 2,
then d; 4(2%") = 1 and d34(2%") = 0 and thus r(2**) = 1. For any odd prime, p, we know
that it is either of the form 4k + 1 or 4k + 3. For either case, one can check that we have

d14(p*™) = 1+n and d3 4(p*") = n and thus r(p**) = 1. The expression for the bifurcation
points then follows from the discussion in Remark 3.22. O




CHAPTER 4

Degenerate diffusion

The contents of this chapter are based on the following paper written with J. A.
Carrillo:

[CG19] J. A. Carrillo and R. S. Gvalani. Phase transitions for nonlinear nonlocal aggregation-
diffusion equations. arXiv e-prints, page arXiv:1912.01965, Dec 2019.

4.1. Introduction

In this chapter, we deal with the properties of the set of stationary states and long-
time asymptotics for a general class of nonlinear aggregation-diffusion equations of the
form

(4.1) {&p = BTG+ V- (pVW % p), (t,) € (0,T] x

p(0,2) = po(z) € LA Q)N L™Q) NP, z€ ’

where 1 < m < oo is the nonlinear diffusivity exponent of porous medium type [V07], 3 >
0 measures the relative strength between repulsion (by nonlinear diffusion) and attraction-
repulsion (by the nonlocal aggregation terms), and W € C?(Q) is the attractive-repulsive
interaction potential. We choose our domain 2 to be the d-dimensional torus T having
side length L > 0. Notice that for m = 1 we recover the linear diffusion case which was
discussed extensively in Chapter 3. As discussed in Section 1.3, these equations also share
the feature of being gradient flows of free energy functionals of the form

1 —1
T [r@ae- TS [ W - p@pt) dedy. ms
Q QOxN

m—1 m—1
Eﬁvm(p) =

g /Q (plog ) (x) o + ¢ / [ W o)t drdy, m—1

for p € L™(2) NP(2). We refer the readers to [CCY19| for a recent survey of this active
field of research. As can be seen from the above expression, we have merged E“‘ﬁ and
Eé/[ V into a unified framework and have dropped the superscripts. This allows us to study
the behaviour of the energy in the limit as m — 1.

As discussed in Section 1.1.4, aggregation-diffusion equations such as (4.1) naturally
appear in mathematical biology [BCM07, VS15, CMS*19, BDZ17, BCD" 18] and mathe-
matical physical contexts [Oel90, Phi07, FP08, BV13| as the typical mean-field limits of

interacting particle systems of the form

N
. 1 ) . .
dXj = -5 > VWN(X] - X{)dt + /28, dB;,
i#]
where WV = IB%(,ON + W and
oV (x) = NSp(N*z), for all z € R?,
Here, ¢ is a the typical localized repulsive potential, for instance, a standard mollifier, and
0 < & < 1. Notice that, due to the choice of ¢, the shape of the potential gets squeezed to a
103
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Dirac measure at 0 slower than the typical relative particle distance N~/¢. Also, Byt >0
is the strength of the independent Brownian motion driving each particle. We refer to
[0el90, Phi07, BV13] for the case of quadratic diffusion m = 2 with 5, = 8, v = 0, and to
[FPO8]| for related particle approximations for different exponents m. The McKean-Vlasov
equation m = 1 is obtained for the particular case 81 = +o0 and 5 = 3, being the inverse
temperature of the system for the linear case, and its derivation is classical for regular
interaction potentials 1, see for instance [Szn91].

Analysing the set of stationary states of the aggregation-diffusion equation (4.1) and
their properties depending on 3, the relative strength of repulsion by local nonlinear dif-
fusion and attraction-repulsion by nonlocal interactions, is a very challenging problem.
As with the linear case, the flat state po := L% = |Q|™' is always a stationary solu-
tion of the system. The problem lies in constructing nontrivial stationary solutions and
minimisers. In the linear diffusion case m = 1, we refer the reader to Chapter 3 where a
complete picture of the appearance of bifurcations and of continuous and discontinuous
phase transitions is present, under suitable assumptions on the interaction potential W.
Bifurcations of stationary solutions depending on a parameter are usually referred in the
physics literature as phase transitions [Daw83|. As in the previous chapter, in this chapter
we make a distinction between the two: referring to the existence of nontrivial stationary
solutions as bifurcations and the existence of nontrivial minimisers of Fg,, as phase transi-
tions. Particular instances of phase transitions related to aggregation-diffusion equations
with linear diffusion have been recently studied for the case of the Vicsek-Fokker-Planck
equation on the sphere [DFL15, FL12| and the approximated homogeneous Cucker—Smale
approximations in the whole space [Tugl4, BCnCD16, ASBCD19|. We also refer to [Sch85|
where the problem was studied on a bounded domain for the Newtonian interaction, and
to [Tam84] where the problem was studied on the whole space with a confining potential.

However, there are no general results in the literature for the nonlinear diffusion case
(4.1), m > 1, except for the particular case of m = 2, d = 1, with W given by the funda-
mental solution of the Laplacian with no flux boundary conditions (the Newtonian inter-
action) recently studied in [CCW™20]. Despite the simplicity of the setting in [CCW™20],
this example revealed how complicated phase transitions for nonlinear diffusion cases
could be. The authors showed that infinitely many discontinuous phase transitions occur
for that particular problem. Let us mention that the closer result in the periodic setting
is [CKY13].

Outline: Our main goal is thus to develop a theory for the stationary solutions and
phase transitions of (4.1) for general interactions W € C?(2) and nonlinear diffusion in
the periodic setting, something that has not been previously studied in the literature.
This chapter can be thought of as an extension of the results in Chapter 3 to the setting
of nonlinear diffusion. Considering this, we need to define appropriately the notion of
phase transition for the case m € (1, 00), as done in Chapter 3 for the linear case m = 1.

As discussed in Section 2.1.2, unlike in the linear setting, the L!(2) topology is not the
natural topology to define phase transitions. It seems that for m > 1 the correct topology
to work in is L>°(Q2) (cf. Definition 4.27 and Remark 4.34 below). For our results we will
often require compactness of minimisers in this topology. One possible way of obtaining
this compactness is via control of the Holder norms of the stationary solutions of (4.1). In
Section 4.2, we briefly comment on the existence of solutions to (4.1) before proceeding to
the proof of Holder regularity. Since this is a key element of the subsequent results and the
proof of Hélder regularity for such equations is not in the literature we include the proof
in full detail in Section 4.2. It relies on the so-called method of intrinsic scaling introduced
by DiBenedetto for the porous medium equation (cf. [DiB79]|), which is a version of the
De Giorgi-Nash—Moser iteration adapted to the setting of degenerate parabolic equations.
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We make modifications to the method to deal with the presence of the nonlocal drift term
V - (pVW % p). We remark here that the proof of this result is completely independent
of the rest of the chapter. In a first reading, readers more interested in the properties of
stationary solutions and phase transitions might choose to skip the proof and continue
to Section 4.3.

After the proof of the Holder regularity we proceed to Section 4.3, where we discuss
the local bifurcations of stationary solutions from the flat state p.. In Theorem 4.18,
we provide conditions on the interaction potential W and characterise values of the pa-
rameter 5 = f3,, such that (ps, 3«) is a bifurcation point using the Crandall-Rabinowitz
theorem (cf. Theorem A.8). In fact, for certain choices of W one can show that there
exist infinitely many such bifurcation points. We then move on to Section 4.4, where we
prove the existence and regularity of minimisers Ejg,,. We also show that, for S small
enough, the flat state is the unique minimiser of the energy for m € (1, oc], thus extend-
ing the result of [CKY13]. We show that, as in the linear case, the notion of H-stability
(cf. Definition 0.1), provides a sharp criterion for the existence or nonexistence of phase
transitions. We then proceed, in Lemmas 4.32 and 4.33 and Proposition 4.35, to provide
sufficient conditions for the existence of continuous or discontinuous phase transitions,
where the proofs rely critically on the Holder regularity obtained in Section 4.2. We also
provide general conditions on W for the existence of discontinuous phase transitions. We
conclude the section by showing that m € [2,3] all non-H-stable potentials W are asso-
ciated with discontinuous phase transitions of Eg,,, while for m = 4 we can construct a
large class of W that lead to continuous phase transitions of Eg,.

We summarise our results below:

e The proof of Holder regularity of the weak solutions of (4.1) can be found in Theorem 4.3
and the preceeding lemmas of Section 4.2.

e The result on the existence and characterisation of local bifurcations of the stationary
solutions is contained in Theorem 4.18.

e The results on the characterisation of phase transitions are spread out throughout Sec-
tion 4.4. The main result on the characterisation of discontinuous transition points
is Theorem 4.36 while the explicit conditions for a continuous transition point can be
found in Theorem 4.41.

e In Section 4.5, we treat the mesa limit m — oco. The I'-convergence of the sequence of
energies Eg ,,, to some limiting free energy F., as m — oo can be found in Theorem 4.43.
We then provide a characterisation of the minimisers of the limiting variational problem
in terms of the size of the domain and the potential W in Theorem 4.44.

In Section 4.6, we display the results of some numerical experiments which we hope will
shed further light on the theoretical results, while also providing us with some conjectures
about the behaviour of the system in settings not covered by the theory.

4.2. Existence and regularity of solutions

We are interested in solutions of the following nonlinear-nonlocal PDE

(4.2) {&ff’ =B+ V- (pVIW % p), (t,2) € (0,T] x Q

p(0,2) = polz) € LAQ) N L™(Q) NP(Q), z€Q ’

where 1 < m < oo, 8> 0, and W € C?(f) is even along every co-ordinate and has mean
zero. It is not immediately clear what the correct notion of solution for the above PDE is,
as it need not possess classical solutions. We introduce the appropriate notion of solution
in the following definition.
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DEFINITION 4.1. A weak solution of (4.2) is a bounded, measurable function
p € C([0,T]; L*())
with
pm e L2([0,T]; H'(Q)),
such that

T T
/ p(t,x)p(t,x)dz| + / /(—pcbt + B mp™ Vp - Vo + pV(W x p) - V) dadt = 0
Q 0 0 Q

for all ¢ € H([0,T7]; L*(2)) N L3([0, T]; H} (2)) and p(0,x) = po(z).

THEOREM 4.2. Given py € L*(Q)NL™(Q)NP(Q), there exists a unique weak solution
of (4.2). Furthermore p(t,-) € P(Q) for all t > 0.

The proof of this result is classical and we will not include it. It relies on regularisation
techniques which remove the degeneracy in the problem. The meat of the matter is proving
estimates uniform in the regularisation parameter. We refer to [BCL09, BS10] for proofs
of this result with W € C%(Q).

We turn our attention to the regularity of solutions of (4.2). The proof is based
on the method of intrinsic scaling introduced by DiBenedetto for the porous medium
equation [DiB79, Urb08]. It is also similar in spirit to the proof in [KZ18| where regularity
was proved for a degenerate diffusion equation posed on R? with a potentially singular
drift term. Since we will mainly be concerned with stationary solutions we assume for the
time being that there exists some universal constant M > 0 such that [|p| g, < M,
where Qr is the parabolic domain Qp := [0,7] x Q. We first state the result regarding
Holder regularity.

THEOREM 4.3. Let p be a weak solution of (4.2) such that ||p|| e,y < M < oo.

Then p is Holder continuous with exponent a € (0,1) dependent on the initial datum, m,
d, W, and 3. Moreover a depends continuously on B for 5 > 0.

We remind the reader that this result is only used to obtain the desired regularity and
compactness of minimisers in Lemma 4.24, although it is of independent interest by itself.
We divide the proof into two parts. In Section 4.2.1, we derive some a priori estimates
that will be useful in the proof of regularity. In Section 4.2.2, we perform the so-called
reduction of oscillation scheme and complete the proof of Theorem 4.3. As mentioned
earlier, readers interested only in bifurcations and phase transitions can skip directly
to Section 4.3.

Before turning to the proof of Theorem 4.3, we introduce some notation. Since the
equation (4.2) is invariant under translations of the co-ordinate axis, we define the para-
bolic cylinder

Q(r,R) = [-7,0] x [R, R]*,

centred at (0,0) and note that we can move it to any point by adding (zo,%y). We also
used K as a shorthand for [—R, R]?. We denote the parabolic boundary by

0,Q(7, R) = 0((—7,0) x Kr) U{—7,0} x Kp.
We use the following shorthand notation:
w, = max(w, 0), w_ = —min(w,0), p'. = min(p, 0), pt = —min(—p, —£).
Additionally, we consider the cut-off functions ¢ such that

0<¢<1,  |V(<+oo, ((tz)=0,2¢ Kg.
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Through the rest of this section we will also use f(¢,x) to denote W x p(t, z). Note that
IVl e o.m1x0) < NVW | ooy ID? 1o o.11 0y < ID*W | oo

The reader should note that proof of regularity holds for any f € C?*(2) that for which
one can prove bounds of the kind shown above. We note before starting the proof that
all estimates in the proof have constants that depend continuously on 8 > 0. Thus, the
Hélder exponent a and seminorm |p|, also depend continuously on 8 > 0.

4.2.1. A priori estimates. There are two a priori estimates that play a key role
in the proof of Holder regularity: a Cacciopoli-type energy estimate and a logarithmic
estimate. The proof of the energy estimate is essentially the same as [Urb08, Proposition
2.4| and we state it without proof.

LEMMA 4.4 (Energy estimates). Pick k, ¢ € Ry and some cut-off function (, such that
¢ =0 on 0,Q(1,R). Then, it holds for any weak solution of (4.2) that

1 2 m— 2
— |ess sup/ (r — k)+(2 dx +/ (%) 1‘V(pi — k);¢| dzdt
te[—-7,0] J{t}xKgr Q(1,R)

< / (b, — B)2CG dadt +2(0 — k) / (p— 0)4CCdadt
Q(7,R) Q(7,R)
somd [ (o = R )V doe
Q("_:R)
+mp e k), [

P
(/ g1 ds) (IVC]? + CAQ) xpze d dt
Q(7,R) l

s [ It~k dede+
Q(T,R) Q(

Similarly we have,

A1~ kR dedt.
R

T,

1
(4.3) = [ess sup/ (0" — k)2_C2 dz + / (pL)™ v (pt — k:)_(‘Q dz dt
2 te[fT,U] {t}XKR Q(T’R)

<[ G- prcGdsdtrae-R- [ (p-0-Codra
Q(7,R) Q(T,R)

+ 2m61/ (P — k)2 (p2)" Y V¢ da dt
Qr.R)

—omB N — k) /

P
< / §m! ds) (IVC]? + CAQ) xp<r d dt
Q(7,R) Y4

+/ IV FIICIVEI (08 = k)2 da:dt+/ IAfI(p" — k)2 ¢ dzdt .
Q(T,R) Q(

7,R)

We now move on to the logarithmic estimate. The proof of this needs to be adapted
from the classical estimate in the presence of the drift term V- (V fp). Before stating and
proving it, we introduce the following function

H
+ _ A hE e s,k +
UV (s) =ty (s) = <1n<(Hj,:k s iy p k):i:)>+’ 0<c<HE,

where s is a bounded, measurable function on Q(7, R) and

HE, = esssup|(s — k)4 .
T QnR)
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The function has certain useful properties, namely,
0 < Y*(s)
(¥)(s) =20, (¥7)(s) <0
()" = ((¢*)).
We also need to define the Steklov average for any p € L'([0,T] x Q) for any 0 < h < T
as follows

t

) att p(r,)dr 0<t<T—h
=30 otherwise .
The Steklov average has certain nice properties which we state without proving.

LEMMA 4.5. [Urb08, Lemma 2.2| Let p € L([0,T]; L"(S2)) then py converges to p in
p € LU0, T); L™ () as h — 0 for q,r € (1,00). Additionally, if p € C([0,T]; L*(2)),
then py(t,-) converges to p(t,-) in L) fort € [0,T].

Using this we have the following alternative notion of a weak solution of

DEFINITION 4.6. A weak solution of (4.2) is a bounded measurable function
p € C([0,T]; L*())

with
o € 120, T} H'())
such that
@) [ BlpetmE IV Vo (VW k- T do =0,
{t}xQ

for all ¢ € H} (), h € (0,T), t € (0,T] and p(0, ) = po.

PROPOSITION 4.7. [Urb08| The notion of weak solution introduced in Definition 4.1
and Definition 4.6 are equivalent.

LEMMA 4.8 (Logarithmic estimates). Let p be a nonnegative weak solution of (4.2)
and ¢ be a time-independent cut-off function, then it holds that

/ (™)) (p)¢* da < / (V5)?) ()2 da
{t}xKr

{—T}XKR

ot [ VAR () dads
—7 J{s}xKp
+omp! "y (p)| VP dad
i [ Ve ey
w2 [ VAR )P )| deds
—7 J{s}xKp

i 4/_7 /{s}mp VAV (@) () (0)] €] dards

for any —7 <t <0.
PROOF. We start by testing (4.4) against ((1v*)?)'(py)¢? and integrating by parts to obtain

/{t} o Oe(pr) (1)) (pr)C* +mB~ (P Vo) - V(7)) (p1)C?)

(4.5) +(pV)n - V(((5)) (pn)¢?) dz =0,
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Consider the first term on the left hand side and integrating from —7 to ¢

/ / Bs(on) (1 ™)?) (pr)¢* Az ds

—7 J{s}xQ

:/ /{} Qas(Wi)Q)(ph)Cz(Mds

:/ (Wi)?)(Ph)C? dx—/ ((77Z)i)2)(,0h)§2 Qo
{t}xQ

{—7}xQ

Passing to the limit as h — 0 we obtain that

(*)) (p)C dz — / (W) () da

{—7}xQ

[ ] oo Prmeasas -

{t}xQ

Now consider the second term on the left hand side of (4.5) (after passing to the limit as
h —0)

o [ [ S ) de s
—omst [ [T )0+ ()
ramg [ [ o - T s
o [ [ e @ ) aras

t
_omp! / /{ PTGV aras,
—T stxQ

where the last expression follows from Young’s inequality. Finally we consider the last
term on the left hand side of (4.5) (after passing to the limit as h — 0)

| [ 9D TP e o

= [ 7 T )0+ () s
1 [ T s

>z f [ ATIIVAIE )+ )| ands

=1 /{Mpruva\<<wi>’<p>>wi<p>|rcrdxds.
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Putting it all together we obtain

[ weees [ e
{t}xQ

{—7}xQ

—2mpB ! t =17 012 (0E) (0))2¢2) dz ds
8 /_T/{sm(’) V(Y (9)2C)
L omp! / /{ AT asas
2 VIV £/ 2(1 + 2dxds
T /_T/Wf’ FIV | (W2 ()21 + W2 ()¢

waf /{Mprwuvcr\<<wi>'<p>>wi<p>u<\dxds.

Taking into account the support of (, one obtains the result of the lemma. [l

4.2.2. Proof of Theorem 4.3. We now get to the meat of the regularity argument,
i.e. the reduction of oscillation. We assume again that p is a nonnegative weak solution
of (4.2). We pick a cylinder Q(4R* ¢,2R) that lies inside Qr (shifted to (0,0)) for 0 <
R < 1. Then we can define

_l’_ — .
W = esssup p, o = essinf p,
Q(4R%¢ 2R) Q(4R?~¢2R)
along with
+ —
Ww=p" —p = essosc
Tl = G Tor)

We then define the rescaled cylinder

Q(w'™R* R) C Q(4R*°,2R),
which holds true if
(4.6) aw™ > R

For a fixed € > 0, € (0, 1) if the above inequality does not hold true for any R that can
be made arbitrarily small, it follows that w is comparable to the radius of the cylinder and
thus we have Holder continuity already. The proof of this statement is by contradiction.

Let wg := Q(e%%oscR) p. Then for any point (¢, z) € Q7 we set R = dg(z,0) + [¢|"/?, the
4R2-< 2
parabolic distance to the origin. Thus, we have

e
m—1

plt,2) = p(0,0)] < wp < 7T RTT = 77T (do(x,0) + 1)
We will specify the value of « later. We thus have by this inclusion that

essosc p<w.
Q'™ R R)
We will also assume throughout the remainder of this proof that u~ < w/4, as otherwise
the equation is uniformly parabolic in Q(4R*¢,2R). Before we proceed we pick some
v € (0,1) and divide our analysis into two cases.
Case 1.

|(t,x) € QW' ™R* R) : p < p” +w/2|

.7 QR R)

§V07

or
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Case 2.
I(t,x) € QW'"™R?* R) : p>pu~ +w/2 1
Q'R R)| v
or equivalently
1=m p2 o> ut —w/2

|Q(w!~mR2, R)|

We now treat the two cases independently.
Reduction of oscillation in case 1: In the first case, we start by proving the
following result.

LEMMA 4.9. Assume that = < w/4 and that (4.7) holds for some vy (to be chosen),

then
2
-1 Y g i e (BB
p(t,x) > p —|—4a.e. m@(w <2>,2>.

PRrROOF. We start by considering the sequence

R R

R”ZEJFW

n=01,---
such that Ry = R and R, — R/2 as n — oo. We then construct a sequence of nested
shrinking cylinders Q(w!™™R2, R,,) along with cut-off functions ¢, satisfying

0<¢ <1, (n=11in Q(wl_mRiH, R..1), ¢, =0on GPQ(wl_mRi, R,),
n+2 22n+2 22n+5

m—1
R ) 0 S (Cn)t S w ) ACTL S R2 .

R2
We now apply the energy estimate of Lemma 4.4 in Q(w'™™R2?  R,,) with ¢ = = + w/4,
and k, = pu~ +w/4 + w/(2"!) for the function (p* — k,)_. We will bound the terms on
the left and right hand sides separately. Considering first the terms on the left hand side
we have

V(| <

1
= ess sup / (pﬁ_ — kn)i(’z dx
2 —RZwl-m<t<0 J{t}xKpg,

+/ (pL)™ MV (et —kn)(nfd:cdt}
Q(wlingmR'ﬂ)

>ol-2m ess sup / (p{ — kn)Q_(fL dz
{t}XKRn

—RZwl-m<i<0
ren /Q( 1-mR2 R )‘V(pe_ - k?n)—Cn{le’ dt] ’

where we have used the fact that p® = max(p, u~ +w/4) > p~ + w/4 > w/4. For the
right hand side we first note the following facts:
(1) 0 < u~ < w/4 which implies that p < 5w/4, £ < w/2, and p* < 5w/4 .
(2) £ =p~ 4+ w/4 <k, which implies that X[,<q < X[p<kn] = X[(p—kn)_>0]-
(3) If p*. = p, then X[(p% —kn)->0] = X[(p—kn)_>0]- On the other hand if p’ =, we have
that p < € <k, we have that X((p—k,)_>0] = 0 = X[(t—kn)_>0] = X[(p¢ —kn)_>0]"
(4) = kn)- =w/(2") Sw/2, (pL —kn)- Sw/2" <w/2, (p—0)- Sw/4.
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We now proceed to bound individual terms on the right hand side of (4.3). For the first
term we have:

/ (pé_ - kn)Z_Cn(Cn)t dz dt + 2(€ - kn)— / (p - e)—Cn(gn)t dzr dt
Q(w!'=™RZ,Rn)

Qw'=™RE,Rn)

1, ) 92n+2
50 : dzdt.
2 R2 /Q(wlnguRn) X[(p[_—kn)—>0]

For the second term:

2mA3~ / C k)2 ()™ da dt
1— mR2 Rn

) 122n+3
<mp~ () ww™” —/ X((pt —k,)_ >0 dz dt.
A R Joumren) [(pE. —kn)—>0]

For the third term:

P
—2mBH (0~ k) / (/ s dS) (VG + GAG)xpse dardt
Qw'~—™R2,Ry,) L

, W2 ) 92n+5
<mpB~ —w™" dz dt .
<mp 1 R2 /cg(wl—MR%,Rn) X[(p%.—kn)_>0] AT

For the final two terms we have:

/ VAT~ k)2 e+ [ A1~ B2 o
Q(wl=™RZ,Ry) Q(w'=™R2 R,)

2n+2 w2
( va”LOO + ||AfHLoo(Q))Z/ X[(pt. —kn)—>0] dzdt
Q(wlinguRn)
22n L wlfm w2
w™” AV B [7AY oo I*mRQQ*zn —/ _ dz dt
RQ ( on—2 | f||L Q) I f”L 1 O 2 ) X[(p%. —kn)_>0] AT

22n (4)2

Ll 5
<2 (B ey + IAF LH)—/ Nt by o0 dard
R2 ( L Le=(Q) 4 Qe -m B2 R0 (o2 —kn)—>0]

where in the last step we have used the fact that R°w!™ < a < 1 and that R < L.
Putting the bounds for the left and right hand sides of (4.3) together we obtain

(0" — k)’ Cdr+wm! / V(" — k)¢ |" dwdt

Q(wl_ngan)

€ss sup /
—R2wl=m<t<0 J {t}xKp,,

2n 2
2 1 W

<C(m, LB i 185 i) ™ 5 | X0t oyt
L>=(Q) L=(Q) ) p2 4 Jow-mr2m [(pL ~kn)—>0]
Let = w™ !t and define the following rescaled functions

ﬁ€—<’z) :pg—('ﬂf)v C_n(vz) :Cn('>t)'

In these new variables the inequality simplifies to

ess sup / (ﬁe_ — kn) ic_f dx + / |V(ﬁz_ — kn),g‘_n‘z dx dt
—R2<t<0 J{t{}xKg,, R2.R,)

22n

. <C=—=
@9 =LA
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where

An = / X[(ﬁ{—kn)7>0] dzdt.
Q(R?,Ry)

Furthermore we have

1 w?
WIA’@ +1 :|k:n - kn+1|2An+1

2
T = Fn 1| Xt~ >0 dw i
Q n+1 Rn+1

/ ‘k —_K‘ X[(. —Fns1) >0]d:vdt
Q n+l n+l

o — (
H( ) Q(Ri.,_l Rn+1))
<O AQ/(Q-i—d H(k . —E )

- ”VQ(Q( n+1 Rn+1)) ’

where in the last step we have used the embedding into the parabolic space V? (cf.
Lemma B.4). Thus, we have

1 w?

92n+2 ZA"H

<Cy

ess sup / (7" —k)idx—i—/ V(pt — ‘ dx dt
—Ri+1<%<0 {E}XKRH+1 Q(REH-DR’HJ)

<0, A2/CHD) | egssup / (7" — k)’ do + / V(. — k) G| dwdt
#<0 /(B xKn QU 1)

—R2<t<0

22n w2
<C__A1+2/(d+2)
T R4 ’

where we have used the fact that ¢, = 1 on Q(R2,,, R,4+1) and have used (4.9). Thus,
we have

A aaa 4241 4 142/(d+2)
n+1 2 2/(2+d n
<C|Q(R, 11, Rnt1)
] <O R e
1+2/(d+2)
- |Q(R2,,, Ruy1)| |Q(R2, Ry

Y

A 142/(d+2)
o)

|Q(R?, Rn)
where we use the fact that |Q(R2, R,)| = R%3 < R*? and R, /R,41 < 2. Setting

Ay,
) P (. ——
<|Q(R%, Rn)l)

we have the recursive inequality
Xn+1 < O42nX1+2/(2+d)
i n b

with the constant C' independent of w, R, n and dependent only d, m, 3, f. Setting vy =
O~ (d42)/24=(d+2°/2 e gee that X, < 1 is equivalent (4.7) to being satisfied with constant
Vo, since kg = w/2. Thus, for this choice, X,, — 0 by the geometric convergence lemma
(cf. Lemma B.8). It follows then, after changing variables, that p* > u~ + w/4 a.e. in
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Q(wl—m(g)z, }g) The result follows by noting that p* > pu~ + w/4 = ¢ implies that
¢
p_ = p- U

COROLLARY 4.10 (Reduction of oscillation in case 1). Assume that (4.7) holds with
constant vy as specified in the proof of Lemma 4.9. Then there ezists a o1 € (0,1),
independent of w, R, such that

essosc p < ow.
oo (2)4)

PrROOF. We have by the result of the previous lemma that

essinf ~ p>p” +w/4.
ol (570

Thus, we have that

essosc  p= esssup p—  essinf  p
o=@ )" an(ay alr(B)
<pt—pT —w/4
<§w .
4
Thus, the result holds with oy = 3. O

Reduction of oscillation in case 2: We now assume that (4.8) holds but with the
constant v fixed from the previous argument. We argue now that if (4.8) is satisfied then
there exists some t,

v
to € |:_w1—mR2’ _Eowl—mR2:| ’

such that

w 1—V0
& K plavte) > " — 2| £ 22211y
Hx R P(x 0) 1% 5 _1—1/0/2| R|

We prove this by contradiction. Assume this is not the case then

Hx € QW R R) : p(t,x) > put — EH

2
_VTOUJlmeQ
> |z € Kp:p(z,s) > p —w/2|ds
—wl-mpR2
Y 1-m p2 1-m 2) L —w
>(—— R R — |IK
2 T (1—1/0/2)‘ A

=(1—w)|Qw' ™R, R)|,
which contradicts (4.8). We now proceed to prove the following lemma.

LEMMA 4.11. Assume that (4.8) holds. Then there exists a ¢ € N, depending only on
the data, such that

er Kg:p(t, z) >u+—%}) < (1— <%>2)|KR],

for all t € [—%wl_mRQ,O] and o in (4.6) chosen to be small, depending only on vy, m,
d, B, W, M but independent of R and w.
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PROOF. The proof of this lemma relies on the Lemma 4.8 with the function ¢t (u) on the
cylinder Q(—tp, R). We choose

w w
k:M+—§> €= 5nr1

where the constant n > 1 will be chosen later. It is fine to apply it to this function as we
can assume that
ot f)
(Pt +3),

otherwise the proof of the lemma would be complete with ¢ = 2. Indeed, we would have
for all t € [ty, 0]:

HxGKR:p(t,x)>,u+—%H:‘{xGKR:p(t,a:)—u++§>%}‘ =0.

Before we write down the inequality, we need to further understand the properties of the
function ¢ (p) defined on the cylinder Q(—to, R). Note first that

w w
— >
H,, = esssup >422n+1,

Q(—to,R)

In I YR > k4w
V() =\ Ttk ) P T
0 p<k+ 55

Furthermore in Q(—ty, R), we have that
w
Therefore
H;fk

P (p) < ln( ) <In(2") <nln(2).

Furthermore, we need to study the properties of () (p):

1 w
{H:k_P-HH- - p>k+ 2n+l

on+1

V() — .
W) =1 e

Thus, we have

2n+1

0< (@")(p) <

We now proceed to writing down the estimate

[ wecas [ @hees
{t}xKRr

{tO}XKR

W

. 1 t m—1 2 +\/ 2 2
2m / /{S}XKR@ Vol (6 ()¢ dw ds
-1 ! m—1_,+ 2
+2mp / /{S}mp H(p) VP deds
w2 [ [ VAR )P0+ ()| deds
to {S}XKR

(4.10) e[ AVl o) o)l ards.
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for any ty <t < 0. We choose a time-independent cut-off function 0 < ¢ < 1 such that
CE 1a YIS K(lfﬁ)Ra |VC| < (6R)_1

Consider now the first term involving f on the right hand side of (4.10)

// oIV ARl | (Y (0))2(1 + (0* ()| da s
{s}xKr
<A2mp! / /{ TR () s

2)\mﬁ // PPV (WY () (1 + (¥ (p))?[¢* dzds,

where we have simply applied Young’s inequality and the constant A € (0,1/2). We derive
a similar bound for the second term involving f as follows

4 / /{S}XKRprvmvcr\<<w+>'<p>>w+<p>\|<\dxds

<A2mp! / /{ IR e s

2 ' —-m 2 9
+/\m5—1 /to /KR'O3 IV (¢+(P))2|VC’ dx ds.

Putting it all together we can get rid of the negative term in (4.10) and take the esssup
to obtain:

ess sup / (")) (p)¢? da
tefto,0] J{t}xKg

< /{to}xKR«w%(mc? de

0
+2mpt / [t Ve deds
{s}xKr

2/\m5 /t/ VP () (1 + (0T (p))?[ ¢ Az ds

3—m 2 2 2
+ )\mﬁﬂ /to /KRP V7t (p)?|V¢|" deds.

We proceed to bound each of the terms individually. For the first term on the right hand
side of (4.11) we obtain:

(4.11)

1—1/0

J I A < @ Kl

For the second term we use the fact that p < 5w/4 to obtain:

0 m—1
Qmﬁ_l/ / PN (p) | VCIP dards gzmﬂ_IG) W™ (OR) 2 |to|n In(2)| Kp|
{S}XKR

m—1
<omB! (Z) In(2)52n| K.
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For the third term we use the fact that 5/4w > p > w/2 on the supports of ¥ (p) and
() (p) to obtain:

QAn”lbﬁ—l/t /K PV ()2 (1+ (0 (0))?[¢ da ds

1
<
_02)\m5*1

C 1-m, 1-m p2 2 n+1 2
= R )2 (14 ()|

WG RV f| o) 2" w T (14 nn(2))?| K|

Similarly for the final term we obtain

0
o | PR 19 dr s

2C
<
~Amp1

WAt RV [ yn® In(2)° | KR

For the left hand side of (4.8), consider the set
Sy={z € Ka_sr:plt,z) >p" —w/2""'} C Kp, t € (t9,0).
It is clear that ¢ = 1 on S; and, since —p + k + w/2""! < 0, the function
H;fk
Hiy—p+k+ 55

Y

is decreasing in H;Fk. Thus, in S; we have

H;fk
- w/2
Tw/2—pH+k+ 55

< w/2 B
Tw/2+w/2H —w/2 +w/2n

n—1

Thus, we have

ess sup / () ()2 dz > (n— 128,
{t}xKr

tE[to,0]

Putting all the terms back together we obtain and bounding w? by M?,

n 2 1—1y _ n

2
+ (Cl (m’ 5’ )\7 HfoLOO(Q))wlfmwlme22n+l (Hn—ln<2>> ) ‘KRl

n—1

n—1

2
n
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Finally, we obtain the estimate we need

Hm € Kr:p(t,x) >pu" — %H
<|S| + ‘KR \ K(lﬂi)R‘

n 2 1—1 _ n
S((n—l) 1_V0/2+C(m,ﬁ)5 2m+d(5>|KR\

& —m D€ —m —Z2E9N 1 +n1n 2 ?
+ (C&(m,ﬁ,k, ||Vf||L°°(Q)>R w! M RE LA (Tl()> )lKR’

2
n
+ (OQ (m) /87 A? ||vf||L0°(Q)7 M) Rewl_mstl_mL2_2e <m> ) |KR| )

where one should note that R < L and the term R°w!™™ can be controlled by «
through (4.6). Note that for the term in the first set of brackets we can choose dé < 313 /16
and n large enough such that

n

———0 2 < 315/16

(TL . 1)2 — VO/ )
because (1 — 19/2)(1 4+ 1) > 1. Now that n and § have been fixed we note that the
constant « in (4.6) can be made small enough (independent of w and R) so that terms in
the other two brackets are lesser that 3v2/16. This gives us

( n >2§(1_u0/2)(1+w)7 ¢m, §)

n—1

2
Hx € Kr:p(t,x) >pu" — %H < (1—v5 +35/4)|Kg| = ( — Z—O)|KR|.
The proof follows by setting ¢ = n + 1 and noting that [¢y,0] D [—%wl_mRQ, 0}. O

We now proceed to prove that p is strictly lesser than its supremum in a smaller
parabolic cylinder.

LEMMA 4.12. Assume that (4.8) holds. Then there exists some sy € N large enough,
independent of w, such that

2
oY Yo pem (BN B
p(t,x) < p 5o &€ (t,x)GQ(Qw (2) ,2>.

PROOF. The proof is similar to that of Lemma 4.9 and relies on the energy estimates
in Lemma 4.4. We start by considering the sequence

R R
Rn = §+ on+1

such that Ry = R and R, — R/2 as n — oo. We then construct a sequence of nested
shrinking cylinders Q(1p2 'w!'™™R2 R,) along with cut-off functions ¢, satisfying

0<¢ <1,  (=1nQW2 'w ™R, |,Ru), (G =00nd,Qu2 'w' ™R2,R,),

n=01,-

2n+2 22n+2 22n+5

m—1
R ) 0 S (gn)t S R2 w ) Agn S R2 .

We now apply the energy estimate of Lemma 4.4 in Q(1p2 'w!™™R2 R,) with £ = uT —
w/2%, and k, = p™ —w/(2%0) —w/(2"%) for the function (p§ — ky,)+. We will bound the

V(G| <
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terms on the left and right hand sides separately. Considering, first, the terms on the left
hand side, we have

1
— ess sup / (pi — kn) i(ﬁ dx
2 ()% K,

—R2wl—mpy2-1<t<0

. 2
+ R
Q(vo2—1wl=mR2 Ry,)

>27m €ess sup / (pﬁ — kn)iﬁ}% dx
{t}XKRn

-2 1 R2wl—m<t<0

st | V0, — k) GofPdo ]
Qo2=1wl=-mR2 Ry)

where we have used the fact that when |V(pf — k), (| is nonzero, pf, > k, > w/2. For
the right hand side we first note the following facts:
(1) 0 < p~ < w/4 which implies that p < 5w/4, and p’ < 5w/4 .
(2) £ =p~ —w/2% >k, which implies that x>0 < X[p>kn] = X[(p—kn)s>0]-
(3) If p = p, then X[(p, —kn) 1 >0] = Xi(p—ka)3>0]- On the other hand if p'. =, we have
that p > ¢ > k,. Thus, we have that x|,—,), >0 = X[(p, —kn) 4 >0]-
(4) (= ko) = w/(27F50) < w/2970, (ol — ko)y < w/27%0 < w2071, (p— 0) <
w/2%071,
Applying essentially the same bounds as Lemma 4.9, we obtain

ess sup / (pfr — k) inL dx
{t}XKRn

—1p2 1 RZwl-m<t<0

m— 2
+w 1/Q( 3 RQR)\V(pﬂ—k)+¢ny dxdt]
Vo2~ tw!T ™Rz R

22n wQ
<c( L BNV o IAF]] )— m—l—/ ) dzdt .
> m ﬁ ” f||L (Q) ” fHL (Q) RQW 92s0—2 Q21w 2 o) X[(pi kn)4>0] 4T

Let = 15 2w™ 1t and define the following rescaled functions

In these new variables the inequality simplifies to

_ 22 Y _ —2
ess sup / (p?F — k‘n)+Cn dx + 5} {V(pﬂ — kn)+gn| dx dt]
—R2<t<0 J {t}xKg,, R2,Ry)
22n Yo w2
=Rt

where

A, = 5t _ dzdt.
/Q(R%’Rn) X[(p4 —kn)+>0] 4F
Since vy € (0,1) it simplifies to,

[ess sup / (ﬁﬂ - kn)i(_nZ dz + / |V(ﬁﬂ — kn)+C_n|2 dz dt]
—R2<t<0 J{t}xKg,, RZ.R,)

22n w2
Ot
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Furthermore we have

1 w? A
92n+2 92592 "1

2
= /Q(R2 R )|kn - kn+1| X[(ﬁﬂ—*k’n+1)+>0] dx dt
n414tn+1

_¢ |2
S/ ‘k" - p+‘ X[ ~kn+1)4>0] dz dt
Q(R%+17Rn+1)

2
S (CRION
= ( p+)+ LZ(Q(RiH,RnH))

<Ca A2 | (ky — 7). ||%/2(Q(R
where in the last step we have used the embedding into the parabolic space V? (cf.

Lemma B.4). Thus, as in Lemma 4.9 we have

1 w? 22n w2

i+1:Rn+l)) )

LW & W 142/(d+2)

92n+2 92s9—2 "+ SCRQ 92s0—2°"1 '
This can be simplified to

Xn+1 < C42nXTIL+2/(d+2) ’
where
Ap
Xn = TN/ D2 P |’
‘Q(an Rn)’

and the constant C' independent of w, R,n and dependent only d, m, 3, f. Thus, if
(4.12) Xo < O™ @24(d+2%/2 . e

by the geometric convergence lemma (cf. Lemma B.8), X,, — 0 and the result follows as
in the proof of Lemma 4.9. Thus, all that remains to be shown is (4.12) holds. Before we
do this we introduce the following notation

B,(t) = {xGKR:p(t,x) >,u+—;—a},

and

B, = {(t,:t:) € Q(%wI’mRQ,R> cp(tyz) > pt — ;u_a} :

In this notation (4.12) reads as

’BSO*l‘ < VS

@(%w*mﬁ?, R) ‘ .

The above inequality means that the subset of Q(%Owl_mR2, R) where p is close to its
supremum can be made arbitrarily small. To show this, we apply the energy estimate
of Lemma 4.4 to the function (pf:r — k)4 with
w
k::u+_§7 q<s<5p,
with a cut-off function ¢ defined in Q(%2w'~™R? 2R) such that

(=1, in Q(%M*m}?, R), ¢=0ond,Q (gwlfmz#, 2R> ,

m—1

1
V(| < = 0<¢ <
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We bound the first term on the left hand side from below by 0 and bound the rest as
follows:

1
— { ess sup / (p— k:)i(Q dx
2 —R2w1_mV02_1<t<0 {t}XKQR

+ (o)™ 1V (p — k) P da
Q(vo2—lwl—mR2 2R)
>yl / IV(p — k)4C|* da dt
Q(vo2—lwl—mR2 R)

22_mwm_1/ IV(p— k) > dzdt,
Qo2 lwl=-mR2 R)

where we have used the fact that when |V(p — k),(| is nonzero then p > k > w/2. For
the terms on the right hand side we bound them as in Lemma 4.9 (note that two of the
terms are zero because p < ¢ = u* a.e. (t,z)). Thus, we have the bound

9=m m=1 / V(p— k), |* do dt
Q(l/02_1w1_"LR2,R)

wm—l w?

<c(,L,,vm,Am>——/ oo Az dt
>~ m B || fHL () ” fHL (Q) R2 9252 Q021w B2 2R) X[(p k)4+>0] T

wm—l (.U2

<C W‘Q(VoQ_lwl_mRQ,QR)’

SC—g
Since |Q(1p2 1w ™R2 2R)| = 291|Q(1p2 1w ™ R?%, R)|, multiplying my w!™™ this re-
duces to

C w? .
/Q( 2-lwl-mR? R)W(p - k>+|2dx ar = R2 0252 |Q(’/02 W TRY, R)‘ :
120] w s

Note now that B, C Q(1p27'w!™™R? R) and, in By, |[V(p—k)| = |[V(p—k)| = |Vp|.
Thus, the above inequality gives us

2

C w
(4.13) /]Vp\dedt§§225_2

We now apply a lemma of De Giorgi (cf. Lemma B.9) with k; = pt — w/2° and ky =
put — w/25T1 to obtain that for all t € [—1p2 1w ™R2, 0]

d+1

Q2 'w' " R* R)|.

w
—71Bsi(t)] £ Ceo—5—77
25+ | Kr\ Bs(t)| JB,00\Bosr(t)

Since ¢ < s — 1, by Lemma 4.11, it follows that |Bs_1(t)| < |B,(t)] < (1 — 1v3/4)|Kg| for
all t € [—1927'w!'™™R? 0]. Thus, for all such ¢ it follows that

[Kr\ Bo(t)] = |{w € Kn s plt,2) < wt = = }]

28
w
ZHxEKR:p(t,I) <put - 25—1}‘

(4.14) |Vp|dz.

2
v,
:lKR| - ‘Bs—l(t)‘ > ZolKR| .
Thus, (4.14) can be rewritten as

w Rd+1
— B ()] < C—/ Vpldz.
9s+1 178t |KRIVG 0B )
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for t € [—1p27'w!"™R? 0]. We integrate the above inequality over [—1(2 'w!™™R? 0] to
obtain

w R
gt Bl <O [ [Opldsa
25+ \KRr|VE JBoB.

R 1/2
<l ([ wePardt) BBl
B \Bs+1

)

m 1/2
<5 [QU2 R R B Bon]

where in the last step we have applied (4.13). Squaring both sides we obtain

¢ 1 1em
|Boal* < JW(VOQ WM R R)|| B \ Bl -
0

Since g < s < sg, we sum the above inequality for s =¢+1,...,s9 — 2 to obtain
so—2 ) C so—2
D 1Benf < Qo2 'w! MR R)| > By \ Basal.
= Vo =
s=q+1 s=q+1
Note that Zz‘):;il\Bs \ Bsi1| < Qo2 'w!™™R2, R)|. Additionally, By,_1 C B, for all
s=q+1,...,50 — 2. Thus, we have
C 2
B, _4 Q2w ™R% R)|".
Bl S =g =3y |
For sy € N sufficiently large independent of w, R, (4.12) is satisfied and the result follows.
O

Finally we can state the reduction of oscillation result in case 2.

COROLLARY 4.13 (Reduction of oscillation in case 2). Assume that (4.7) holds with
constant vy as specified in the proof of Lemma 4.9. Then there ezists a oo € (0,1),
independent of w, R, such that

€ss 0SC p < ow.
Q(uo2*1w1*m(§)2,§)

PrOOF. We know from Lemma 4.12 that there exists some sy € N such that

w
ess sup p§u+—270.
Q<uo2—1w1—m(§)2,§>
Thus
€S8 0S¢ p</ﬁ—i—/[
Q(Vo?‘lwl—m<§)2,§> N 2%0
1
S (1 — %)(JJ
Thus, for o9 = (1 290) the result follows. OJ

We combine the two cases into one:

LEMMA 4.14 (Total reduction of oscillation). Fiz some 0 < R < L such that the

cylinder Q(4R?~¢,2R) is contained in Qr. Assume that Q(e%s OSCR) p <w and aw™ 1 > R°
4R?— 2
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and that u= > w/4. Then there exists a constant o € (0,1), depending only on the data
(and continuously on > 0), and independent of w and R, such that

essosc p < ow.
Q(V(J?_lwl_m(g) %)
1 1em/R\2 o {R\2
PRrROOF. The proof follows from the fact that Q(VOQ Lt (%) ,%) C Q(wl (%) , >

and setting o = max{oy,05}. O

Sy

We can now complete the proof of Theorem 4.3:

PROOF OF THEOREM 4.3. We now show that there exist constants v > 1, a € (0,1),
depending only on the data (W, 8, m, d, M), such that for all 0 < r < L we have

27\
4.15 < — ] .
(4.15) Bt M W( L)

where w = ¢; M and ¢; is chosen to be large enough so that aw™ ! > Lf. We choose as
our starting point the cylinder Q(4(L/2)*7¢, L) C Qp. We start by defining

1 1
Ry, =ciL/2, co = 50("“1)/5% < 3 W = o'w,
for k=0,1,... and e < (m — 1). We already have that aw™ 1t > Rj for all 0 <r < R.
This implies that

w;_mRZ :O_k(l—m) Clgawl—ng
]/0 ke
()" <
4
Additionally, we also have that

1-m m-—1
+— o

o =o'
>Cq.
It follows that

essosc p< essosc p<M<oM=w.
Q(w'=™RZ,Ro) Q(4R%™¢ ,Ro)

Furthermore, we have

essosc  p < €ss 0SC p L ow,
Q(w'~™R2,Ry) Qw271 (R/2)?,R/2)
where we have applied Lemma 4.14. We can repeat the procedure starting at R with
w = ofw and p = ess ian(wl—mRiyRk) p assumed to be smaller than wy /4. If this is not
the case, then the equation is uniformly parabolic in Q(w!™™R2, R;.) and by parabolic reg-
ularity theory (cf. [LSUG68|), (4.15) holds for some constants v > 1,4’ € (0, 1), depending
only on the data. The dependence of the constants on S > 0 is continuous.
Assuming p,. > wy/4 and applying the results of Lemma 4.14 to Rj4; we obtain
€ss 0sC p= €ss 0sC
Q("Jl_mRi+1ka+1) Q(Uk(lim)bdl_md(mil)(k+2/s>ng_Q(Rk/2)27Rk/2)
< €ss 0SC p L owg.
Q(wy ™21 (Ry,/2)2, Ry, /2)
By induction it follows that

essosc  p < orw.
Q(w'~™R2,Ry,)
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Additionally, for all 0 < r < L we have that
o (L/2) <7 < c5(L)2),

for some k. Picking a = log,, o > 0, we derive
2r\ *
I
0 _(L).

(z)
essosc p < yw 7)o

Qw!=mr2,r)

Thus, we have

where v = max{o~',7'} > 1 and a = min{log,, 0,a'} € (0,1) since o > oy > 1/2 > ¢.
Note that (4.15) implies that p is continuous. One can see this by mollifying with some
standard mollifier ¢° and applying the Arzela—Ascoli theorem to show that the limit as
e — 0 is continuous.

Now that we have control on the oscillation of the solution we can proceed to the proof
of Holder regularity. Consider a weak solution p(t,x) defined on Q7. We would like the
Holder regularity to be uniform in space and time so we consider only those points such
that (t,x) + Q(4(L/2)*7¢,L) C Q5. The local regularity near 9,Qr can be derived in a
similar manner. Fix two points (¢,z) and (¢, y) for some ¢ large enough, and consider the
recursive scheme starting from K := (t,x) + Q(4(L/2)*™¢, L) C Q. Setting r = dq(z,y)
and applying (4.15), we obtain

(4.16) lp(t,x) — p(t,y)| < essosc  p< yw(%> < 2%y M L™ %dg(z,y)" .
(t.2)+Qw!=mr2,r) L
For the time regularity we consider two points (z,t1), (z,t2) € Qp,t; > ty assuming
that |t; — t5]"/? < w!™™(L/2)%. We consider the recursive scheme starting from K :=
(z,t1) + Q(4(L/2)25, L) C Q. Setting r = w™ V/2|t; — t,]"/%, we obtain

(4.17)

2 a
oo ts) — o) < essose  p< o ) <2 (M) EHeen 0Ly gy,
(:c,tl)—i-Q(wl_mrz,r) L

For ’tl — t2|1/2
(4.18) p(x,t2) — pla,ty)| < 2M < 2M |ty — t|*"*(L/2) = (cy M) D/2

Combining (4.16), (4.17), and (4.18) together we have the required Holder regularity away
from the boundary:

(4.19) o 12) = ply.t2)| <Ch(dala.y)" + [t — 1a]"?)

<C}, <d9($7y> + |t — t2|1/2) ;

where a € (0,1) depends continuously on 8 > 0 and C), depends on M, L, m, -, and d.
The regularity near the parabolic boundary can be derived in a similar manner. O

> w!™™(L/2)?%, the proof is easier since

4.3. Characterisation of stationary solutions and bifurcations

Now that we have characterised the notion of solution for (4.2) we study the associated
stationary problem which is given by

(4.20) BTIAP™ + V- (pVW % p) =0, x e

with the notion of solution identical to the one defined in Definition 4.1. One can imme-
diately see that p., := L~% is a solution to (4.20) for all 8 > 0. As mentioned earlier,
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(4.2) and (4.20) are intimately associated to the free energy functional Eg,, : P(Q2) —
(—00, +00] which is defined as

m—1 pr )dz — £ + foxQ y)p(@)p(y)dzdy, m >1
Esm(p) == 7
B [o(plogp)(x)da + L [[ o W(r —y)p(z)p(y) dedy, m=1

whenever the above quantities are finite and as +oo otherwise. We will often use the
shorthand notation ng( ) =L fﬂp )da — 2= and S5 := 87! [,(plog p)(x) dx for
the entropies and E(p) := 3 [ foQ p(x) ( )dx dy for the interaction energy.

Another object that will play an nnportant role in the analysis below is the following
self-consistency equation

m
5_1mpm_l +Wxp=0C,

for some constant C' > 0. We discuss how the above equation, solutions of (4.20), and
Esm(p) are related to each other for the case m > 1 in the following proposition. (the
case m = 1 is discussed in Chapter 3 and Proposition 3.6 and the proofs are essentially
identical)

PROPOSITION 4.15. Let p € P(2) N L™(Q) and fix 5 > 0,m > 1. Then the following
statements are equivalent

(1) p is a weak solution of (4.20)

(2) p is a critical point of Eg,,, i.e. the metric slope |0Eg m|(p) is 0.

(8) For every connected component A of its support p satisfies the self-consistency
equation, 1i.e.

(4.21) 571m—_P

" AWk p=C(A,p)

with C(A, p) given by

1
) = B s ol + i [ W) o

REMARK 4.16. We have used the notation

1
m—1
1ol s ) = ( [ dx) |

for 1 < m < oo, even though this is not a norm for 1 < m < 2.

REMARK 4.17. Note that if a stationary solution p is fully supported then the constant
C(A, p) = C(Q, p) reduces to

C(Q,p) =4~ WHpHLmlA)a

where we have used the fact that W has mean zero. We can now formally pass to the
limit m — 1 to obtain

-1
B logp+Wxp= %/logpda:.
0

The solutions of the above equation are studied in detail in Chapter 3.
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Now that we have various equivalent characterisations of stationary solutions of (4.2),
we proceed to state and prove the main result of this section regarding the existence of
bifurcations from the uniform state p.,. Before doing this however we need to introduce
some relevant notions. We denote by Hpy(€2) the homogeneous H"(§2) space and by Hg (§2)
the closed subspace of H{'(Q2) consisting of functions which are even along every coordinate
(pointwise a.e.). Note that the {wy};cya o defined in (0.1) forms an orthogonal basis
for Hy (€2). We then introduce the following map F' : Hpy (€2) x (0,00) — Hp () for
n > d/2 which is given by

(122) F(y.8) =67

Note that if F'(n,5) = 0 then the pair (po + 71, 5) satisfies (4.21) on all of 2. If one can
show that (po + n)(z) > 0,Vz € Q then we have found a bonafide stationary solution
of (4.2) by the equivalency established in Proposition 4.15. Thus, we would like to study
the bifurcations of the map F from its trivial branch (0, 3) . To this order we compute
its Fréchet derivatives around 0 as follows:

D, F(0,8)(w,) =B "mp~ 2w1+W*w1
DysF(0, B)(wy) =

D F(0, 8)(wy,ws) =B~ m(m — 2)plt > wiwy — ﬁ1Wp’;3/lewg dz
) =

“Im(m — 2)(m — 3)p fwywpws

m—1 1 m
(poo +m)™ "+ Wn— - =1 )||poo+77||Lm1 @ -

— B*mpl

D} F(O ﬁ)(w1,w27w3

" B /B_lm(m —2)(m —3)

Q) p;”o_‘l/ﬂwlwgwg dz,

for some w1, wq, w3 € Hy (2). We then have the following result:

THEOREM 4.18 (Existence of bifurcations). Consider the map F : Hpy (©2) x (0,00) —
HE (Q) forn > d/2 as defined in (4.22) with its trivial branch (0, 3). Assume there exists
k* € N4 k* # 0 such that the following two conditions are satisfied

(1) W(k*) <0
W(k) _ Wk
(2) cara{k e Nk £ 0 G = T2 =1
Then, (0, B) is a bifurcation point of (0, 5) with
mp?o 20k
i.e. there exists a neighbourhood N of (0, 8.) and a curve (n(s),B(s)) € N,s € (=6,6),6 >
0 such that F(n(s),s) = 0. The branch n(s) has the form
77(3) = SWy> + T(ka*, /8(8>> ;
where ||7"||H3 @ = o(s) as s = 0. Additionally, we have that 5'(0) =0 and

g(0) = 2 3p><m ) [utar

PROOF. The proof of this theorem relies on the Crandall-Rabinowitz theorem (cf. Theo-
rem A.8). Note that F' € C*(Hg ,(Q) x (0,00); H ,(€2)). Thus, we need to show that: (a)
D, F(0,8.) : Hy(Q) — Hg () is Fredholm with index zero and has a one-dimensional
kernel and (b) for any e € ker(D,F(0, 5.)),e # 0 it holds that

D;5F(0, B.)(e) ¢ Tm(D,F(0, 5.))

6*:

Y
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For (a) we first note that D, F'(0, 5,) is a compact perturbation of the identity as the
operator Wxe is compact on Hg  (the argument is identical to the one in Theorem 3.18).
It follows then that it is a Fredholm operator (cf. Item (b)). Note that the functions
{wi }pena pzo diagonalise the operator D, F(0, B,). Indeed, we have

D (0,6, ) (6 e + W) )

= (5! 'mpl 4 z—g((:; ) w,

Note that if the conditions (1) and (2) in the statement of the theorem are satisfied
it follows, using the expression for f,, that D,F(0, 8,)(wx) = 0 if and only if k = k*.
Thus, we have that ker(D, F'(0, 8,)) = span(wy+). This completes the verification of the
condition (1) in Theorem A.8.

For condition (2) in Theorem A.8, we note again by the diagonalisation of D, F'(0, 5,)

that Im(D, F(0, 8,)) = {span(wy-)}". Thus, we have that
D2,F(0, B.) (k) = — B 2mpl™ 2upe ¢ In(D,F(0,5.)

We can now compute the derivatives of the branch. Using the identity [Kiel2, 1.6.3], it
follows that 3'(0) = 0 if D}, F(0, 8,)(wks, wg-) € Im(D, F(0, 8,)). Thus, it is sufficient to
check that

(D, F(0, B.) (whe, whe ), wis >H (@) = (B m(m — 2)P§_3w2*7wk*>H&S(Q) =0,

where the last inequality follows by using the expression for wi. from Proposition 4.40
and orthogonality of the basis {wy},ya. Thus, we have that 5'(0) = 0. Finally we can
compute 4”(0) by using [Kiel2, 1.6.11] to obtain

8"(0) = <D”’7’7 0.5 *)<wk* W, W), w’f*>Hais(m
(DR (0, o) (wie ) wee ) e
Jﬁmw—mm—a@4k%Aw
a 30x 2mpr?
(m —2 -3
:ﬁ(m )(m )/wﬁ*dx.
3p% Q
This completes the proof of the theorem. O

REMARK 4.19. Since H () is continuously embedded in C°(Q) it follows that for
the branch of solutions p + 7(s) found in Theorem 4.18 are in fact strictly positive for
s sufficiently small and are thus stationary solutions by the result of Proposition 4.15.
Any interaction potential W (x) such that infinitely many k satisfy the conditions of The-
orem 4.18 will have infinitely many bifurcation points (0, ;) from the trivial branch. A
typical example would a be a potential for which the map &k W(k) is strictly negative
and injective.

REMARK 4.20. Note that 5”(0) > 0 for all m € (1,2) U (3,00). This means that the
branch turns to the right, i.e. it is supercritical. On the other hand if m € (2,3), then
£"(0) < 0. This means that the branch turns to the left, i.e. it is subcritical. If m € {2, 3}
we have that 5”(0) = 0. The relation of this phenomenon to the minimisers of the free
energy will be discussed in Proposition 4.39.
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4.4. Minimisers of the free energy and phase transitions

The nontrivial stationary solutions found as a result of the bifurcation analysis in the
previous section need not correspond to minimisers of the free energy, Es,,(p). Indeed,
we do not know yet if minimisers even exist. We start first by proving the existence
of minimisers of Eg,,. We then show that for § sufficiently small Ejg,, has a unique
minimiser, namely poo.

The natural question to ask then is if this scenario changes for larger values of 5. As
in Chapter 3, we provide a rigorous definition by which this change can be characterised
via the notion of a transition point and define two possible kinds of transition points,
continuous and discontinuous. We then provide necessary and sufficient conditions on
W for the existence of a transition point and sufficient conditions for the existence of
continuous and discontinuous transition points.

We start with a technical lemma that provides us with some useful a priori bounds on
the minimisers of Eg,,.

LEMMA 4.21 (L*(€2)-bounds). Assume > 0,m > 1. Then there exists some Bg, >
0, such that if p € P(2) with ||p|| e (o) > Bp,m, then there exists p € P(2) with [[p]| oo ) <
B&m with

Esm(p) < Esm(p) -

PrOOF. We start by noting that the following bounds hold

671 1 m—1 571
(1.29 S0 22— () -2

1
(424) EP) 2 = IVl pge-

We divide our analysis into two cases. For B > 0 and p € P(Q) let

Bg:={xe€Q:p> B},
and
Case 1: (p,B) s.t. e > 1

EB:/ pdzx.
Bp
2

We then have the following bounds on the entropy.

g g
Spm(p) =—— /BBp d$+/ﬁ%p dz | = ——

B_le_l 6—1

> .
“2m-1) m-—1

It follows then that we have the following bound on the free energy.

5lem71 1 ﬁfl
Egm(p) > —————— — = ||W_||, oo — )
If we define a constant B; as follows
9 1/(m—-1)
Bi(m, ) = (|Q|m1 + B(m — 1)||W—||L°°(Q)) ,

such that for B > By, 1/|€2| has a lower value of the free energy than p.
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Case 2: (p,B) s.t. ep < 3
We write p = pp + p,, where pp := p- xB, and p, := p — pg. We then have the
following bound on the entropy.

-1 pm—1
m—1
We can assume without loss of generality that Eg(p) < Ez(1/]€2]), otherwise the proof is

complete. It follows then that

1
E(p) <EQA/IQ), Spmlpr) < Spm(p) < SIW-| oo+

Sam(p) = Sam(pr) + e > Spm(pr) -

(SR S
R CRTE R

By expanding £(p), the following estimate can be obtained
1
E(pr) < EQA/IQU) + SIW-l e (@) = €5,
where we have used the fact that eg < 1/2. Define p, := (1 — ) !p, € P(€2). We have

lemfl —1
San(p) = San() 2Sam(pr) + TP en = (1 =)™ [ g
253{5_137”_1 — (“ ) i 1)&(%5)} :
m—1 €B

One can control the second term in the brackets as follows

((1 — 62}’” - 1)5*(m, 8) < max(m | mlm 1)(; — 6)%725, 2m5_ 1)5*(7”75) :

for any § < 1. Setting § = %, we obtain

<<1 —ep) " - 1>5*(m,6) < m(1 + (m+1)2").

€B
Similarly for the interaction energy we can compute the difference as follows

E(p) — E(p) =E(p) — E(pr) + E(py) — E(pr)

1 €4 — 2ep
2= §||W—||Loo(9)5B +E(pr) <m)

e (2222 )00 - 310l

Using the fact that eg < 1/2 we can obtain

_ 1
E(p) ~ £(7) 2286, = FIW_lm (o |-

Now we can define a second constant as follows

5. o= [~ 03 (127 m 4 ) 8) 50+ S e )|

such that for B > B,, p, has a lower value of the free energy than p. We now set our
constant as follows

Bg = max(By(8,m),2By(8, m)),

and set p to either be (1/]€2|) or p,. The constant 2 in front of By(3, m) follows from the
fact that p, has been normalised. O

The expression for the constant Bg,, is explicit as a result of which we can even obtain
some uniform control in m.
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COROLLARY 4.22. Let (8,m) € (0,C) x [l +¢&,00) =: A C (0,00) X (1,00) for some
C,e > 0. Then B* := sup, Bgm < o0.

We now proceed to the existence result for minimisers of Eg ,.

THEOREM 4.23 (Existence of minimisers). Fiz § > 0 and m > 1, then Eg,, : P(Q2) —
(=00, +00| has a minimiser p* € P(Q) N L>(Q). Additionally we have that

||p*||L°°(Q) < Bgm -

PROOF. We note first that, from (4.23) and (4.24), Eg,, is bounded below on P(£2). Let
{Pn},en be a minimising sequence. Note that by Lemma 4.21 we can pick this sequence
such that ||| peeq) < Bgm- By the Banach-Alaoglu theorem (cf. Theorem A.2) we have

a subsequence {pp, },cy and measure p* € L>(£2) such that
Pn, — p* weakly-x in L>°(2)
Pn, — p° weakly in L™(Q).

Note that p* is nonnegative a.e. and also has mass one. Thus, p* € P(Q) N L>(2). The
proof would be complete if we can show lower semicontinuity of Ejs ,,, in weak-L™(€2). Note
that for W € C?(Q2), £(p) is continuous. On the other hand, Ss,,(p) is convex and lower
semicontinuous in the L™() topology (cf. [JLJ98, Lemma 4.3.1]). It follows from fairly
classical results (cf. [Brell, Theorem 3.7]) that Fjs,, is also weakly lower semicontinuous.
This concludes the proof of existence of minimisers. The bound simply follows from the
fact that norms are lower semicontinuous under weak-* convergence. U

LEMMA 4.24 (Regularity and compactness of minimisers). Let pg € P(£2) be a min-
imiser of Egm(p). Then pg is Holder continuous with exponent a € (0,1) given by Theo-
rem 4.3, where a depends continuously on (3. Let {pﬂ}ﬁel be a family of such minimisers,
where I C (0,00) is some bounded interval. Then the family {pg}gc; is relatively compact
in C°(Q).

PROOF. The proof of the first statement follows simply by applying Proposition 4.15
and Theorem 4.3 with M = Bpg,,. For the second statement, let I be the closure of I.
Then applying (4.19) for some z,y € ), we have that

ps(x) = ps(y)| < Chdalz,y)*,

where a = a(f),Cy, = Cy(B). Setting a* = maxya(f) and B* to be as in Corollary 4.22,
we have that

ps(x) = ps(y)| < Crrda(z,y)”
where C7 is some new constant depending on B*, m, d, and W. Thus, the family {ps} sel

is equicontinuous. It is clearly equibounded from Corollary 4.22. Applying the Arzela—
Ascoli theorem, the result follows. O

Now that we have shown existence and regularity of minimisers we show that for
small or W € Hy minimisers of Fj3,, are unique and given by p.,. To show this we start
with the following lemma.

LEMMA 4.25. There exists an 6 > 0 depending on m, such that for all 5 < ¢ it holds
that if p € P(Q) is a minimiser of Eg ,, then p(z) > BYEm=1) for all x € Q.

PROOF. Assume p € P() is a minimiser of Eg,,. We will show that for ¢ := g/20m=1)
, B small enough (depending on &, independent of p), we can construct a competitor p
which bounded below by e and has a lower value of the free energy. This would be a
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contradiction. Given any p € P(2) N L'(Q) which is a minimiser of Eg,,, we define the
following sets
A ={r e Q:p(x) <e}
A ={x € Q:p(z) > pso}
B:=Q\ (A°UA>),
where for the sake of notational convenience we suppress the dependence of the sets on

p. We assume further that |A%| > 0 otherwise there is nothing to prove. We then define
the following measure p € P(Q2) N L'(Q2) as follows

plx)+e xr € A®

A(x) = { pla) veB
p(z) — €||;1400|| r e A®

where again we suppress the dependence of p on € > 0. It is not immediately clear that
p is nonnegative. We show that for € > 0 small enough, independent of p, this is indeed
the case. We know that fQ pdx =1, which gives us the following bound,

1:/ pdx—i—/pdx—l—/ pdx
Ae B o0

<e| A7) + pucl Bl + Bon A
<e|A*| + po| B| + B*[A™]
where B* is the constant from Corollary 4.22. Dividing through by | A¢| we obtain
el € o el * AOO
A7 < e pui - 147 aeplat 4 B,
This leaves us with the following estimate
| A% > Poo — € '
45| 7 B* = peo

It is clear that p can be negative only on the set A*. We have the following bound for
all x € A,

p(T) >pos — €
| A|
B* — pso
> — e L2
Poo — €

which for € small enough is clearly nonnegative. Additionally, using the same estimate
for £ small enough, we conclude that p(x) > ¢ for all z € 2. We now try and compute
the free energy of p by first estimating the entropy as follows

-1 A m .
([ [ (o<t o) -2

— -1 m m—1 o m |AE‘ m—1
=Sam(p) + 5 (m— 1€/Ep dz —m—1€|A°°] Aoop da:)

Ae|?
+ B8 me? [ frida + m82|—|2 fan2dx |,
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where fi(z) € (p(z), p(x) + ) and fo(z) € (p(x), p(z) — 5%). Since % is bounded
above for ¢ small enough,we have that

— m el -m— m—
Spm(P) <Sam(p) +ef lmM (g™t =P
A®
+ 87! (m52(25)m|A‘5| + me? 2 [ 4] (B*)™~ )
| A%
< -1 m € m—1
<Sgm(p) +ef™ —| A" = P

B* — peo _
+ 37! <m82(25)m|A5] + mez—p(B*)m 2) .
p

o — &

Picking € < poo/2'™™, we obtain

m

Saun(?) <S3un(p) — 57 A%legr 5 (02

+ C 87 A%,

where, for € small, the constant C; depends only on B* and m. We now estimate the
interaction energy as follows

/Q Wl = )pla)pty) da dy
- // W — y)(p +&)(@) (o + £)(y) d dy
A x A

+//Aex,4<>o Wz —y)(p+e)(x) (p ‘[4;“)(1/) dedy
! % //ooXAoo Wiz =y) <p ||;14;||>($) (p lfsn)(y) dz dy

- / AcxB Wz —y)(p+e)(x)p(y) dz dy

//A°°><B ==y (p_ |‘A:<>‘|)( )p(y) dz dy

+3 / . W(z = y)p(z)p(y) dedy.

Combining the appropriate terms together and bounding the rest, we obtain

E(p) <E(p) + | AW | 1 —|A€|||WHL1 ) FElAT W] oo (@)
+ 282 AW | 1 ) + €l AW |1 + %A% Wl o (0
+ 26| A%[|[ W[ . ()
<E(p) + Co|A%e,

where again for, € small enough, C5 depends only on W. Combining the two estimates
we have that

Bam(p) < o) + 4% =07 e () 4 G2 4 e )

2(m



4.4. MINIMISERS OF THE FREE ENERGY AND PHASE TRANSITIONS 133

Setting 8 = 2™ we have

E (D) < E " Acl — 3—2m m

on(P) < Enlp) + 147 (—e3m 3 s
Clearly for ¢ lesser than some &'(which depends on m) the second term on the right
hand side of the above expression is negative. Thus, we have that Eg,,(p) < Egm(p)
providing us with a contradiction. It follows that any minimiser p € P(2) of Ejs,, for

B < (e)m=D = §, p(x) > e = BYC=D) for all x € Q. O

(pg_l) + 0164_2m + 028) .

The positivity estimate of the previous lemma then imply the following proposition
on uniqueness of minimisers for small 5. This improves the result of [CKY13| in which
uniqueness is proved only for 1 <m < 2.

THEOREM 4.26. Let W € H, or f < 1. Then Eg,,(p) has a unique minimiser
P = Poo-
PrROOF. We first consider the case in which W € H,. We write the linear interpolant

as pr = po + tn where n = p; — py where pg, p1 € P(Q) with Eg.,(po), Esm(p1) < oo.
Differentiating with respect to ¢ twice we obtain that

42 _ -
T Esm(p) =B l/mpt “n’ dw+/ W (z — y)n(x)n(y) dady.
Q QxQ

For W € Hj the above expression is strictly positive. Thus, Es,,(p:) is a convex function,
from which it follows that Eg,, must have unique minimisers. We further argue that the
minimiser must be p.,. Indeed, we have for any P(2) 3 p # ps that

Es.m(p) =Spm(p) + E(p)
>S/3,m(poo) + S(p)
ZSB,m(poo) - Eﬁ,m(ﬁoo) ’

where the first inequality follows from Jensen’s inequality and the second one from the
fact that W € H, and Definition 0.1.

Consider the case m € (1,00) with pg, p1 € P(£2), now assumed to be distinct min-
imisers of Eg,,. We let 8 < § where ¢ is the same as in Lemma 4.25. We then have

d2 W (k)
Es, > —m/(2(m—1))/ 24 —1/2 . / 2 d
ap Lenlp) 2 5 e Tmin g | da
. _p? . W (k) 2(m=1)/m . . .
For f < min< ¢, o MiNgena Gy the above term is strictly positive. Thus,

for m € (1,00) for 8 small enough the function t — Ej,,(p:) is strictly convex and thus
Eg ,, has a unique minimiser.

Note now that if the minimiser p of Ejg,, is unique, then it must be p,. Indeed, if
is small enough we know from Lemma 4.25 that the minimiser must be bounded strictly
away from 0. By Proposition 4.15 we know that p € H'(2) N P() is a weak solution
of (4.20), i.e. for all ¢ € H}(Q), it holds that

B_lm/Q(ng -Vp)p™ tdr + /Q(VW*p -Vo)pdr =0.

We set fi := p™ ! and f, := W % p to be known functions. Note that from Lemma 4.21
and Lemma 4.25 we have the following estimates on fi, fo

Lol S IWllpeoys V2l S IVW][ (g
B2 <fi < (B
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Consider the the bilinear form B : H}(Q) x H}(Q) — R defined as

Blvdl =57 [ (Vo-Vulfido+ [ (V5 Vopwds.
Q Q
We have the following bound

B[, ¢] Sﬁflmﬂvdf”m(g)||V¢\|L2(Q)(B*)m_l VW oo 191l L2 [Vl 120
Sc(ﬁam)”wHHé(Q)H(b”Hé(Q) )
where in the final step we have used the Poincaré inequality (cf. Lemma B.5). Thus, BJ-, -]

is bounded on H}(Q2) x H} (). We also have the following lower bound

1+

2
where ¢, is the Poincaré constant on T?. For 3 small enough, independent of p, we have
that B[, -] is coercive on H}(Q) x H(Q2). By the Lax—Milgram theorem, there exists a
unique weak solution ¢ € H}(Q2) to B[y, ¢] = 0. Since ¢ = ¢ (its entire equivalence class)

is such a solution it must be the unique solution. It follows then that p = ¢ = p.. is the
unique solution in the class H'(Q) NP (). Thus, for

A 2(m—1)/m 2
B < ming § —poc"” min W (k) " o
’ m  kend O(k) (1 + Cp)HVW”LOO(Q) 7

Poo is the unique minimiser of Eg,,. 0

- c
Bly,¥] > B 1/2m‘|¢||§13(9) - p||VW||Loo(Q)||1/’||§{5(Q) ;

We know now that under certain circumstances p, is the unique minimiser of Eg,,,.
It is also immediately clear that W € HY is a necessary condition for the existence of a
nontrivial minimiser at higher values of the parameter 5. As in Chapter 3, we introduce
the notion of transition point that allows us to capture this change.

DEFINITION 4.27 (Transition point). A parameter value 5, > 0 is said to be a transi-
tion point of Eg,, if the following conditions are satisfied.

(1) For < ., peo is the unique minimiser of Egp,.
(2) At 5 = B, poo is & minimiser of Eg,,.
(3) For B > ., there exists P(£2) 3 pg # poo, such that ps is a minimiser of Eg,,.

We further classify transition points into discontinuous and continuous transition
points. These are almost identical to the corresponding notions introduced in Chapter 3,
the only difference being that we work in the L>°(Q)-topology.

DEFINITION 4.28 (Continuous and discontinuous transition points). A transition point
B of Eg,y, is said to be a continuous transition point if

(1) At 5 = B, poo is the unique minimiser of Eg,,.
(2) For any family of minimisers {pg},. 5 it holds that

lim sup||ps — PooHLoo(Q) =0.
BB

A transition point 3. > 0 of Ejg,, which is not continuous is said to be discontinuous.
It turns out that W € H¢ is in fact a sufficient condition for the existence of a

transition point. This result is analogous to the result in the case m = 1 discussed
in [GP70, CP10, CGPS20] and Chapter 3, Proposition 3.27.
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PROPOSITION 4.29. Assume W € HS. Then there exists some parameter value 0 <
Be < By with i defined as

m—3/2
p = -
. W(k)

MiNgend k20 k)

such that . is a transition point of Eg,,. Thus, W € Hf is a necessary and sufficient
condition for the existence of a transition point.

PROOF. Consider the measure p° = po + cwy: € P(Q) for 0 < e < 1 where kf € N¢ is
defined as
W (k
k¥ :=arg min L

keNd k20 O(k)
if it is defined uniquely. If not we pick any k' that realises the minimum of the above
expression. We now consider an expansion of the energy Ej,,(p°) around p° which we
will use repeatedly throughout the rest of this section. We Taylor expand around p., to
obtain

_ _ WK €2
e\ 1 m—2 1/2 < 2

3
+ ﬁflm(m — 2)% /Q fm’?’w,iﬁ duz,

where the function f(z) € (poo, p°(x)). For € > 0 small enough, the highest order term
can be controlled as follows

A

_ ~ 1 WI(kF) ) €2
c 1, m—2 1/2 e 2
Eﬁ#”(lo ) SEﬁ,m(poo) + (6 LLULTUSS +poo @(k‘”) 9 ||wkﬁ||L2(Q)

3
_ € —
+ B m(m — NGS5 )

A

- m— WD) &2
=Epm(poc) + (5 mply? +Pool/2ﬁ>§|lwkﬁ”iz(m

+ o(e?).

For g > pB;", the second order term in the above expression has a negative sign. Thus,
for ¢ > 0 sufficiently small we have that Ejs,,(p°) < Egm(peo). Since, by Theorem 4.23,
minimisers of Eg,, exists for all 3 > 0, it follows that for all 5 > ;" there exist nontrivial
minimisers of the free energy. Thus, there exists some . < 65" which is a transition point
of the free energy Eg . (p). O

REMARK 4.30. We note here that the 5;" defined in the statement of Proposition 4.29
corresponds exactly to the point of critical stability of the uniform state p., i.e. if
the stationary problem is linearised about p., then Sj" corresponds to the value of the
parameter at which the first eigenvalue of the linearised operator crosses the imaginary
axis.

Before attempting to characterise continuous and discontinuous transition points we
define the function F™ : (0,00) — R

F™ = in B, .
(B) in Egm
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LEMMA 4.31. For all 5 > 0 the function F™ is continuous. Assume further that there
exists B/ > 0 and P(Q) 3 pg # pe such that Eg n,(ps) = F™(8'). Then for all > [,
Eﬁ,m(poo) > Fm(ﬁ)

PROOF. We note that for 0 < § < . (where 3. is possibly +00) we have that F™(5) =
Ejm(pso) which is clearly a continuous function of 5. Let 82 > 81 > S, (if 5. < oo, else
we are done) and let pg, be the minimiser of Eg, ,,. However, due to the structure of the
free energy, we have that

Fm<62) SEﬂz,m(pm)

1
~Eamlon) + g (5" =5 [ (o5 = p) do

1
=F"(By) + — (8" = A1) /Q(,O?1 — pp,) dz.

Continuity of F™ follows from the above argument by flipping 2 and ; and noting that
Pp.» P, are uniformly bounded by the result of Theorem 4.23.
Assume now that Eg ,,(pg) < Eg m(pso) and let § > 5. We then have that

F™(5) <Egm(ps)

1

~Eanlpw) 4 (57 =57 [ (o = ) da
1

<Eg m(po) + m(ﬁ_l - /Q(pgf, - pﬂl) dz

1 - - m
<Eﬂ’7m(p00) + (B t— o3 1) / Poo — Poo dx = Eﬁ7m(p00) .
m—1 Q
O

We will now try and refine our characterisations of discontinuous and continuous
transition points in analogy with the results in Chapter 3.

LEMMA 4.32. If a transition point . > 0 is continuous, then B, = B

PROOF. We know already from Proposition 4.29 that . < (;". Let us assume that
Be < B". We know from Definition 4.28 that p., is the unique minimiser of Eg, .
Additionally for any sequence of minimisers {ps} 4. 5 We know that

lim sup||pg — PooHLoo(Q) =0.
B—B

Consider such a sequence and set 73 = pg — poo. For 8 > B, we expand the free energy
about p., as follows

Ins]17 =2 W(k)
_ —1, m-2 Q) | Poo N 2
Eam(ps) = Bgm(pee) + 87 mpl 220 4 2 57 ST (o (k)

where f(z) € (peo, ps(x)) and can be bounded by [|ps| o (q) < Bsm < B from the result

W (k)
o(k)

of Theorem 4.23 and Corollary 4.22. Additionally we can control to obtain the
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following bound

Esn(ps) 2Epm(ps) + | 57mpZ 2 4 p2V2 i
5m(08) > Epgm(poo) + (5 MPoe =+ Poo kerNrtlil,E;éo O(k) 2

B tm(m —2)
6
Note that due to the fact that |9/ eq — 0 as 8 — B, we have that HT]BH%;,(Q) is

2 . 3 9 . .
O(||77,3||L2(Q))7 i.e. ||77/3||L3(Q) < ||776||Loo(9)||775||L2(Q), This leaves us with
: 2
W (k) sl
Epn(ps) 2Esm(pos) + (51mp222 1o min )> L2(%)

keNd k0 O (k) 2
2
—o(Imslleqey ) -

Since (. < B4, the term in the brackets is positive close to . we obtain a contradiction
as pg is a nontrivial minimiser of Eg,,. Thus, we must have that 5. = 5" O

W(k:)) ||77,3||22(Q)

m— 3
B 3H776||L3(Q)~

From Definition 4.28, we see that some . > 0 is a discontinuous transition point if
it violates either (or both) of the conditions (1) and (2). In the following lemma, we will
show that if (2) is violated then (1) is as well.

LEMMA 4.33. Assume B. > 0 is a discontinuous transition point of the energy Eg,»,
and that for some family of minimisers {pg} 4. 5 it holds that

lim sup|lps — pooll ey 7 0.
B—BF

Then there ezists P(§2) 3 pg, # poo such that:

(1) Frﬁnc = Ep..m(ps.) = Ep.m(Poo)-

PROOF. Consider a sequence of points {3,},cy > B and 3, — f. as n — oco. We
know that the set of minimisers {pg, },,y is compact in C°(Q) NP(Q2) from Lemma 4.24.
Thus, there exists a subsequence pg, € {ps}g.5 (which we do not relabel) and a limit

ps. € P(2) N C°(Q) such that
Tim [|pg, = paelloo) = 0-

From the statement of the lemma we know that ps, # poo. All that remains is to show
that pg, is a minimiser of Ejg_,,. We first note that lim,_,. Eg,(ps,) = Es.(ps,). This
follows from the fact that the interaction energy £ is continuous on C°(Q) N P(Q) for
W € C?*(Q) and the entropy Sg,, is essentially an L™-norm and is thus also controlled
by the C°(2) topology. Finally we use the result of Lemma 4.31 to note that

Eg.(ps.) = lim B, (ps,)
= lim F™(8,) = F"(5.),

n—oo

which completes the proof of (1). The proof of (2) follows immediately from the fact
that ps is the unique minimiser of Ss,,(p) on P(2) (which is a consequence of Jensen’s
inequality). O

REMARK 4.34. The above lemma tells us that we have not lost much by defining
discontinuous transition points with respect to the L>°(€2) norm since the transition points
obtained are discontinuous with respect to the LP(Q2) norm as well for all p € [1,00].
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Indeed, if we consider the sequence constructed in the proof of Lemma 4.33 {pg, },cn it
follows that

. 1 .
lim [lps, = Pl gy < 194" lim llps, = PNy = 0.

where pg, is the limiting object obtained in the proof of Lemma 4.33. Thus, limsup||ps —
B—BE
Pooll Loy 7 0 for all p € [1, 00].

In the following proposition, we outline the strategy we will use to provide sufficient
conditions for the existence of continuous and discontinuous transition points.

PROPOSITION 4.35. Assume that W € HS so that there exists a transition point 3. > 0
of Eg . Then:

(a) If pso is the unique minimiser of Eﬁgn,m; then 5. = B{" is a continuous transition
point.

(b) If pso is not a minimiser of Eﬁgﬂ,m, then B, < By is a discontinuous transition
point.

PROOF. For the proof of Proposition 4.35(a) we note that (. already satisfies condition
(1) of Definition 4.28. All we need to show is that it satisfies condition (2). Assume
Be < Bi", then by the very definition of a transition point we would have a contradiction
since poo s the unique minimiser of Ejg,, at f = ff". It follows then that S. = Sj".
Assume now that condition (2) of Definition 4.28 is violated, i.e. there exists a family of
minimisers {ps} 5. gy such that

lir{1n+||Pﬁ - Poo”Loo(Q) #0.
B
By Lemma 4.33 it follows that there exists P(£2) 3 pgp # poc Which minimises Egm m.
This is a contradiction.

For Proposition 4.35(b), we note that since py, is not a minimiser at 8 = 3" by Def-
inition 4.27 and Proposition 4.29 it follows that 3. < ;. Thus, by Lemma 4.32, 3. is a
discontinuous transition point. 0]

The next theorem provides conditions on the Fourier modes of W (x) for the existence
of discontinuous transition points. It can be thought of as the analogue of Theorem 3.35
for the case of nonlinear diffusion.

THEOREM 4.36. Assume W € HS, m # 2, and define, for some 6 > 0, the set K° as

follows )

W (k') o W(k)
K°:={FK e N\ {0} : < ——= 40
{ N0} Gy = i e T

We define 0, to be the smallest value, if it exists, of 0 for which the following condition is
satisfied:

(C2) there exist k, k%, k¢ € K%, such that k® = kb + k°.

Then if 0, is sufficiently small, Eg,, exhibits a discontinuous transition point at some
B. < Bs. Note that two of the modes in (C2) can be repeated e.g. ko = 2,k =1,k = 1.

PrROOF. We know already from Proposition 4.29 that the system possesses a transition
point f.. We are going to use Proposition 4.35(b) and construct a competitor p € P(2)
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which has a lower value of the free energy than p. at § = Sf". Define the function

() 1 m < 2
m) .=
7 1 m>2

and let

p° = Peo (1 +y(m)e > wkz) €PQ),

ke Ko

for some ¢ > 0, sufficiently small. We denote by ‘K 9| the cardinality of K%, which is
necessarily finite as W € L?(Q). Expanding the free energy about p., we obtain

Egmm (p°)

SEﬁg”’,m(pOO) + |K6*

B B B Wk g2
m\—1 m—2 1/2 1/25 < 22
((ﬁn) mpse T i S T ) 5 Iwkllz2 )

+(ﬁﬁn)‘lv(m)sm(m—?)p?o‘?’%g/S)( > wk) dz

kEKO*

(3 Im(m = 2)(m -3 | f’“( > wk) d,

ke Ko

where the function f(x) € (poo, p°(7)). We use the definition of 3" and control the highest
order term in the same manner as Proposition 4.29 to simplify the expansion as follows:

2
Ean(p) <Bspom(pec) + [ K| (022/26.) 5

+(8") " y(m)*m(m — 2)p2”0‘3%i/9< > wk) dz + o(e?),

kE Ko

1
Setting ¢ = §2 (if d, > 0, otherwise we stop here), we obtain

Egpran(07) <Epprn(poc)

3
52 P
+(B") " y(m)Pm(m — 2)/)2’237/Q< > wk> Ao+ | K% |p 122 + 0(07)

ke Ko

One can now check that under condition (C2), it holds that

/Q<Z wk>3dx>a>0,

kEK O

where the constant a is independent of J,. Indeed, the cube of the sum of n numbers a;,
i =1,...,n consists of only three types of terms, namely: a}, a?a; and a;a;ay. Setting the
a; = Wy, with s(i) € K, one can check that the first type of term will always integrate
to zero. The sum of the other two will take a nonzero and in fact positive value if and
only if condition (C2) is satisfied. This follows from the fact that

/ cos(lx) cos(mx) cos(nzx)dr = g(éﬁm,n + Omtne + Ontem) -

—T
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Also the term v(m)3m(m — 2) is always negative. Thus, for ¢, sufficiently small, consider-
ing the fact that |K%| > 2 and is nonincreasing as d, decreases, p° has smaller free energy
and poo s not a minimiser at § = §;". O

REMARK 4.37. The case m = 2 is special, as transition points for any W € H¢ are
necessarily discontinuous. This case will be treated in detail in Proposition 4.39.

The following lemma shows that discontinuous transitions are stable in m.

LEMMA 4.38. Assume W € H¢ such that Eg,, has a discontinuous transition point
and B < B". Then form € (m' —e,m’' +¢) (orm € [L,1+¢) for m' = 1) for some
e > 0 small enough, Eg ., has a discontinuous transition point at some 7" < Bi".

PROOF. We start with the case m’ > 1. Denote by p* € C°(Q) N P(Q) the nontrivial
minimiser of Eﬁgﬂ’,m/(P)' We know that

Ept t (9e) = gt (07) = > 0.

It would be sufficient for the purposes of this proof to show that such a nontrivial minimiser
exists for E;jm for m close enough to m’. Choosing p* to be the competitor state, we have

Egpm(psc) = Egpm(p")
:Eﬁgn’,m/ (Po) — Eggn/ m’ (")
D I W - B 0 N W 0

m—1 |Q|m*1 m—1 m —1 |Q|m'_1 m — 1

. ((@m)* /Q(P*)m/ o BT e /Q o +(ﬁ§”)‘1)

m —1 m —1 m—1 m—1
UG SR R i I (B) !
a m—1 |Q|m_1 m—1 m —1 |Q|m/_1 m —1

B [ B B GOk

+<m’—1/g(p) dm_m’—l_m—l/ﬂp dx+m—1

Since B§™ — 7" and (m—1)""(a™—1) — (m’'—1)""(a™ —1),a > 0 as m — m/, it follows,
using the fact that px € C9(Q), that we can choose m close enough to m’ so that the
above term is strictly positive. We then have that for m € (m’ —e, m’ 4 ¢) for some € > 0
small enough, p.. is not a minimiser of the free energy Eg;nm(p). By Proposition 4.35(b),
it follows that Ejp ., possesses a discontinuous transition point at some g;* < f;*. The
case m’ = 1 can be treated similarly. 0

In the following proposition, we single out some special values of m at which one
always finds a discontinuous transition point for W € H¢.

PROPOSITION 4.39. Assume W € H¢ such that . is a transition point of Eg,,. Then
if m € [2,3], Be is a discontinuous transition point. Specifically for the case m = 2 we
have that

(a) 87 =B
(b) There exists a one parameter family of minimiser {pa}ae[amruze(,ﬁﬁ),l} of EﬁﬁzQ
with po = Poo-
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PROOF. We will try again to show that we have a competitor at 3;". We start with the
case 2 < m < 3. Consider the competitor
p°=p+ewg

for ¢ > 0 and small and k* := arg mingeya\ o) W (k)/©(k) if it is uniquely defined or any
one such £ if it is not. Expanding the energy up to fifth order and noting that second
order terms vanish we obtain

5 m\— 53
Eopn(e") =Esp (o) + (57) mlm = 225 [ ke
_ 4 Er
() m(m — 2)(m — 3 / wf da

(B m(m — 2)(m — 3)(m - )5 / 5wk, de

where the function f(z) € (peo,p®(z)). We again bound the highest order term as
in Proposition 4.29 and use the fact that [, w; dz = 0 for any & € N%\ {0} to obtain

£ m\— M — 64
Bopnl0F) =Eigpn(pne) + () maom = 2)(m = 3)o22 157 [ o ).

Since m(m—2)(m—3) is negative for m € (2, 3), for ¢ > 0 sufficiently small, we have shown
that ps is no longer the minimiser of Egm m. The result follows by Proposition 4.35(b):
we have a discontinuous transition point at some . < Sj".

We now consider the case m = 2,3. Using the same expansion we have that

Eﬁgz(PE) = Eﬁ§,2(poo) Eﬁ§,3(P€> = Eﬁ?,s(ﬂoo) .
Thus, ps is not the unique minimiser of Eﬂgﬂ,m for m = 2,3. It then follows from Defini-
tion 4.27 that there must be a discontinuous transition point at ;" < 5.

Consider now the convex interpolant p, := (1 —t)pg + tp1,t € (0,1) for po, p1 € P(£2)
such that Eg2(po), Eg2(p1) < 0o. We then have that

d2 -
—dtzEﬂ,z(pt) =24"" / n?dz + / W(x —y)n(z)n(y) dz dy
Q QxQ

_ (k)
> 2871 2
_< B +k€Nd\{0} ok )>||77||L ©) -

Note that the above expression is strictly positive if 8 < Bﬁz. Thus, Ej is strictly convex
for f < Bf and has only one minimiser, namely, p,,. Since the function F is continuous
(cf. Lemma 4.31), it follows that 37 = (7 for all W € HS. Furthermore, po = poo + Qtwy:

form a one-parameter family of minimisers of Eg , for o € 0,197 20 (k). O

We conclude the section by discussing the existence of continuous transition points.
We show that for m = 4 one can construct a large class of potentials for which the
transition point . is continuous. We start with the following proposition.

PROPOSITION 4.40. Let k € N? be such that k # 0 and let k; € N,i =1,...,d be such
that

k= (ki ... k).

E C;W; + cowyg

JjEP> (k)

Then we have:

S
TN
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where
Py(k) == {j € N%,j # 0,5 € {2k, 0}}, ¢; = £ and g = B2,
N; Ny
Similarly
wz = Z CoWy + CLWp
LeP3(k)
with

2 2

1% 1. P
Py(k):={0 e N 0+ k 0; € {3k;, k:})}, ¢ = —==—(3)li=hill gnd ¢, = L2 (3)4,
5(k) == { = { 1 oce NkuNg() k NkuNg()

Note that Py(k) N P3(k) = 0. Similarly, we have that

2

dooGetery | = D D Gnmeme  Wenn) + Cow

o€Symy (A) JEP2(K) o1,02€8ymy, (A)
3

Do G | = D D Gnem e e e

o€Symy,(A) LeP3(L) 01,02,03€8ymy(A)
+ > Clup
o€Symy, (A)
where the constants ¢V, ¢;"*%,Cy,Cy € R depend only on d, k, and p but are

independent of the coefficients asx) € R. Note that, as before, there is no repetition
of the terms in the sum.

PROOF. The proof is simply a careful application of the trigonometric identities cos?(a) =
271(1+cos(2a)) and cos®(a) = 47 (cos(3a)+3 cos(a)), and sin®(a) = 47! (3 sin(a) — sin(3a)).
OJ

We now proceed to the result concerning continuous transition points for m = 4.
THEOREM 4.41. Let W € HS, such that 5. < oo is a transition point of Eg 4. Assume
that
W (k)
k¥ :=arg min ——,
& keNd k20 O(k)
is uniquely defined. Furthermore, we assume that W(k:) > 0 for all k # k* and that

(A3)

. 6@(j)5(671’02)2’]32(kﬁ) U Pg(k'ﬁ” .
W) > ’ W (k* Vi € Py(k*
(J) glmgé%kum) PO (k) ( )’ j € Py(KF)
(Ad) 2
i 20(6)?0(k*) (7727 )? | Py(k?) U Py(KH)| ...
W(g) > max ( ) ( )(Cz 2) ’ 2( ) 3( )| ‘W(kﬁ)’ e Pg(kﬁ),
01,02,03€Sym, 4 (A) 3poo

where the sets Py, Py and the constants ¢;"7%, c;"*”* are as defined in Proposition 4.40.

Then B, = BQ‘ 18 a continuous transition point.

PROOF. We will rely on Proposition 4.35(a) for the proof of this result. We need to show
that, at § = ﬁg*, Poo is the unique minimiser of Eg4. Let p € P(Q) € L>(§2) be any
measure different from p,,. Then it is sufficient to show that Eﬁg,4(ﬂ) > EgglA(Poo) (it
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is sufficient to check bounded densities from the result of Lemma 4.21). We now define
1 = p — pPoo and note that n has the following properties

(4.25) n e L>(9), N> —Poo, / ndz=0.
Q

We can compute the free energy of p as follows

Ega4(p) :% /Q ptdr — % + % / - W(z —y)p(z)p(y) dz dy

4\—1
:(Bﬁ) </p§odx—1+4/p§ondx+6/piOUde—l—él/poongdaH—/n‘ldx)
3 0 0 0 Q 0

+ZW<k>%Nk S i),

keNd o€Symy,(A)

where we have used (0.5). Simplifying further, by using the definition of Bgl and the fact
that n has mean zero, we obtain

By <Byalo)+ 3 (6 W) 3 it

kEND Akt o€Symy (A)
4\—1 4\ —1
(4.26) +4@/pwn3dx—l—&/n4dx
3 3 /g
I I

We define 1y 1= n — Zoesymkﬁ(/\) (o (k*))wy(s) and deal with the two terms I; and I,
separately. We then have

4\—1
I, =4 (Bﬂ?)) / Poon)® A
Q

3 2

G . .
=4 ﬂ3 Poo / Z W(U(kfﬁ))wa(m) +3 Z U(U(kﬁ))wa(kﬂ) 2| do

& o€Sym, ; (A) g€Sym, 4 (A)
L AERD SRR T R
Q1 oesym,(A)
2

(661)71 A # o # ) 3

=4Tpoo 3 Z (o (k")) wegsy | 12+ 3 Z (o (k) wogey | n5 +m5 | dz,
Q o€Sym, 4 (A) o€Sym,; (A)

where we have used the fact that
3

/Q Z /f](o-(kﬂ))wo'(k;ﬁ) dr =0.

o€Sym, 4 (A)

We now use the fact that n has mean zero from (4.25) and Proposition 4.40 to obtain

I _B)" 4poc de + 12 Z dx
1= 3 772 Poo o (kt) 772

o€Sym, g (A

(4.27) 48 e Y > n(al(/fﬁ)) (o2(K)) e (01 - 02(7)) -

JEPs(k#) 01,02€Sym, 4 (A)
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For the second term we obtain

4y-1
I :wﬁg) /9774 dx

4 3

(Crol ) )
S [ X et | 1| 3 et | | d
1 \oesym,;(A) s€Sym, 4 (A)
2
(B! ok ) ’ 3, 4
+ 61 D oW weun | M4l D Aok wagsy |53+ 03| do.
L o€Sym,4(A) s€Sym, 4 (A)

Applying Proposition 4.40 again, we obtain

4y—1
I :&/ﬁldx
3 Ja
4 2

= =3 A1 SRR TS I D S ) Fa e

o€Sym, 4 (A) o€Sym, 3 (A)

RGN [l st |i+t] o

o€Sym, 4 (A)

Ao (K))A (o2 (K)o (k) g7y (01 - 02 - 03(0))

LeP3(£) 01,02,03€Sym 4 (A)

where we have used the fact that (o (k")) = 0 for all ¢ € Sym,;:(A). We now note that

(4.29) YooY lae®)P = Il

keENd ks£k! geSymy,(A)

Putting (4.26), (4.27), (4.28), and (4.29), together we obtain
Eﬁ;lA(P)

TR (m%—jvk) S (o)

keNd fAkt o€Sym,, (A

)
B e D Y. e (K))ioa (k) (o - 0a()

JEPa(KH) 01,02€8ym, 3 (A)

(o1 (k) (o2 (k) (o3 (k)] 77y (01 - 02 - 03(L))

lePs (f) 01,02,03 ESymkﬁ (A)

(1) A
s Mot 12oa| Y ot
Q o€Sym, 4 (A)

2

+4n2p00 + 6 Z Aok wepey | +4 Z Do (k) wyey |12 +m5 | n3 dz

o€Sym, ; (A) g€Sym, 4 (A)
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4

Jr—wt‘;/Q Y o)) weus | de.

o€Sym, ¢ (A)

Note now that

O + 12000 [ Y A(0(K))woqes)
UESymk}i (A)

N

Hmpe + 6 Y AokNwean | +4[ DD A0k wen
g€Sym, 4 (A) o€Sym, 3 (A)
2

=2l pt D Aok w,ge
T
2

A2 oot Y, AR W 20.
oSy (1)

Thus, it follows that
Eﬁg,zx(P)

By i) b 30 (mk)z—jvk) S o)

keNd k£t o€Sym,, (A

)
48 e Y Y. (o (K))ioa (k) (o - 0a())

JEP(KH) 01,02€8ym, 3 (A)

lePs (f) 01,02,03 GSymkﬂ (A)

4
(89
Y e | s
2\ oesym,;(A)
n 1 R
SRS ED S C (T B S
ke Py (k)UPs (k) k o€Symy, (A)

B e Y Yo (o (K))ioa (k) (o - 0a()

JEP (kﬁ) o1 O'QESyInkﬁ (A)

(o1 (k)i (o (k)i (o5 (k) g7 1o (0 - 0z

145

Ny + 13

x10)

A S S i)l o - 03 oa(0)

€€P3(f) 0'1,02,0’3Esymkﬁ (A)

(4.30)

+(6ﬁ3)/ﬂ Yo ok wegsy | de,

o€Sym, 4 (A)
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where in the last step we have simply used the fact that W (k) > 0 for all k # kf. We
now note that

Y Ie®E)P=0®" Y lilorosk)f

o€Symy, (A) o1,02€Symy, (A)

=0~ D lik(or- 0w aa(k)

01,02,03€Symy, (A)

where we have used the fact that |[Sym,(A)| = ©(k)?. Additionally, we have that

4

Ll X et | a

o€Sym, 4 (A)

(>

o€Sym,; (A)

> Poo Z

g€Sym, 4 (A)

2

f)(a(k:ﬁ))‘z / L Z ﬁ(o’(l{ﬁ))wa(kﬁ) dx
Q <Z 2

. 1/2
o€Sym, (A)|77(U<kﬁ>>’ > o€Sym, 4 (A)

2

GO

where in the last step we applied Jensen’s inequality and used the fact that the integrand
has unit L?(€) norm. For any k € N¢, we define the following quantity

and note that

(4.31) iy > max H!n o1 (k)" (02 (k)|

01,02€Symy, (A
Finally, we can rewrite the inequality in (4.30) as

Ega(p) 2Bpialp) + ) Y (Ao o) + B (01 - 0a())) + Cj)

JEP>(kt) 01,02€8ym, 4 (A)

(4.32)
+ Z Z (AglﬁQ(O'l 09 '03(€>>|2+Bgl702’03ﬁ2(01 02 O'3<£))+Cf) 5
LeP3(kt) 01,02,03€Sym, 4 (A)
where
_ W) gy _ WO oy
Bo1o2 01,02 BO1:92:93 _ 4<5§1)_1 01 02,0 - kﬂ
J - ]i pooc Hn Uz ¢ — H O'l
(8" 4 (8)~" "
= 30 U M T seRe U AR e

Assume that [7[,, # 0. Then (A3) and (A4) along with the expression for £y, (4.31),
and the fact that |7(k)| < N, imply that the discriminants of the quadratic expressions
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in (4.32) are all negative, i.e. (B;’lm)2 —4A;C; < 0,(BJ""7%)? —4A,Cy < 0. Indeed, we
have that
(B7™) 245 9B (™) N | Pah) U P

44;C; 7] W (5)

n(o( kﬁ

6‘W (k) ‘@ " o2)? |P2( ) U Py(K)| (A<3) '
<O (k)W ()

Similarly,

(BgH7273)2 8(BH) T O(0)(cf ) Ny| Pa(k#) U P3(k*)] ﬁ
4A,Cy 3 oo |3 W (€)

[TIef

§2|VAV(/<?“)!@( )P O (k) (cf 7 7)" | Pa(kF) L Py(KH)] « ()
3p2 W (0)

Thus, it follows that Eﬁng (p) > Eﬁng(poo). On the other hand if |9],; # 0, the proof follows

by noting that any contribution from the interaction energy is positive and that p., is the
unique minimiser of Sg4(p). The fact that 5. = ] is a consequence of Lemma 4.32. [

REMARK 4.42. Note that although the assumptions in Theorem 4.41 seem compli-
cated, all they really require is that all Fourier coefficients of W, except the dominant
negative mode W(kﬁ) are nonnegative and that finitely many of them are “positive enough”
compared to W (k?). Consider d = 1, with W (z) = wyw: () + wows(x) + wsws(z) with
wy < 0 and wy, w3 > 0. If, for some explicitly computable positive constants co,c3 > 0,
wy > colw| and wy > cslwy|, the conditions of Theorem 4.41 are satisfied and the transi-
tion point . = f; is continuous. In this setting, Pa(1) = {wy} and Ps(1) = {ws}.

4.5. The mesa limit m — oo

A natural question to ask is how the sequence of free energies Ejs,, : P(Q) —
(—00, +00| behave in the limit as m — oo. We conjecture the following limit free energy,
Ew : P(Q2) = (=00, +00],

1
—/Q QW(I—y)p(l’)p(y) dedy |[|pllpeig) <1

otherwise

(4.33)

This is analogous to the so-called mesa limit of the porous medium equation considered by
Caffarelli and Friedman|CF87|. It is also studied in [CKY18] for Newtonian interactions
and [KPW19)| for general drift-diffusion equations. We rederive the result in our setting.

THEOREM 4.43. Consider the sequence of functionals {E@m}le defined on P(2) N
L>(Q) equipped with the weak-x topology. Then
Eo=T-limEz,,,

m—00

for any fixed 5 > 0.

PROOF. (1) Recovery sequence: For each p € P(Q) N L>*(2) we choose p,, = p as the
recovery sequence. The interaction energy term remains unchanged as it is independent
of m, while (m — 1)~! converges to 0 as m — oco. Assume first that [|p|| g > 1. Tt
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follows that there exists some € > 0 and a set A of positive measure such that p|4 > 1+e.
Thus, we have

B~ / " dr > G JA|(1+ €)™ "3 00
m—1 Qp “m-—1 ’

and thus Eg,,(p) — oo for all [|p[| e (q) > 1. Now, let us assume that [|p]| o q) < 1. This
gives us

g m gt m—1  m—00
m=1/," demHPHLW(Q) — 0,

and thus completes the construction of the recovery sequence.

(2) I'-liminf: Assume that there exists {p,,}, -, such that p,, =* p in L>®-weak-*. For
W € C?%(Q), the interaction energy is continuous and so we can disregard its behaviour.
We start with the case in which [|p[| ) < 1. In this case the entropic term, Sgm(pm),
can be controlled from below by 0 and thus the I'-lim inf holds trivially. The other case
left to treat is when ||p|[ () > 1. This implies again that there exists some € > 0 and a

set of positive measure A such that p|4 > 1+ e. It follows from the weak-* convergence
that

lim [ ppde=(1+¢€)|Al+7,
A

m—r 00

for some fixed positive constant § > 0 independent of m. We define the sets A} := {z €
A:pn>(1+¢e)}and A, := A\ A}. There also exists N € N such that for m > N,
[ypmdx > (1+¢€)|A|+ 2. Thus, for m > N, we have that

/+pmdx+/ prode > (14 €)|AL] + (1 + )AL +§
" .

m

from which it follows that

)
ndr > =
/A;p =3

This gives us the estimate we need on the entropic term since

-1 -1
N
m—1 Q m—1 Ant

671

>

(14 )™t Pm dx

+
m

—_

= —

-1
S B
“m-—1

(14 )™t

l\D'IO«z :>\

Passing to the limit as m — oo, the result follows.

O

We would now like to understand how the presence of phase transitions for finite m
affects the minimisers of E,. This is discussed in the next result.

THEOREM 4.44 (Minimisers of the mesa problem). Let E, : P(Q2) — (—o0, +0o0] be
as defined in (4.33). Then
(a) If Q] < 1, Es = +00.
(b) If I =1, Ex(p) < +00 if and only if p = peo. Thus, peo is the unique minimiser
of Eu.
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(¢) If | > 1 and W € Hy and W # 0, ps is the unique minimiser of Ew,. On the
other hand if W € HS there exists P(2) 3 p # poo such that p is the minimiser
of B with Eo(p) < Ex(poo). Furthermore, there exists a sequence, {pm},,>; of
nontrivial minimisers of Eg,, such that p,, —* p in L>®-weak-* as m — 0o.

PROOF. The proof of Theorem 4.44(a) follows from the fact that if 2| < 1, then for any
p € P(Q)NLY(Q) there exists a set A of positive measure such that p(x) > 1 for all z € A.
Indeed, if this were not the case we would have that

/pdx§|Q|<1,
Q

which would be a contradiction. Thus, we have that [|p|| ;«q) > 1 forall p € P(Q)NL(Q)
and so F,, = oo.

The proof of Theorem 4.44(b) is similar. If p # p., we can again find a set of positive
measure A such that p(z) > 1 for all x € A. We then repeat the same argument as in the
previous case.

Assume now that || > 1 and W € H,, W # 0 (if W is identically zero then clearly
E. =0). Since W is mean-zero we have that

Ex (poo) =0.
On the other hand if P(£2) N L>(2) 3 p # p we know from Definition 0.1 that

/Q QWx_ p(x)p(y)dedy > 0.

Finally consider the case W € HS. Let § > 0 be fixed and note that, since | > 1,
Bi" — 0 as m — oo. Clearly for m large enough a nontrivial minimiser p,, € P () exists
for B > 0 from the result of Proposition 4.29. Consider the measure p* = p. +cwys where
k* is as defined previously. We then have the following bound

5 _ L W(ED €2
Egm(pm) < Egm(p°) =Epm(poc) + (5 fmpl 7+ p WW) EHwkﬁHi?(Q)

+ﬁ m _2 /fm 3w2u

where the function f(x) € (pso, p°(x)). Note that |f| < (poo + €Nyz). Thus, we have the
bound

. B WK €2
Egm(pm) < Esm(p7) <Epm(poo) + (ﬁ 'mpl + p : )> E”wkulli%m

O(k*)

+ 67 'm(m — 2)%

Additionally note that if ¢ is small enough and p, < 1, the last term tends to 0 as
m — oo. Also since W € HY, the second term in the above expression is negative for m
large enough as mpZl — 0 as m — oco. It follows from this that, for m large enough, the
following estimate holds

(4.34) Egm(pm) < Epm(p*) <Egm(psc) — Cre” + Coe”,

where C,Cy > 0 are independent of m. it thus follows from Theorem 4.43, (4.34), and
the definition of I'-convergence that

Ew(p) < Esc(poo) ,
where p € P(Q) is the minimiser of E,,. Thus, p # p and the result follows. O

(poo + eN)" NI,
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FIGURE 4.1. Stationary solutions in the long-time limit for m > 2 and W =
—cos(2mz/L). The black dot denotes the point of linear stability 3;" while
the red dot denotes the value of 5 at which the support of the stationary
solution is a strict subset of T. Note that ||ps||; = 0.1 corresponds to the
flat state poo.

4.6. Numerical experiments

The numerical experiments in this section are meant to shed light on the qualitative
features of the global bifurcation diagram of the system, while also serving as a source
of possible conjectures that can be studied in future work. They were performed using a
modified version on the numerical scheme in [CCH15|.

0.8 | —m=2 ]
' —m=5
m=8
—m=11
0.6 - =14
s m=17
& —m=20
£04 8
0.2 .
0 1
-5 0 5

x

FIGURE 4.2. Stationary solutions/minimisers for m large and |€2| > 1. The
limiting object seems to be the indicator function of some interval.

4.6.1. Discontinuous bifurcations for m > 2 and W = —cos(27z/L). Fig. 4.1
shows the branches of stationary solutions obtained in the long-time limit for m > 2 and
W = —cos(2mz/L). The black dot denotes the point of linear stability 8" while the red
dot denotes the value of 8 at which the support of the stationary solution is a strict subset
of T. Note that the diagram does not necessarily reflect the actual bifurcation diagram
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of the system as it is obtained from the long-time dynamics and thus will only see stable
solutions. We already know that this choice of W satisfies the conditions of Theorem 4.18
and so there will a bifurcation at S;" (the black points in Fig. 4.1). One would expect
this branch to turn to the right for m € (2,3) (cf. Remark 4.20) and then turn back.
We conjecture that the red points are all saddle-node bifurcations and correspond to
discontinuous phase transitions for m > 2 due to Lemma 4.32 and the fact that they lie
ahead of the corresponding ;"

4.6.2. The mesa minimisers. In Fig. 4.2, we plot the stationary solutions observed
in the long-time limit for m large and 3 > f3.. Since the stationary solutions are potentially
minimisers of Eg,, and the minimisers converge to the minimisers of F,, as m — oo
(cf. Theorem 4.43), the plots in Fig. 4.2 provide us with some information about the
structure of the minimisers of the mesa problem. It seems (by visual inspection) that
they converge to the indicator function of some fixed set. A natural next question one
can ask is what happens to the continuity of phase transitions in the limit as m — oo.
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CHAPTER 5

Rearrangements and symmetries

The contents of this chapter are based on a work in progress by the author.

5.1. Introduction

In Chapters 3 and 4, we studied the existence and uniqueness of minimisers of the
energies 5"V and E4D. However, we have not obtained any qualitative characterisation
of them. A natural question to ask is what do the symmetries of V,W € C?(Q) imply
for the symmetries of the minimisers of the corresponding energies. For = RY, it is
well-known from the Riesz rearrangement inequality (cf. [LLO1, Theorem 3.7]), that if V'
and W are radially symmetric and increasing, then the minimisers of EM V- and EAD are
radially symmetric and decreasing. Under certain conditions, it is posmble to extend this
result to the critical points of B}V and E4D (cf. [CHVY19]) and thus to the stationary
solutions of (MVE) and (ADEm).

We would like to derive a result in a similar spirit for Q = T?. The argument will
rely on defining an analogue of the radially decreasing rearrangement for T¢ and proving
a Riesz-type rearrangement inequality for an appropriate class of kernels. A result of this
form was derived by Baernstein and Taylor [BT76] for rearrangements of functions defined
on the d-dimensional sphere, S¢. They defined an appropriate decreasing rearrangement of
functions f : S? — R and showed that this can be uniformly approximated by a sequence
of rearrangements which they referred to as polarisations. Similar arguments were used by
Beckner [Bec93, Bec95| to prove the sharp version of the Sobolev inequality. Furthermore,
Beckner proved a strict version of the inequality of Baernstein—Taylor. One can even
use these polarisation arguments to prove the original rearrangement inequality on RY
(cf. [Bur09, Theorem 2.10]). The arguments of Baernstein—Taylor and Beckner obviously
apply for d = 1, S = T. The purpose of this chapter is to generalise these arguments
to T, d > 1. We do this by introducing a larger class of partial rearrangements, which
we refer to as partial polarisations, which we then use to approximate an appropriate
analogue of the radially decreasing rearrangement on T?. As a consequence, we are able
to derive a Riesz-type rearrangement inequality for T¢. The main problem we face is that
this inequality is not strict and thus we obtain a weaker result than Baernstein—Taylor
and Beckner.

Outline: The rest of this chapter is organised as follows: In Section 5.2, we introduce
some preliminary ideas including the appropriate analogue of the decreasing rearrange-
ment on T? and the notion of partial polarisation, and then discuss some of their proper-
ties. We also present the statement of the rearrangement inequality we would like to prove
in Theorem 5.7. In Section 5.3, we present the proof of Theorem 5.7 and then discuss its
implications on the symmetries of the minimisers of Eé” V' and Eg{ﬁ in Corollary 5.12.

5.2. Preliminaries

We set Q = T¢ and define the following metric on it:
d>(x,y) == max, dr(zi, ;) -

.....
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Furthermore, we define |z|_ := d*(x,0). We now define an appropriate notion of re-
arrangement for T¢.

DEFINITION 5.1 (Toroidal decreasing rearrangement). Let f € L'(€) be a nonnegative
function. Then we define its toroidal decreasing rearrangement, f* to be the function

1(2) = f*(alo) i= int{ £ 1{F > £} < 2YalL }.
One can check that f and f* have the same distribution function, i.e.
vp(t) = vp (1),
where

v t) = o s g(a) > 1}, teR,,
is the distribution function of the nonnegative function g € L'(2).

We now discuss a few properties of the rearrangement defined above. We start by
noting that the above rearrangement leaves the entropic terms in Eé” V and EAD invariant.
Indeed, we have the following result:

PROPOSITION 5.2. Let h : Ry — R be a convez function such that h(0) = 0. Then,

[ npas = [ e,

where f € LY(Q) is a nonnegative function and f* is as defined in Definition 5.1.

PROOF. Since, h is convex its right derivative A’ is well-defined. Furthermore, we have

that
/ f)de _// s)dsdx
// $)X{s<f(x)}(s) dsdx
_/0 (s )/X{s<f 1 (s)dzds,

where in the last step we have used Fubini’s theorem. Since f and f* have the same
distribution function, it follows that

L= "1 [ veerendeds = [ n(r)ar.

REMARK 5.3. Note that the conclusions of the above proposition hold true for any
rearrangement of f, i.e. any function g such that v, = vy.

O

The rearrangement f* also satisfies the following non-expansion property:

PROPOSITION 5.4 (Non-expansivity of the rearrangement). The toroidal decreasing
rearrangement defined in Definition 5.1 is non-expansive in LP(S) for 1 < p < oo, i.e.
we have that

[P g*HLP(Q) <|f- gHLP(Q) )
for any nonnegative f,g € LP(9).

We refer the reader to [LLO1, Theorem 3.5] for the proof of this result which is identical
to the proof when f* is the standard radially decreasing rearrangement on R%. We also
have the following result regarding the continuity of f*:
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LEMMA 5.5. Let f € C°(Q) be a nonnegative function. Then, f* € C°(Q).

PROOF. We will think of the rearrangement as a one-dimensional function f*(z) =
f*(|z], ). Assume that f* is not continuous, then we can find an interval (¢;,ts) such
that vg(t) is constant on the interval. Indeed, if f* is discontinuous we can find an r > 0
and an € > 0 such that for all § > 0 there exists 7’ € (r — 0,7 + §),7 # r’ such that
|f*(r) = f*(r")] = €. Note that this implies that there must exist a sequence {ry},
converging to r such that |f*(r) — f*(r,)| > € and either either r,, < r or r, > r for all
n € N. Let us assume without loss of generality that r, < r for all n € N. Let f*(r) = t.
Then, we have that

vp(t) <204 20 < up () <240 1<t <tte,

where we use the fact that vy () is nonincreasing. Since r,, — r as n — oo, we have
found an interval namely, (¢,t4¢), on which v« (t) (and therefore v¢(t)) is constant. This
implies that f is discontinuous, which is a contradiction. 0]

We now define the following bilinear form associated to the interaction energy £(-):

DEFINITION 5.6. Let f,g € L'(Q) be nonnegative functions. We then define

E(f.9) = / [ K@) f(@)al) de dy.

where K : R, — R is a bounded, measurable function.
We would like to prove the following functional inequality:

THEOREM 5.7. Let f,g € L'(Q2) be nonnegative functions and E(-,-) be as defined

i Definition 5.6. Assume that K : R, — R, is bounded, measurable, and nonincreasing.
Then, it holds that

E(f,9) <E(f 97,

where f*, g* are the toroidal decreasing rearrangements of f,q respectively, as defined
i Definition 5.1.

Note that the above theorem implies the following corollary:

COROLLARY 5.8. Let f € L*(Q) be a nonnegative function and let K : R, — R be a
bounded, measurable, and nonincreasing function. Then, we have that

/Q K(le]L)f(2) de < / K(le] L) (@) de.

PROOF. Let us first assume that K is continuous. We pick ¢° = e 9¢(s~1z), where ¢ is
the standard Friedrichs’ mollifier. From Theorem 5.7, we know that

J[ K@wrsw s [ k@ r@eo) e,

QxQ QxQ

where we have used the fact that (¢°)* = ¢°. Passing to the limit as ¢ — 0 we obtain
[ Kl de < [ K(el Of @) e

If K is only bounded, we can approximate it in the weak-x topology on L*°(2) by some
{Kn},en € C°(Q). This completes the proof. O
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H™ «]® H~

s

FIGURE 5.1. An example of a partial polarisation H+, H~ of T?. The
function ® : @ — Q maps H' to H™.

Since continuous functions are dense in L'(€) and the rearrangement defined in Defini-
tion 5.1 is non-expansive in ||-|[ ;1 (q), it is sufficient to prove the inequality in Theorem 5.7
for f,g € C°(Q) and nonnegative. We identify Q with [—L/2, L/2)? and divide it into
2k distinct pieces, for 1 < k < d, in the following manner: Fix some i € {1...d} and
consider the hypersurfaces z; = ¢; and x; = ¢; + L/2 such that ¢; € (—L/2,0). These
surfaces divide € into two distinct parts, namely H;" .= {z € Q : ¢; < x; < ¢; + L/2}
and H ={r € Q:x; < ¢gtU{xr € Q:x; > ¢ + L/2}. If one repeats this process
k times with distinct i € {1...d}, we obtain 2* sets by considering all possible inter-
sections ﬂle HY for p € {+,—}. Additionally, using these surfaces we can also define
bijections ¢; : 2 —  in the following way: given some ¢; with the surfaces z; = ¢; and
T; = G +L/2, let gOz(LU) = (l’l {2CZ—I172CZ+L—I2}HT (L’d)T. ThUS, the
function ; is just a reflection about one of the two surfaces (the one that keeps it in
). One can then check that it is a bijection and that the ¢;’s commute for distinct i.
Furthermore, each such ¢; : T¢ — T¢ is an involution and we have ¢;(H;") = H; . Now
given z,y € 2, we can always find a sequence {c;}¥_; and the associated maps ; such that
d = pjopy---0y, and y = (). In addition, we can choose ® such that = € ﬂ,’f:l H;
and y € (_, H; or vice versa, and ®(("_, H;) = i_, H;. One can then check that
such a ® is an involution. For convenience, we will use the shorthand H+ = (_, H;" and
H™ = ﬂle H; . We will refer to any such H* and H~ as a partial polarisation of Q. An
example of such a polarisation for Q = T? can be seen in Fig. 5.1. We now define the
following rearrangement:

DEFINITION 5.9 (Partial polarisation). Let H*, H™ be a partial polarisation of 2 and
® : 2 — Q be the associated sequence of bijections discussed above. We define the partial
polarisation of a nonnegative f € C°(2) to be the function:

max{f(z), f(®(x))} zeH"
fa(x) = q min{f(z), f(®(x))} weH"
f(x) otherwise

Note that for d = 1, the partial polarisation introduced in Definition 5.9 is identical to
the polarisation introduced in [BT76|. Baernstein later used this class of rearrangements
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to prove a whole host of functional inequalities, including the Pélya—Szégo inequality
on S¢, through something he referred to as a “master inequality” (cf. [Bae94]). It is an
interesting future problem to see if his approach can be generalised to T¢.

Before proceeding we define the L?(€)-modulus of continuity of some f € L*(2) as
follows

w(@, f) = sup{ | f(@ + h) = F(0) oy ¢ Il < 8

We now discuss a few more properties of the partial polarisation fe in the following
lemma.

LEMMA 5.10. Given f,g € C°(Q), nonnegative, we have

) fe=f"

) vp(t) = vy (t) VEER,
) Jo ffrde < [ (fo)f da
; g(f’g> S 5(f<1>,9q>)

PrROOF. We first show that f and fe have the same distribution function. We start by
showing that fs is measurable. It is sufficient to show that A'® := {z : fa(x) > t} is
measurable for any positive ¢. This set can be expressed as

Al = ({z e H" : f(x) >t} U{z € H : f(®(2)) > t})U
{re(H"UH ) : f(z)>tyuf{x e H : f(x) > t, f(P(x)) > t},

which is measurable. Consider the set A := {z : f(x) > t} for some t € R,. Then we
have,

Al ={z e H" : f(z) >t} + |[{z € (H'UH )" f(x) >t} + [{z € H : f(z) > t}]
={z e H" : f(z) > t}|+ {e € (HYUH )" : f(x) >t} + [{z € H : f(x) > t}]
+ }{x € H": f(®(x)) > t}{ - Hx € H: f(®(x)) > t}|

Applying De Morgan’s law we obtain,

Al ={z e H" : f(z) >t} U{z e H' : f(®(x)) >t} + |[{z € (HTUH")": f(z) > t}]
+{zeH : f(z) >t} +{z e H" : f(z) > t, f(P(z)) > t}]
— {z e H": f(®(z)) > t}]
={z e H": fx) >t} U{z € H" : f(®(z)) >t} + [{z € (HY UH )" : f(z) > t}]
+{z e H : f(z) > t, f(®(z)) > t}] = |[AT?|.
Thus, f, fe, and f* have the same distribution function.
For the proof of (a) it is sufficient to show that |z|s < |®(x)|s for all z € HT. Since
® is just the composition of maps ; for each of which x € H;", it is thus sufficient in fact
to show that 2|« < |p(2)|e. Since p; changes only one coordinate and both |2¢; — ]

and |2¢; + L — z;| are greater than |z;|, (a) follows.
For the rest of this proof let aq, by, as, by be real and nonnegative and define

a; = max{a, as} ay = min{a, as} f1 = max{by, by} Po = min{by, by} .
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Now if by > by then one can easily check that the following holds: a;b;4+asby < by +asbs.
Proceeding to the proof of (c¢) we have

/fo*dx:/H+ff*dx+ H_ff*dx+/(H+UH_)cff*dx

~ [ s@r @+ @)@ [ frd.
H+ (H+UH=)e
For the first term we set a; = f(x), by = f*(z), as = f(P(z)) and by = f*(P(x)). From
the proof of (a), we know that f(z) > f(®(z))( i.e. by > bs), thus using the definition of
fo we obtain

/fo*dfﬂé - fcp(x)f*(w)+f<p(<1>(a:))f*(c1>(x))dx+/

(H+UH)e

(fa)f* dz = /Q (fa)f* e,

where we have used the fact that ® : T — T is an involution, thus completing the proof
of (¢). By using similar arguments, one can show that £(f, g) < &(fe, ge) completing the
proof of (d). Indeed we have

£(/.9) (ZQKdooxy g(y) dz dy
= / K(d™®(x,y))(f(@)g(y) + f(@(x))g(P(y))) dz dy
* / K (d*(x,®(y)))(f(2)g(P(y)) + f(®(x))g(y)) dx dy
* // K<d°°(<1>< ), y)(f(2)g(y) + f(D(x))g(y)) dz dy
// K(d>(z, ®(y)))(f(z)g(y) + f(z)g(2(y)) dz dy.
(U )ex

Let a1 = f(x),as = f(P(x)),b1 = g(x),by = g(P(x)). Additionally let ¢; = K(d*(z,y))
and ¢y = K(d*™(x,®(y))). Note that if ¢; > ¢y, then

c1(arby + aghy) + co(arby + ashy) < ci1(a1f1 + asfa) + co(aq Pacrafy) .

Since K is non-increasing and d*(z, ®(y)) > d*(z,y) for x,y € H* it follows that

/ K(d(2, ) (f(2)g(y) + F(®(x))g(®(y))) dady

H+xH+

+/ K(d(x, ®(y))(f(2)g(2(y)) + f(2(x))g(y)) dx dy

HtxH+

< / K(d™ (2, y))(f(2)g0(y) + f(®())ga(®(y))) dz dy

H+xH+

n / / (@ (2, (1)) (fa (2)90 (2(5)) + fo(®(2))ga(y)) dz dy.

HtxH+
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For the last two terms we can estimate them as

K(d""(@(fv) y)(f(2)g(y) + f(@(x))g(y)) dz dy

H+x(HYUH—-

/ K(d (2, 9()(f(@)g(y) + F(2)g(®(y)) da dy

(HtUH-)ex H+

/ K(d(®(x), 1) (fa()g(y) + f3(@(x))g(y)) dz dy

/ K(d(x, 8(1)) (f (2)g0(y) + F(2)ga(®(y)) drdy,
(HYUH=)ex H+

where we have used an identical argument to that used in the proof of (c¢). Combining
them together completes the proof of (d).

For the proof of (e) we need to define truncated versions of the sets H", H~ and
(H* U H™)¢ in the following manner:

Hf ={z € HY : B} (v) € H}
Hy ={r € H : By (z) € H}
(HYUH ) ={x € H : B (z) € (HT UH")}.

We define the complement of these sets in 2 to be R. Using this we can obtain for
|hlos <0

[ fo(z + h) = fo(@)| 120

S(/H+ |fo(z 4+ h) — fo(z)|? dx) N + </H

1 13

+ </(H+UH)§ e fq)(xﬂzdx) - ([ 150 s

For x € H; we have (setting a; = f(z),a2 = f(®(2)),b1 = f(xz + h), by = f(P(x + h)))

[Falw+h) = falo)] =|max f(z+ h), F(@(z +h)) — max f(z), f(®(x)
<max{|oy — B1], |az — Ba|}
<max{|a; — bi|,|az — bo|}

<[f(x+h) = flx)| + [f(@(z + h)) — f(P(x))].

The calculation for x € Hy is identical. Putting it all together we obtain

1/2
| fo(z +h) — fé(x)|2dx>

1 fo(z + h) = fo(@) g2y < 58, £) + 2] flloIRI? .

All that remains is now to obtain an estimate on the size of the remainder set R in terms
of 5. The remainder set R has size given by the sum of the surface area of each of the 2*
sets multiplied by §. We can obtain the blunt estimate |R| < n(d)2?L41§, where n(d) is
the number of edges of the d-hypercube. This completes the proof of the lemma.

O
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5.3. Proof of Theorem 5.7
We now present the proof of Theorem 5.7. We start with the following lemma:

LEMMA 5.11. Let f,g € L*(Q2) be nonnegative functions such that their super level
sets differ only on a set of measure zero. Assume further that g € C°(Q), then f = g a.e.

PROOF. Assume this is not the case, i.e. without loss of generality the set, S := {x :
f(z) > g(x)}, has positive Lebesgue measure. In other words

[S1=1J sl >0,
neN
with S, = {z : f — g > 1}. Thus, there must exist some N € N such that for all n > N,
|Sn| > 0. Pick a density point 2’ € S, for some n > N. Since g is continuous we can
find a ball B™ (z') such that |g(z) — g(z')] < 1/2n for all z € BI™ (z'). Also since 2’ is a

density point, for € > ¢’ > 0 small enough the set S’ = S, B%” (z') has positive measure.
This tells us that

1 1

> +=>g@@") + —,

fl@) > g(@) + — = g(a') +

for all z € S’. Thus, S’ is a positive measure set that lies in the g(2") + 1/2n super level

set of f but is absent in the same super level set of g. Thus, we have a contradiction. [

Finally we are in a position to prove the inequality in Theorem 5.7.
PrROOF OF THEOREM 5.7. We start by defining the following set
S(f) = {h € LA(Q) s w(0,h) < 50(6, f) + C(d)5"2, vy(t) = vs(1)}

The above set is compact in L*(2). The L?(Q) modulus of continuity and L?(2) norms
of S(f) are bounded uniformly so, by the Kolmogorov—Riesz theorem, the set is relatively
compact. Additionally, due to the non-expansivity of the toroidal decreasing rearrange-
ment shown in Proposition 5.4 it follows that any limit point A of S(f) must satisfy
h* = f* and hence have the same distribution function as f. One can also check that for
any ¢, fo € S(f). We now define the product set,

U = {(hi.ho) € S(f) x S(g) : E(f.9) < E(h1,ha)},

and associate with it the following minimisation problem
. (|2 (2
n%}thl = 2@ + 12 = 6"l 72q) -

We comment that the above problem is well-posed as the functional is bounded below by
0, continuous in L?, and the set I is compact. Thus, we can find some minimisers say
(hi, hy) which we assume are not equal to (f*, g*). Assume that f* # h; a.e., then since
f* is continuous by Lemma 5.11, there must exist some super level sets of f* and h; that
differ from each other on a set of positive measure. Thus, the set A" differs from Af" for
some fixed t on a set of positive measure. Since the two sets have the same measure it
follows that both (A™ \ A/") and (A/"\ A™) have positive measure. Let z be a density
point of (A" \ A") and y a density point of (A" \ A7"). As discussed earlier we can
find a ® such that ®(z) =y and x € H*,y € H™ (since 2|0 < |Y|oo). We choose a small
ball around z, B™ (z) and use the fact that x and y are density points to argue that the
set

B:=H"n(A"\AM)na(Am\ A7),
has positive measure. For any z € B we have
f*(z) >t > f(®(2)), and hi(P(2)) >t> hi(2).
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By the same reasoning for the proof of Lemma 5.10(c), it follows that for z € B

hi(2)f*(2) + ha(@(2)) F7(P(2)) < (h)e(2)f7(2) + () a(P(2)) [ (D(2)) -

It follows immediately then that

/thf*dx</g(h1)¢f*dx.

Using the above strict inequality we obtain

* ]2 2 * ]2 * *]2
1hy = o) = 1hallzzo) + 1/ N z20) — 2/thf dz > [[(h)e = T2 »
where we have used the fact, from Lemma 5.10 and Remark 5.3, that
11l 20y = (1)@l 2

Applying the same argument for hy we have obtained a contradiction as (hq, hs) is sup-
posed to be the global minimiser of the functional. This tells us that (hq, ho) = (f*, g%)
a.e. and (f*, g%) e U with E(f,g9) < E(f*, g). O

An immediate consequence of Proposition 5.2, Corollary 5.8, and Theorem 5.7 is the
following corollary.

COROLLARY 5.12 (Symmetries of the minimisers). Let EYY, EfD - P(Q) — (—o0, +-o0]
be as defined in (1.25) and (1.26) with W,V € C*(Q2). Furthermore, assume that V(z) =
V(|z|,) and W(x) = W(|z|,) are nondecreasing functions. Then there exists a min-
imiser of EY'V (resp. E5D ), p € P(Q) NLYQ) such that p = p*, i.e. EYY E4D have at
least one minimiser which is toroidal decreasing.

REMARK 5.13. Note that we can only say that such a minimiser exists. We cannot
strengthen the statement of the above corollary to assert that all minimisers are toroidal
decreasing when V' and W are strictly increasing. This would require us to prove a strict
version of Theorem 5.7. The fact that d > 1 and the polarisation we have constructed
“fails to see” all of 2 makes it more difficult to prove such a result. As mentioned earlier
for d = 1 or for S%, this was proven by Beckner. It is an interesting open question to see
if this strict version of the inequality can be generalised to T¢, d > 1.






CHAPTER 6

Saddle points and metastability

The contents of this chapter are based on the following paper written with A. Schlicht-
ing:
[GS19] R. S. Gvalani and A. Schlichting. Barriers of the McKean—Vlasov energy via a

mountain pass theorem in the space of probability measures. arXiv e-prints, page
arXiv:1905.11823, May 2019.

6.1. Introduction

In recent years, a lot of progress has been made in understanding the convergence
of interacting particle systems to their hydrodynamic or mean-field limits at the level of
the convergence of gradient flows (cf. [ADPZ11, ADPZ13, DPZ13, Fat16, EFLS16, FS16,
KJZ19]). These results lead to dissipative systems which are driven by some macroscopic
free energy with respect to some metric. This gradient flow structure allows for a char-
acterisation of the stationary states of the system in terms of the critical points and
minimisers of the free energy. Hence, the free energy landscape and the underlying metric
encodes some of the dynamic properties of the system. In many of the applications, the
free energy is usually a lower semicontinuous function with the space of probability mea-
sures P(M) as its domain. Here P(M) represents the distribution of particle positions
on some base manifold M. The appropriate metric for the gradient flow is usually the
2-Wasserstein metric and its variants. For example, in [BB20]| the authors derive a local
mean-field model as the gradient flow of the macroscopic free energy with respect to a
modified Wasserstein metric.

For macroscopic models originating from interacting particle systems, the free energy
can exhibit multiple local minima corresponding to distinguished stationary states of
the macroscopic system. In this case, one may ask about typical transition times and
transition states between two such distinct states in the presence of noise. A common
example of this is a classical particle moving on R¢ along the gradient of some potential

V e C*(R%R), ie.
(6.1) () = —VV(2),

with 2(0) = 2o € R% Let us assume that V has exactly two distinct global minima
71,79 € R which are also the stationary points of (6.1). If one considers these to be the
states of interest, then a relevant question is how does the particle transition from one to
the other under the influence of noise. To understand this, one considers the stochastic
differential equation

(62) dXt = —VV(Xt) dt + \V 2571dBt s

where B, is a R%valued Wiener process and S > 0 is a parameter representing the
strength of the noise in the system. In the setting of the above SDE, the question can
be recast as follows: given X (0) = x;, what is the probability that in some finite time
T > 0, we have that X(T) = x9. This question is answered, at least for 5 > 1, by
the Freidlin-Wentzell theorem. In particular, it tells us that the family of processes

165



166 6. SADDLE POINTS AND METASTABILITY

{XV € C([0,T]) with X, = z, satisfy a large deviations principle with good rate function
I:C([0,T];RY) — (—o0, +00] given by

1) =3 | 1F0+vvio)Par,

whenever the above integral is finite and 400 otherwise. As a consequence of the above
result, we have that, for any closed and measurable I' C C([0, T]; R?),

limsup 28 ' logP(X] e T') < —inf I(f).
B—~+o00 fer

If we pick T' = {f € C([0,T];R?) : f(0) = zy, f(T) = 22}, we obtain an upper bound

on the probability that the process reaches xy given that it starts at x;. Setting T* =

arg maxyco,r)(V (f(t)) — V(f(0))), we can obtain the following lower bound for f € I',

1) 25 [ 1@+ wviara [ o vvisea

=V((T") = V{(0) = if (V(f(T7)) = V(£(0))) = ¢ = V(}(0)).

It turns out that ¢ > 0 is in fact a critical value of V, i.e. there exists z3 € R? such
that V(z3) = ¢ and VV (z3) = 0. The reader will recognise this as the finite-dimensional
version of the well-known mountain pass theorem. Setting A := V(z3) — V(z1), we see
that for § sufficiently large

P(X/ €T) S exp(=(5/2)A).

Thus, the probability of the process reaching the new phase/state in time 7 > 0 scales
exponentially with 3, with the rate given by the difference between the energies of the
saddle point and the initial phase. Thus, we can see that the process finds the path
of least resistance to reach the new phase in agreement with the fundamental tenet of
large deviations theory that “an unlikely event will happen in the most likely of the pos-
sible unlikely ways”. These transitions correspond to the phenomenon of noise-induced
metastability, i.e. the process is stable around x; for § > 1 with a very small probability
of it transitioning to x».

The purpose of this chapter is to obtain results in a similar flavour but in an infinite-
dimensional setting. Specifically, we are interested in understanding how similar phenom-
ena, i.e. noise-induced transitions, occur in systems governed by the Wasserstein gradient
flow of some free energy F, especially those that arise as mean-field limits of the inter-
acting particle systems discussed in Chapter 3. We place ourselves in the same setting as
in Chapter 3, i.e. we consider the following system of /N interacting stochastic differential
equations on Q = T? (the d-dimensional torus of side length L > 0)

N
j=1

N
N <N
Law(X0) = [[ poz) X = (X},.... X7

i=1
where 3 > 0 is a parameter, W € C?((Q) is an interaction potential which is even along
every coordinate, and B} are Q-valued independent Wiener processes. Let pV)(t) :=
NIV dxt, then it is well known (cf. [Szn91], Theorem 1.2) that pM(t) as a measure-
valued random variable converges in law to p = p(t, z) for each t > 0, where p is a weak
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solution of the following PDE
Op=V-(pV(B~ logp+Wxp))  with  p(0,2) = po().

The above PDE is commonly referred to as the McKean—Vlasov equation and can be

rewritten as a dy-gradient flow
oF
Op =V - (pV—ﬁ) ;
op

where Eg : P(2) — (—o0,+00] is the associated free energy (cf. Chapter 1, (1.25)),
defined as

63 Balp) =" [ pla)loglo)a) ot 5 [ Wia =) dota) dpta).

when p < dz and as +o00 otherwise. We have dropped the superscript MV used in Chap-
ter 1, mainly for the sake of notational convenience, as we will be dealing with only the
McKean—Vlasov free energy for the rest of this chapter. The first term in (6.3) is referred
to as the entropy and the second as the interaction energy. The function Ej is referred to
as the free energy of the system. As discussed in Chapter 3, the balance between entropy
and interaction energy in terms of 3 determines what the minimisers of £ look like. For
3 smaller than some critical value 3., the normalised Lebesgue measure, po(dz) := dx/L?
is the unique minimiser of the free energy. Above the value 5. a new minimiser of the
free energy, which is not p.,, emerges. This phenomenon, in which there is a change in
structure of the set of minimisers of Fg, is called a phase transition and is observed in
many models from the physical sciences [LP66, Sin82, Daw83, Shi87, GP18, FV18]. We
refer readers to Chapters 1 and 3 for a more detailed discussion of the different terms in
the energy E3 and the phenomenon of phase transitions.

As discussed in Section 1.3, the operator V - (pvé%(-)) can be, formally, thought of as
a gradient in the space of probability measures on €2 equipped with the dy Wasserstein
distance (cf. Definition C.2) defined as follows

1, ps) = int //Q da(r.y)? dn(r.),
X

m€ll(p1,p2)

where TI(py, p2) is the set of all couplings between p; and py and dg(x,y) is the geodesic
distance on 2. As discussed in Lemma C.4, P(2) equipped with dj is a complete, sepa-
rable, metric space. Note that, since 2 is compact, P,(2) = P(Q2) for all 1 < p < co. For
p1, p2 absolutely continuous with respect to dz the definition of the metric can be recast
into the form discussed in Theorem 6.12. This notion of a gradient flow can be made
rigorous (cf. Definition 1.12) and is an extremely active field of research. The present
chapter relies on quite classical results from [CEMS01, McC01, McC97, AGS08|. Indeed,
the solutions of the McKean—Vlasov PDE can be thought of as curves of maximal slope of
the McKean—Vlasov energy Ejz with respect to dy (cf. [DS10], Theorem 1.13). Comparing
this with the toy model discussed further up in the introduction, we see that the PDE has
a gradient structure in dy and so the functional Eg will play a similar role to the potential
V in (6.1). The distinct phases/states are then characterised by the global minima of the
functional Eg over P(2). The role of the SDE in (6.2) is then played by the empirical
process p™) and that of the parameter 3 is played by N.

Understanding such transitions requires two ingredients, a version of the mountain
pass theorem in the space of probability measures P(M) equipped with the Wasserstein
metric and an appropriate large deviations principle for the underlying particle system.
We focus on the first ingredient noting that the second ingredient is usually application-
specific. Our main result in this direction is as follows.
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THEOREM 6.1. Assume M is compact, complete, connected, and smooth Riemannian
manifold. Let E : P(M) — (—o00,400] be a proper, l.s.c, and \-geodesically convex
functional and assume that if p € D(E), then p < vol. Suppose p,v € P(M) N D(E),
[ is the set of all continuous curves v : [0,1] — P(M)(where P(M) is equipped with the
2-Wasserstein metric, dy) with v(0) = p and (1) = v, and the function T : T' — R is
defined by:

T(y) = sup E(y(1)).

t€(0,1]
Let ¢ = inf cr Y(7v) and ¢ = max{E(p), E(v)}. If ¢ > ¢1 and E satisfies (MPS) (cf. As-
sumption 6.6), then there exists a ¢ > ¢ such that c'is a critical value of E, i.e. there
exists a 1 € P(M) with E(u) = ¢ such that |0F|(n) = |dE|(1n) = 0 (c¢f. Definitions 6.5
and 6.19).

The proof utilises the notion of the weak metric slope |dE| first introduced in [Kat94].
The main advantage over previous results in this direction is that we can apply the
result to Ls.c functionals on P(M) as long as they are A-convex by working with the
extension of the function to its epigraph based on ideas discussed by Degiovanni and
Marzocchi [DM94], originating from work by De Giorgi and co-authors [DGMTS80|. In
fact, for A\-convex functionals one can identify the usual (strong) metric slope |0E| and
|dE|. We focus on the case in which the metric is dg, although our results generalise for
d,, or other variants of the metric.

By relying on results from Chapter 3, we establish conditions on the interaction po-
tential W such that two distinct minimisers {p.,p} of the free energy Ejs (6.3) exist.
Henceforth, p is the uniform state and p is some other “clustered” minimiser of Eg.
After having done so, we can apply Theorem 6.1 to obtain the following result.

THEOREM 6.2. Assume W and (3. are such that there exist at least two distinct global
minimisers {poc, p} of Es,. Then, there exists p* € P(Q) distinct from po, and p such
that |0Eg,|(p*) = |dEg,|(p*) = 0. Additionally, Eg. (p*) = ¢’ where ¢’ is characterised by

d >c=inf sup Eg (7(t)),
€L tel0,1]

where T' = {C([0, 1]; P(2)) : 7(0) = poo,7(1) = 7}

The fact that the free energy functional Es has an energy barrier at 5 = (. allows
us to study escape probabilities for the underlying particle system using results which
were first proved by Dawson and Gértner [DG87| (cf. Section 1.2.3). We refer the reader
to [ADPZ11, Reyl8, GPY13| for further discussions of the connections between large
deviations theory and theory of gradient flows.

THEOREM 6.3. Assume W and (3. are such that there exist at least two distinct min-
imisers {poo, p} of Eg. It follows then that the underlying empirical process o) € Cp
with initial i.1.d uniformly distributed particles satisfies

P(pN(T) € B (7). p™(0) = pi")) < exp(~N(A = O(e?) — or(1)))

for N sufficiently large, where Egg (p) is the closed ball of size € > 0 around p in ds,
A= Eg (p*) — Es.(pso) and p* is the critical point defined in Theorem 6.30. Here, or(1)
18 a constant which tends to zero as N — 00, at a rate dependent on T > 0.

The result above says that the probability of the empirical process reaching the clus-
tered state p from the uniform state po, in time 7" > 0 becomes exponentially small as the
number of particles increases as long as the system is at a discontinuous transition point.
This implies a form of noise-induced metastability for the underlying particle system. In-
deed, this would tell us that the particle system stays away from p with high probability
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as the number of particles goes to oo. Thus, to an external observer, it appears as if p
is the only “stable” state in the system.

REMARK 6.4. Even though the Dawson—Gértner large deviations principle provides
an exponential lower bound on the above probability, it is not clear how this can be
compared to the energy barrier exp(—N (A — 0(52))) for a general model. However, such
a lower bound could be obtained, for example, in the following setting: for all € > 0, there
exist two points in pj, p* in a neighbourhood of p* such that pj; is connected to p and p*
is connected to p through a heteroclinic orbit under the flow of the McKean—Vlasov PDE.
However, it is unlikely that such heteroclinic connections exist at this level of generality
in the choice of W. A first step in this direction would be the characterisation of p* for
specific choices of .

Outline: The chapter is organised as follows: In Section 6.2, we introduce the notion
of the weak metric slope and metric critical points that we will use throughout the chapter
and a version of the mountain pass theorem due to Katriel that holds for continuous
functions on metric spaces. In Section 6.3, we briefly recall some results due to McCann
on optimal transport on Riemannian manifolds. In Section 6.4, we compare the notion
of weak metric slope with the notion of (strong) metric slope (cf. Definition 1.9) used in
the gradient flows community and show that, under the assumption of A-convexity of F,
the two are equivalent. We conclude the section by proving Theorem 6.1. We conclude
with Section 6.5 in which we discuss a specific application of the result: the McKean—
Vlasov model. We state and extend some results from Chapter 3 on the structure of
the set of minimisers of the free energy Eg and their phase transitions. We proceed by
showing the existence of mountain pass at the point of discontinuous phase transition
Thus, proving Theorem 6.2. Finally, we introduce the precise form of the large deviations
principle due to Dawson and Gértner and complete the proof of Theorem 6.3.

6.2. Critical points in metric spaces

We will assume throughout this section that (X, d) is a Polish space. We start with
the definition of the weak metric slope for some real-valued continuous function defined
on X. The notion goes back to Ioffe and Schwartzman [IS96] who provided the definition
in the Banach space setting.

DEFINITION 6.5 (d-regular points, weak metric slope and critical points [Kat94]). Let
re X, and F: X — R be a continuous function defined in a neighbourhood of x. Given
0 > 0, x is said to be a d-reqular point of E if there is a neighbourhood U of x, a constant
a > 0, and a continuous mapping ¢ : U x [0,a] — X such that for all (u,t) € U x [0, o],
it holds:

(1) d(¥(u,t),u) <t.
(2) E(u) — E((u,t)) > dt.
Y is called a d-regularity mapping for E at x. x is called a regular point of E if there
exists a d-regularity mapping 1 for some § > 0.
The weak metric slope of E at x is given by the extended real number

|[dE|(xz) = sup{d € (0,00) : E is d-regular at =} .
If x is not d-regular for any 6 > 0, then z is called a critical point of E with |dFE|(z) = 0.
ASSUMPTION 6.6 (Weak metric Palais-Smale condition). A function £ : X — R is
said to satisfy the weak metric Palais—-Smale condition (MPS) if any Palais sequence,

that is {uy}ney € X with E(u,) — ¢ € R and |dE|(u,) — 0, possesses a convergent
subsequence.
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Given this notion, we have the following generalisation of the Ambrosetti-Rabinowitz
mountain pass theorem due to Katriel [Kat94].

THEOREM 6.7. Let X be a path-connected metric space and E : X — R be continuous.
For ug,u; € X let I' be the set of all continuous curves 7y : [0,1] — X with v(0) = uy and
v(1) = uy, and the function T : T' — R is given by

T(v) = E(v(t)).
() = max E(v(t))
Let ¢ = inf.er Y(y) and ¢; = max{E(u), E(u1)}. If ¢ > ¢1 and E satisfies (MPS), then
c 1s a critical value of E.

For the application considered in this chapter, we need a working definition of the
weak slope if F is only lower semicontinuous. Furthermore, we need to deal with the fact
that Theorem 6.7 holds only for continuous functions. Consider the example £ : R — R
with E(z) = x + 1 for £ < 0 and E(z) = x for x > 0. Then E is l.s.c and it is easy to
verify, that E has a critical point at = 0 in the sense of Definition 6.5. However, this
seems to be in some sense pathological for identifying mountain pass points as £ does not
attain the value of the barrier at z = 0, i.e. E(0) = 0. We like to use a theory of critical
points for l.s.c. functionals which disregards such critical points in our generalisation of
the mountain pass theorem. A resolution for this issue was suggested by Degiovanni and
Marzocchi [DM94], who, using notions developed in [DGMT80], proposed a generalisation
based on the so-called epigraph extension, Gg, a continuous function associated to E and
defined on its epigraph (cf. Definition 6.8). This idea also helps us overcome the difficulty
that Theorem 6.7 holds only for continuous functions.

DEFINITION 6.8 (Extension to the epigraph). Let F : X — (—o00,+00| be a proper
L.s.c functional and denote by epi(E) = {(u,§) € X x R: E(u) < £} its epigraph. Then,
its epigraph extension Gg : epi(F) — (—o00, 400] is defined by

Gp(u,§) =& (u,§) € epi(E).

Additionally, epi(F) is equipped with the metric depi((u, £), (v,¢)) = v/d(u,v)? + |€ — |2

It is now straightforward to check that Gg is a continuous function with respect to dep;
and that |dGg|(u,&) <1 for all (u,§) € epi(E). It turns out, that the notion of the weak
slope for 1.s.c functions on X’ based on the epigraph extension is suitable for applications
to mountain pass theorems in metric spaces.

DEFINITION 6.9. Let E : X — (—o00,+00| be a proper lLs.c function. Define its
domain as

D(E):={x € X : E(x) < +o0}.
Then for any « € D(E), we define its weak metric slope at x by
[9Op@ L if |dGp(x, E(x))| < 1

|dE(z)| = { V1-1d0x (. E@)
+00 if |[dGg(z, E(x))| =1.

Again, x € D(F) is called critical point of E if (z, E(x)) € epi(F) is a critical point of
|G| (u, E(u)).

In the case when FE is continuous, the above definition is equivalent to Definition 6.5.
Indeed, it holds by [DM94, Proposition 2.3|, that in this case

—AE@L i |dB(z)] < oo
4G (z, B(x))| = { HrEer and  |dgp(z,€)| = 1if E(x) < €.
1 if |[dE(z)| = o0
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Hence, the Definition 6.9 is a generalisation of the weak metric slope from Definition 6.5
to lower semicontinuous functionals. However, this definition is, in general, hard to verify.
For this reason, we state without a proof a result from [DM94| that provides a lower
bound on |dE|.

PROPOSITION 6.10 ([DM94, Proposition 2.5]). Let E : X — (—o0,400] be a proper,
l.s.c functional and for b € R let D(E), = {x € D(E) : I < b}. If for some x € D(E)
there exist constants § > 0,b > E(z),a > 0, a neighbourhood U of x, and a mapping
U (UND(E)) x [0,a] = X such that for all (u,t) € (U N D(E),) x [0,a] it holds that

d(V(u,t),u) <t and E(u)— E(¥(u,t))>dt.
Then, |dE|(x) > 0.

Although we can apply the mountain pass Theorem 6.7 to the function Gg, we do not
know if the critical point we obtain is of the form (x, E(x)), i.e. we have no information
about how |dGg| behaves for (x,&) € epi(E) such that £ > E(z). Degiovanni and Mar-
zocchi [DM94] provide some intuition in the case in which £ is a functional defined on a
Banach space and consists of convex l.s.c part plus a C' perturbation. The critical point
in this case is defined relative to the metric generated by the norm. This problem has to
be treated differently in our case. We will show how the notion A-convexity ensures that
critical points are of the form (z, E(z)) (cf. Lemma 6.16). Furthermore, the notion weak
metric slope for L.s.c functions introduced in Definition 6.9 ensures that the critical points
obtained in Theorem 6.1 exceed the barrier value. Before discussing this in further detail,
we first cover some preliminaries on optimal transport on Riemannian manifolds.

6.3. Optimal transport on manifolds

Let M be a complete, connected Riemannian manifold equipped with a metric given
in local coordinates by g;;. We denote the geodesic distance between x,y € M by dy(x,y)
and the Riemannian volume element by dvol(z) = y/det g;;(x)dz in local coordinates.
For x € M, we denote the inner product on the tangent space T,M by (-,-). Let
c(z,y) := dy(z,y)?/2 denote the cost function. We now introduce the following defi-
nition following [CEMSO01].

DEFINITION 6.11. Let A, B be compact subsets of M. The set Z¢(A, B) of c-concave
functions is the set of functions ¢ : A — [—o00, +00) not identically —oo, for which there
exists a function ¢ : B — [—o00, +00) such that

6(x) = inf c(a,y) - U(y), Vo€ A.
yeB
We refer to ¢ as the c-transform of 1) and abbreviate it as ¢ = °.

We have the following main result on the well-posedness of the Monge problem from
[McCO1].

THEOREM 6.12.  Let M be a complete Riemannian manifold. Fiz two Borel probability
measures p < vol and v on M and two compact subsets A, B C M containing the supports
of p and v, respectively. Then there ezists a ¢ € Z°(A, B) such that the map

F(z) :==exp,(—Vo(x)) is a pushforward of p to v.

Furthermore, F is the unique minimiser of the quadratic cost [,, c(x, G(x))dp(z) among
all Borel maps G : M — M pushing p forward to v apart from variations on sets of
p-measure zero. It follows then that the dy transportation distance between p and v takes
the following form

Bp,v) = /M das(z, F(2))* dp(z)
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The natural extension on McCann’s notion of displacement interpolation [McC97| to
the manifold setting is given in the following definition.

DEFINITION 6.13 (Optimal interpolant). Let M be a complete Riemannian manifold.
Fix two Borel probability measures p; < vol and ps on M and two compact subsets A, B C
M containing the supports of p; and p,, respectively. We define the optimal interpolant
to be the map t — p(t) for t € [0,1] such that p(t) = (F;)xp and F; = exp,(—tVo(x)).
Here ¢ € Z¢(A, B) is the so-called Kantorovich potential from Theorem 6.12.

We are finally in a position to conclude this section with the following results from
[CEMSO01| about the properties of the optimal interpolant.

LEMMA 6.14. Let M be a complete Riemannian manifold. Fix two Borel probability
measures p <K vol and v on M and two compact subsets A, B C M containing the supports
of p and v, respectively. Then the following two results hold

(a) (Optimality of the optimal interpolant). The map F; defined in Definition 6.13
is the minimiser of the quadratic cost between p(t) and p among all maps pushing
forward p to p(t) for allt € [0,1].

(b) (Absolute continuity of the interpolant). If p and v are compactly supported and
absolutely continuous with respect to the Riemannian volume, then so is p(t) for
all t € [0,1].

6.4. A mountain pass theorem in P(M)

We now turn to the question of obtaining a notion of mountain passes for l.s.c func-
tions. We fix our metric space to be X = P(M), where M is now a compact, complete,
connected, and smooth Riemannian manifold, and we equip it with the d = ds, the
2-Wasserstein distance, which makes it a complete, separable metric space [Vil09]. The
functionals we consider will satisfy a geodesic A-convexity assumption which is introduced
in the following definition:

DEFINITION 6.15 (Geodesic A-convexity). A proper l.s.c function £ : P(M) — (—o0, +00]
is said to be A-geodesically convex for some \ € R, if for any p1, po € P(M)ND(E) it holds
that E(p(t)), where p(t) is the optimal interpolant defined in Definition 6.13, satisfies

B(p(1)) < (L~ 1)B(pr) + 1E(p2) — 510~ )3, p2) V1 € [0.1]

The following lemma, whose proof is similar in spirit to [DM94, Theorem 3.13], shows
that the weak metric slope of Gg is nonzero for geodesically A-convex functionals for
(p, &) € epi(E) with € > E(p). In particular, any critical point of Gg, if present, is such
that E(p) =¢.

LEMMA 6.16. Let E : P(M) — (—o0,+00] be a proper, l.s.c, and \-geodesically
conver function and assume all p € D(E) satisfy p < vol. Then, it holds

|dGel(p,§) =1 if &> E(p).
In particular, any critical point (p,€) € epi(E) of Gg is such that E(p) = &.

PROOF. Let (v,€) € epi(F) be such that & = E(v) + 2¢ for some € > 0. We define for
any 0 > 0 the map VU : Bgepi(y, €) x [0,e] — epi(E) as follows

(64) ¥(ip.c0t) = (o5 )0 5 (o Blon) - £0) ).

where
A= \/ d3(p,v) +

2

(o= Bl - B
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and p(
do = 0o

) is the optimal interpolant between p and v. Since £ > E(v) + 2, we find
¢) such that for all 6 € (0,dp) it holds

>

—

(6.5) e<¢(—E() — %52 —26.

The above estimate yields A > ¢ implying £ € [0,1] and so p(%) is well defined, provided
that § € (0,0p). We also have from Lemma 6.14(a) that

e (¥((p,0).1), (p,)) = t.

Thus, the map ¥ satisfies condition (1) of Definition 6.5. We still have to check that
U((p,),t) € epi(E). Indeed, we have, from the definition of A-geodesic convexity, that

B(o(3)) =B+ B0 - B6) - 55 (1- § ) B0

Finally, we can proceed from (6.4) to the following estimate

Ge(0((p.),1) = - 5 (= 580 - E0))

<Gu((pa)) — S E O

5

\/52+‘£—E(V)+5+52%

Thanks to (6.5), we can make ¢ arbitrarily small and obtain that |dGg|(v, &) > 1 from Def-
inition 6.5 (2). Since |dGg|(v,€) < 1 by Definition 6.8, the result follows. O

Having showed that the weak metric slope of G is a constant equal to one for £ > E(p),
we investigate how the critical points of E defined through the weak metric slope relate to
other relevant notions. Specifically, we compare it to the notion of critical point derived
from the (strong) metric slope used in theory of gradient flows [AGS08|. This is identical
to the metric slope introduced in Definition 1.9. This theory makes rigorous the notion
of the Wasserstein gradient discussed in the introduction of this chapter. We reintroduce
some of the terminology discussed in Section 1.3.1, specifically in the setting of P(M)
equipped with the 2-Wasserstein distance, dy. Let E : P(M) — (—o00, +0o0] be a proper,
l.s.c, and A-geodesically convex.

DEFINITION 6.17 (Absolutely continuous curves). A curve p: [0,7] C R — P(M)
is said to belong to AC?([0,T]; P(M)) for some p € [1,+o0] if there exists m € LP([0,T1])
such that

(6.6) da(p(s), p(t)) < / m(r)dr, 0<s<t<T.

If p =1, then p is said to be an absolutely continuous curve.

THEOREM 6.18 (Metric derivative). If p : (a,b) — P(M) is an absolutely continuous
curve, then the limit
d t

s—t |t—3| ’
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exists for a.e. t and is called the metric derivative or velocity of p. Additionally, |p'| €
LY([0,T]) and is admissible as an m in (6.6). In fact it is the minimal admissible m, i.e.

P'](t) < mft)
fort a.e. where m satisfies (6.6).

Now we introduce the notion of the (strong) metric slope.
DEFINITION 6.19 (Metric slope). The metric slope |0F| of E at p € P(M) is defined
as

(E(p) = E())+

lim sup p € D(E)
’8E|(p) = v—p d2(p7 V)
+00 otherwise .

Finally, we are in a position to define the notion of a curve of maximal slope.

DEFINITION 6.20 (Curves of maximal slope). We say that a curve p € AC%([0,T]; P(M))
is said to be curve of maximal slope of the function FE if the following energy dissipation
inequality is satisfied

3 | WP a5 [ 0B ) ar < B(o(s) = Blple).

forall 0 < s <t <T. We say that p is a stationary curve of maximal slope if it is a curve
of maximal slope and p(t) = p(s) for all s,t € [0,T].

Note that the above notion of curve of maximal slope is equivalent to the notion of
curve of maximal slope introduced in Definition 1.12. One can check that we have the
following corollary:

COROLLARY 6.21. A curve of maximal slope p of a function E is stationary if and
only if |OF|(p) = 0.

Using all these notions we can finally compare the weak metric slope with the metric
slope.

PROPOSITION 6.22 (Equivalence of the two notions of slope). Let E : P(M) —
(—o00, +00] be a proper, l.s.c, and A-geodesically convex functional. Assume further that
if p € D(E), then p < vol. Then for p € D(E) we have that |dE|(p) = |0FE|(p).

PROOF. We first show that |[dE|(p) < |[0F|(p). Let Gg be the continuous extension to
the epigraph and let ¥ be a d-regularity mapping for the point (p, E(p)) with p € D(E),
that is by Definition 6.5

E(p) = ¥((p. E())t) 5
depi (05 E(p)), W ((p, E(p)), ) —

At the same time, we can choose W((p, E(p)),t) as the approximating sequence in Defini-
tion 6.19 of the (strong) metric slope and obtain

10GE|(p, E(p)) = 9.

Taking the supremum over all such §, we have the bound |0Gg|(p, E(p)) > |dGr|(p, E(p)).
This yields only the comparison of the two different slopes of the epigraph extension Gg.
To obtain the comparison of the slopes of the functional E itself, we first assume that
p € D(FE) is not a local minimum, and |0F|(p) < 4+00. Then there exists a sequence
(Un, E(vy,)) € epi(E) such that it converges to (p, E(p)) and such that E(v,) < E(p) for
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all n sufficiently large. Using this as the approximating sequence in Definition 6.19, we
obtain

90p|(p. E(p) = Timsup (E(p) — E(vn))+
(Vn,E(vn))=(p,E(p)) \/|E (p) — E(vn)|> + d3(p, v)
_ li (E(p) — E(Vn))-i-
= im sup
B0 B0) 3 [(E(p) = E(v))% + d3(p, v2)
|0E|(p)
1+ [0E|(p)?

When p ¢ D(E) or p is a local minimum both |0E|(p) and |0Gg|(p) are 400 and 0

respectively. Using Definition 6.9 of the weak metric slope, we have |[dE|(p) < [0E|(p).
To prove the other inequality, we first assume that |0F|(p) =: g > 0. Then, for any

e € (0,g0) exists & = d(¢) > 0 by Definition 6.19 such that there exists v € B (p) with

E(v) < E(p) —eda(p,v) .

Choose such a v and set ¢’ = da(p, ) < §. Since F is l.s.c, we find for any n € Nyn > 2
some o = a(d’,n) > 0 such that for all u € B%(p) it holds that

E(p) — E(p) < —

n .

We define o/ = min{a, §’/n} and define a map ¥ : B%(p) x [0,a'] — P(M) as follows

Vipt) = (Fdz(fau))#lu

where F' is the optimal map between p and v from Theorem 6.12. We have from the
definition of o’ by the triangle inequality

n—1

n+1
0" < —ds(p, ) + da(p,v) < da(v, 1) Sda(p, ) + da(p,v) < ——0'.

Thus, it follows that 0 < ¢/dy(u,v) < 1. Also, by construction holds da(pu, U(u,t)) = t.
Now, by the A-convexity of E, we obtain the following estimate

BV ) SEG) + 77— (B0) = B) + (1= o )
<E(u)+ dQ(;’ ” (E(v) — E(p)) + dQ(/i ” (E(p) — E(n)) + %’ty”_ﬂ

n 1 ,
<E(u)+t(—e<n+1> +n—1 +5|)\|).

We can pick ¢’ > 0 to be as small and n as large as we want and conclude E(¥(u,t)) <
E(p) — et. It follows from Proposition 6.10 that |[dE|(p) > €. Thus, since ¢ € (0,¢) is
arbitrary, we have that |dE|(p) > 9 = |0F|(p) for all positive values. For the case in
which |dE|(p) = 0, assume that |0F|(p) = €o > 0. But we have shown that |dE|(u) =
|OFE|(p) = €9 > 0 which would be a contradiction. Thus, we have |[0E|(p) = |0E|(p). O

PROPOSITION 6.23. Let E : P(M) — (—o0,+0o0] be a proper, l.s.c, and \-geodesically
convex functional. Then epi(1) is complete and path-connected.

PROOF. We note that P(M) x R is complete. Also, given any convergent sequence
(pn, &n) € epi(E) converging to some (p, c) € P(M)xR we have that E(p) < liminf E(p,) <
liminf &, = ¢. Thus, epi(E£) C P(M) x R is closed and Thus, complete.



176 6. SADDLE POINTS AND METASTABILITY

Let (p,a), (v, B) € epi(I). Then (p(t), (1 —t)a+t8 — 5t(1 —t)d3(p,v)) is a continuous
path (with respect to dep) between them which lies entirely in epi([). O

We conclude this section with the proof of Theorem 6.1.

PROOF OF THEOREM 6.1. Denote by I'e; the set of all continuous curves 7ep : [0, 1] —
epi(E) with 7epi(0) = (p, E(p)) and Yepi(1) = (v, E(v)). We can identify any Yepi € Tepi
with a 7, € I' by projecting onto the first factor, i.e. (t — (p(t),&(t))) — (t — p(t)).
Because of the definition of the epigraph and Gg, we have that
,Jof  max G (Yepi(t)) > nf Sup E(n(t)) = inf Su E(y(t)) =c.

Also we have that ¢; = max{E(p), E(v)} = max{Gg(p, E(p)),Ge(v, E(v))} and from the
above inequality that ¢’ := inf,  cr. max;cp1 Ge(Yepi(t)) > ¢ > c1. Furthermore, if £
satisfies (MPS), it follows that Gp satisfies it as well. Let (p,,&,) be a Palais sequence.
Since |dGg|(pn,&n) — 0 it follows from Lemma 6.16 that for n large enough the sequence
must be of the form (p,,, E(p,)) and that |dE|(p,) — 0. Since Gg((pn, E(pn))) = E(pn) —
¢, it follows that p, is a Palais sequence for E. Thus, we can construct a subsequence
which converges to some p* € P(M) and by extension to (p*,¢) € epi(E). Finally we can
apply Theorem 6.7 to G to extract the existence of a critical point (u, ¢’) € epi(E) such
that |dGg|(i,c') = 0 and Ge((u,c)) = ¢ = inf,_er,,; T(7). However, the contraposition
of Lemma 6.16 implies that ¢ = E(u) if |dGg|(p,d) < 1, from which it follows that
|dE|(1) = |dGg|(1, E(un)) = 0. Thus, u is critical point of E with critical value ¢’. Also,
since E is A-geodesically convex it follows from Proposition 6.22 that |[0F|(x) =0. O

6.5. Application to the McKean—Vlasov model

The first part of this section is focused on the analysis of the free energy Ejs (6.3) and
provides parameter values [ at which it has two distinct minimisers so that we can then
apply Theorem 6.1 to arrive at Theorem 6.2. In the second part, we formulate the large
deviations results and complete the proof of Theorem 6.3. Let us recall some of the main
definitions and results about the free energy functional from |[CP10| and Chapter 3.

DEFINITION 6.24 (Transition point). A parameter value 5. > 0 is said to be a tran-
sition point of Eg from the uniform measure py,(dz) = dz/L? if it satisfies the following
conditions:

(1) For 0 < B < B, peo is the unique minimiser of Ej, .

(2) For B = B, pso is a minimiser of Ej, .

(3) For B > ., there exists pg € P(Q2) \ {poo}, such that ps is a minimiser of Ejg, .
Additionally, a transition point 3. > 0 is said to be a continuous transition point of Ej if:

(1) For = ., po is the unique minimiser of Fj, .
(2) Given any family of minimisers {ps|5 > (.}, we have that

hrngPHﬂg — Poollpy(@) = 0-

C

A transition point . which is not continuous is said to be discontinuous.

In thermodynamics, continuous phase transitions correspond to second-order ones sim-
ilar to those seen in the theory of magnetisation and spin systems [Daw83, Shi87, GP1§|,
whereas discontinuous phase transitions correspond to first-order ones similar to the ones
observed in nucleation processes or phase transformation from liquid to vapour [LP66].
We refer the reader to Section 1.4 for more details on phase transitions. The phase
transitions for the McKean—Vlasov model are discussed in detail in Chapter 3.
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One can show that if £, is discontinuous, i.e. if either one of the above two conditions
are violated, then it must be the case that condition (1) is violated. The original statement
of these definitions and the proof of the above statement can be found in [CP10]. We
summarise the main results about the free energy functional in the theorem below. The
proofs can be found in [CP10] and Theorems 3.35 and 3.43 and Corollary 3.37 in Chapter 3.
For the sake of notational convenience, we express the results on phase transitions of Eg
in terms of the exponential Fourier coefficients (cf. (0.3)) of W which are given by

A

o
We(k’):/e—k(ﬂﬁ)w(ﬁ)dx with €k:Ld/2€Xp(%k~x) for kez’.
Q

Note, however, that these results are identical to those obtained in Chapter 3. We start
by reminding the reader of the definition of H-stability with respect to the exponential
Fourier coefficients of W (cf. Definition 0.1):

DEFINITION 6.25 (H-stable potential). A coordinate-wise function W € L?(Q) is said
to be H-stable, denoted by W € H,, if it has nonnegative Fourier coefficients, that is
We(k}) > 0 for all k € Z. If W is not H-stable, it is referred to as catastrophic denoted
by W € Hz.

THEOREM 6.26. Assume that W € C?*(Q) and 8 > 0.

(a) The free energy function Eg : P(2) — (—o0,400]| has a minimiser p € P(2)
such that p < dz and p(x) > 0 for all x € Q.

(b) If W € HS, that is there exists k € Z%\ {0} such that W,(k) < 0, then there
exists a B. > 0 such that B, is a transition point of Eg.

(¢) For W € HS, the set K° is given for any 6 > 0 by

K% = {k; eZUk#0: W (k)< min W.(k)+ 5} :
keZd k#£0
Let 6, > 0 be the smallest § for which there exist distinct k* k' k° € K% with
k* = kP + k¢, if such points exist, else 0, = oo. If 8, is sufficiently small, then B.

is a discontinuous transition point and B. < L2 AR
kezd k0 Ve
(d) Now, let {W,}, .y € C*(2) NHE be a sequence of interaction potentials such

that 6, — 0 as n — oo. Assume there exists N € N and a positive constant

C' > 0 such that for all n > N, | min (Wn)e(k:)
keZd k40

Then for n sufficiently large, B. is a discontinuous transition point and (. <
4/2

ming czd 4o (Wn)e(k) '

min

> C0) for any v < %

The above result provides conditions when to expect a discontinuous transition point.
The case of the discontinuous transition point is particularly interesting for us as it implies
the existence of a parameter value . at which there are two distinct minimisers and
hints at a possible scenario in which the mountain pass theorem could be applied. To
provide more intuition we show in the following lemma that any potential that under
rescaling localises sufficiently fast but loses mass sufficiently slow will eventually exhibit
a discontinuous transition point for the associated free energy Eg.

LEMMA 6.27. Let W € C?*(Q) be a compactly supported interaction potential with
support strictly contained in €2 and fQ Wdx < 0. Assume further that

(6.7) / L_d/QW(:L‘)eiszm dz > L_d/Z/ Wdz := —C for all k € Z% ¢ > 0,
Q Q
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Consider the rescaled potential, W.(x) = f(e)W (x/e) for somee > 0 and positive function
f Ry =R Ife! Sfle)Semase =0 form>—d—2,0>—d, { <™+ 1 (along

with the natural restriction ¢ > m), then for ¢ small enough, the assocmted free energy
Ld/2

|minkezd‘k¢0 (W) (k)]

PROOF. We proceed by checking that the conditions of Theorem 6.26(d) hold for this
class of potentials. We first check that for € small enough, W. € HS. Let V := supp W
and V. := supp W.. We have for k € Z,

(W), (k) =L~ d/2/W “HE da

27rk T

=L~ f(e) W(l’/€) rode

(6.8) L2 / W(z)e ™™ dx .

Since ¢**Z — 1 uniformly on V as € — 0, it follows that eventually (W) (k) <0 for €
“T dz — (f,Wdz) < 0. Using (6.7) and (6.8), we

Eg possesses a discontinuous transition point at some B <

sufficiently small since [, W (x
can now obtain the following bound

in (W) (k) > —Cf(e)e?
kerzr}i{gio( )o(k) > =Cf(e)e

Since W is even along every coordinate we have that

27r5kz 2
/W(a: dx—/W cos( mek x) dz
Q L
2
/W ( (QW@'&:”) +O(54)) dz

Fix some k* € Z% The above expansion tells us that we can find some &, sufficiently small
and some C > 0 independent of € such that

(WE)E(k*)v (Wa)e(2k*) S f(f‘:)f‘:d(—c + 0162) for all e < €1 .
We can Thus, obtain the following bound

(6.9) —Cf(e)e? < min (W2), (k) < f(e)eX(—=C + C1&®) for all € < & .

Combining the two of them we derive

T *\ : r < 2+d
(We) (k%) pnin ¢O(Wa)e(k‘) < Cif(e)e
. for all € < ¢,

W.),(2k") — min  (W.),(k) < Cyf(e)e*H

(We)o(2h7) = min (We).(k) < Cif(e)e

which tells us that &*,2k* € K@ and that 6, < C1f(e)e?t4. Thus, §, < gmtd+?
and since m > —d — 2, §, — 0 as ¢ — 0. Furthermore, using (6.9) we can deduce

: r > dirv 2y > tt+d
kerzr}}’il#o (WE)e(k)‘ >f(e)e®(C — Cie”) > Cqe

The fact that ¢ > —d tells us that

~ _t4d
in (W), (k)| > Cy67 77 .
ke%?i;o( )e( )' > Cs

We now use the assumption that [ < ™=¢ 4 1 and apply Theorem 6.26(d), to obtain the
desired result. 0
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Now that we have a set of concrete conditions under which we can expect there to
be two distinct minimisers at a particular parameter value, we can try applying the
mountain pass theorem. To apply Theorem 6.1, it is sufficient to show that p. is
a strict local minimum at parameter value (. and that this property is uniform, i.e.
we can find a ball B%(p.,) around p. in dy such that Ej (p) > Es.(ps) + & for all
p € 0B%(py,) and some § > 0. In order to show this, we need the following comparison
of dy with the homogeneous negative Sobolev space H; (), which we identify with all
formal Fourier series of p given by >, ;u\ (o) A(K)er such that 37, ;4 (g #\ﬁ(k)ﬁ <
co. Note that the functions {ex};cza (0, form an orthogonal basis for H;H(Q) with
respect to the inner product (-,-) Hy ' (©Q)en described in Section 0.2.2. We have that

{p, f>Hgl(Q),H3(Q) = D kezd\(0} pe(k) f.(—k). Also, the inner product on HZ () is defined
as (f, g>Hé(ﬂ),ek = D hezd\(0} k|2 fo(k)ge(—k). Tt is straightforward to check then that the
Riesz representation of any p € H, () is given by > kezd\0 #ﬁe(k)ek € H}(Q).

LEMMA 6.28 (Comparison of H'HHO_I(Q) with dy). Let pso,p € P(2) N L>(QY). Then
the following estimate holds

1/2
19 = Pl ey < (max ool ey 12 mey| ) alpmes )

PROOF. The proof follows the argument in [Loe06, Proposition 2.1]. Let p(t) be the
optimal interpolant between p., and p from Theorem 6.12. Since p € AC?([0, 1]; P(T4)),
by the Benamou—Brenier formulation of the optimal transport problem (cf. Theorem C.9
and Lemma C.11), there exists a vector field v; € L*(Q, p(t); R?) such that the pair (p, v;)
satisfies

Op+ V- (pv) =0,
in the sense of distributions ¢ a.e. Now consider the sequence of parametrised problems
given by

AV, = p(t) — poo -

Note that [|p(t)|| pee(qy < maX{HpooHLoo(Q), ||P||Loo(9)} [Vil09, Corollary 17.19], and Thus,

the above equation has a unique weak solution in Hj(Q) for all ¢ € [0,1]. We know
that fot [olve?p(s)duds = d3(p(t), poo) = 12d3(poo, p) < co. From this it follows that
p(t)v; € L*(Q;R?) and Thus, V - (p(t)v,) € Hy ' (). Differentiating with respect to to ¢
we have

AGU; = =V - (p(t)vy),

a.e. t € [0, 1]. It follows then, by inverting the Laplacian, that 9,¥; € H}(Q2). Multiplying
by 0,¥, and integrating by parts with respect to the space variable and then integrating
with respect to time, we obtain

IV&1 = V0]l 20y <l d2(pso p)

1/2
< (max el e 12l ey | ) s )

Since W; — Wy is precisely the Riesz representation of p — p., in Hg(Q), the estimate
follows. O

The following lemma now establishes that p., is a strict local minimum of the energy
in dy at the discontinuous transition point.
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LEMMA 6.29. Assume W € H¢N C*(Q) and that B, is a discontinuous transition
point. Then, for 3 < 3. the measure po, = (1/L%) dz is a strict local minimum of Es and
the following estimate holds

Es(p) > Eg(poc) +0

for all p € 0B*(ps) and for all r sufficiently small and some § = 6(r) > 0 dependent on
r > 0.

PROOF. Let us assume without loss of generality that 1/ has mean zero. By the definition
of 3. from Definition 6.24, we have that for 5 < ., po is a minimiser of 3. The proof
for 8 < B. is straightforward, since po, is the unique minimiser of Eg for 8 < f.. The idea
of the proof is based on the fact that any minimiser of the free energy must be a solution
of T(p) = p— F(p) = 0 (cf. Chapter 3, Proposition 3.6), where F : Hy ' () — Hy'(€) is
the map given by

F(p) = exp(—BW*p — log/QeXp(—BW*p) dx) :

Note that we are using the Fourier characterisation of the space H;'(£2) described in Sec-
tion 0.2.2, i.e. we identify elements p € P(£2) with the corresponding formal Fourier series
> keza\foy Pe(k). The fact that not all elements of P(€) lie in H;'(Q) does not affect the

validity of the above statement as elements in P(Q) \ H, '(2) are not minimisers of the
free energy as they cannot be absolutely continuous. It is possible to check now that, for
B < Be, DT(poo) : HyH(Q) — Hy'(9) is a bounded, linear, isomorphism. Indeed, we have
that

DT (po) () =1 — Bpoc(W % 1) — BpZO/QW*nda;

The above operator is bounded on H;'(f2) since W € C?(Q2). Diagonalising DT'(pn)
using {ex}ycza\ (o3, We obtain

DT (pso)er = (1 — BL™Y W (—k))e_y .

It follows then that if 8 < L2/ minycza 0 W.(k), then the above map is a leeCtIOH That

it is an injection is clear from the fact that if DT (pso)n' = DT(poo)n then n'_ (k) = 77 (k)
for all k € Z\ {0}. It is also surjective since for any n € H, (), we have that

776<k)
2 (1= AL (k) "

kezd\ {0}

maps to n under DT (ps). We know from Theorem 6.26(c) that f, is lesser than this
value and hence the result. Now, by the inverse function theorem, there exists an e-open

ball BHO_l(pOO) around p, in H, () such that it is the unique solution of T( ) =0 in
this ball. This tells us that p. is the unique minimiser of the free energy in B (,ooo) at
B = f.. Note further that we have the following bounds for all p € Bl (,000)

Poo eXP(_25HWHH1(Q)HPHH*I(Q)) < F(p) < po eXp(ZBHWHHé(Q)HpHH(;l(Q)> :

Additionally we have that ||p — poo|| (o) < € from which it follows that

B < F(p)<Cp  with Cr:exp<25||W\|H1 (Ulpzell s 1) +))



6.5. APPLICATION TO THE MCKEAN-VLASOV MODEL 181

for all p € BEHO_I(pOO). Consider the set
T .= {p e HyY(Q)NP(Q) N LYQ) : p(‘jj <p< Cpoo}.

Then, any minimiser of £ must lie in Z by construction. Additionally, for all p € Z we
have from Lemma 6.28 for some fixed constant Cy = Cy(pso, C) the bound

”poo - pHHg%Q) < OOd?(pomp) .

We can Thus, pick a ball B%(p.,) sufficiently small such that ||p — peol| Hi(e) < € for

all p € B®(py) NZ. Tt Thus, follows that we can find a ball in dy for which p,, is the
unique minimiser of Ez. Thus, p is a strict local minimum in P(€2) equipped with the
Wasserstein metric.

Consider now the boundary of the ball 9B (p.,). This is a compact set and since Eg
is l.s.c we can find a minimiser on this set, say p*. Setting 0 = E3(p*) — Ez(pss) > 0 the
estimate in the lemma follows. U

We can now prove the existence of a mountain pass point.

THEOREM 6.30. Assume W € HSNC?*(Q) and B, is a discontinuous transition point,
i.e. there exist at least two distinct minimisers of Eg, at B = B. such that one is ps, and
the other is some p € P(QQ). It follows then that there exists a p* € P(Q) distinct from
Poo and p such that |0Eg,|(p*) = |dEs,|(p*) = 0. Additionally, Es (p*) = ¢ where ¢ is
characterised as follows

d >c=inf sup Eg (v(t)),

7€l ¢ef0,1)
where I' = {C([0,1]; P(2)) : 7(0) = poo, ¥(1) = 1}

PROOF. We have to check that the conditions of Theorem 6.1 hold. FEj3 is proper and
Ls.c and since [|D*W|[ ) < C' it is also A-geodesically convex. Additionally, by the
definition of E3, p € D(Ej) implies p < dz. The space P(2) is compact and Thus, Ejs
trivially satisfies (MPS). We also know that ¢; = Ejs (poo) and, applying Lemma 6.29,
that ¢ > Ejg, (poo) + 0(r) for some r > 0 small enough. Thus, we have that ¢ > ¢; and the
result follows. O

We now state without proof the reformulated version of the main result from (cf. [DG87],
Theorem 1.7). We refer the reader to Section 1.2.3 for a more detailed discussion of the
large deviations principle of Dawson and Gértner.

THEOREM 6.31.  Denote by PN)(Q) the space of empirical probability measures on

Q, i.e.
PM(Q) = {pEP Zémz,xleﬂ}

Assume that pgN) € PW(Q) is such that there exists py € P(Q) with dg(péN), po) — 0 as
N — 00. Denote by Cr the space C([0,T];P(Q2)), equipped with the topology of uniform
convergence. Then,

(a) For all open subsets G of Cr,
1imian—1logP<p<N>(~) e G, p™M(0) = ng) > inf I(p()).

N—o0 p(-)EG,p(0)=po
(b) For all closed subsets F' of Cr,

lim sup N‘lloglP)(p(N)() e F,p"™M(0) = péN)) <— _inf I(p(1),
N—oo p(-)EF,p(0)=po
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(¢) For each compact subset K of P(2) and s > 0, the set
O (s) ={p(-) € Cr: I(p(-)) < 5,p(0) € K},

1S compact.

Here I : Cr — (—o00, +00] is the action or rate functional given for p € AC?*([0,T]; P(2))
by

I _
Ip() =5 [ 100 =9 oV (8 ogp+ W s ) s .
0
if it is finite and by +oo otherwise.

We are interested in using the above result to understand the probability of the em-
pirical process escaping from the uniform state p,, and reaching the clustered state p in
time 7" > 0.

THEOREM 6.32. Assume W € HENC?(Q) and fB. is a discontinuous transition point,
i.e. there exist at least two distinct minimisers of Eg, at = [, such that one is po
and the other is some p € P(Q). It follows then that the underlying empirical process
pN) € Cp with initial i.i.d uniformly distributed particles satisfies

B(oN(T) € B2 (7). /™ (0) = ) < exp(~N(A — O(2) — 01(1)))

for N sufficiently large, where E?(p) is the closed ball of size € > 0 around p, A :=
Es.(p*) — Ep,(po), where p* is the critical point defined in Theorem 6.30 Here, or(1) is
a constant which tends to zero as N — oo, at a rate dependent on T > 0..

PROOF. In order to prove this result, we need to relate the rate functional I with the en-
ergy functional E5,. We can assume without loss of generality that p € AC?([0,T]; H* ()N
P(Q)) since I(p) = +oc otherwise. It follows then that there exists ¢ € L?([0, T]; H}(Q, p))
(cf. Theorem C.9) such that

Op =V - (pVgﬁ) )

where the above equation is satisfied t a.e. in H, (€2, p), i.e. tested against any HE (€2, p)
test function. One can check this by using Theorem C.9 and Lemma C.11 and a density
argument. Thus, for any p € AC*([0,T]; H'(2)NP(Q2)) we can rewrite the rate functional
as follows

1 _
) =5 [ 10—V (pV (5 log oo+ W )0,
0
T
1 » )
D) . ¢ — 8. 1ng—W*P“H&(Q,p)dt
L dt + - ' 1 f d
=5 ; ||¢||H3(Q,p) t‘|‘§ ; 5. OgP+W*PHH§(Q,p) t
T
— [ o4 W0y
0
L dt + - ' 1 f d
=5 ; ||¢||H3(Q,p) t‘|‘§ ; 5. OgP+W*PHH§(Q,p) t

T
+ / (@up. (B og p+ W 4 p)) g1 0yt -
0
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We choose the closed subset F' = {p € Cr : p(T) € E?(ﬁ),p(()) = poot and we set
T = argmaxc)o.11(Ls.(p(t)) — Es,.(pso)) if it is uniquely defined or pick any one if it is
not. We can then rewrite the rate functional as follows

1

T T
2 1 — 2
1) =5 [ Tollganae+5 [ 18 oo+ = pliyia,

T*
+ / <atp7 (50_1 logp +Wx p)>H(;1(Q,p),H6(Q,p)o dt
0

T
+5 | 0w =V V(8 110gﬂ+W*P))HH Lo At
T*

T*
> / (@up, (B 108 9+ W % 9)) 3yt 1
0

—tgﬁ?gﬁ](Eﬂ (p(t) — Ep.(peo)) -

where in the last step we have used the so-called chain rule [AGS08, Section 10.1.2 E.].
The estimate implies the lower bound

inf I(p) > inf  max (Eg(p(t) — Es.(pc)) -

peEF pEFNAC? t€[0,T)

At this point, we cannot apply Theorem 6.30 directly, since F' contains curves with varying
endpoints not necessarily critical points. To handle this case, we define

Fui = { (p(-).€()) € C([0, T epi(E5.)) (p(0), £(0)) = (prcs B (po)).
()T € (0 Es.(p)) |

pEB.“(p)

If p € FN AC? then the function ¢ — Ejg (p(t)) is absolutely continuous by [AGS0S,
Section 10.1.2 E] Thus, the curve (p(-), Eg,(p(+))) lies in the set Fip; with

max (B (p(1)) — By.(px)) = mas (G, (o(0). By (p(1))) = G, (0o B ().

Thus, we have that
inf  max (Ey (p(1)) — By (p) = inf max (G, (1), £(1)) — G, (poes s (p)))

pEFNAC? t€[0,T) PEFepi t€[0,T

Now, we argue that if € is small enough the above quantity can be made arbitrarily close
to A. For doing so, we define 6 > 0 such that

inf max (Gr, (p(1). £(1)) — i, (poes B (poo)) = A — 26.

pEFepi te[0,T]

Then, we find (u(t),£(t)) € Fopi with

H%aa% (gEB ( <t>7£(t)) - gEBC (pooa Eﬁc(pOO))) <A- 57

from which it follows that Eg (11(T")) — Es.(peo) < A — 0. Let
Pyt = { (0. £()) € C([0,T], pi(E5,)) (p(0),£(0)) = (prcs B (p)),

(p(T), () = (5, Ea.()) } C Fup

We know that infpcr, , maxepo.r) (Ge,, (p(t), £(t) — GE,, (Poos Es.(po))) = A. Thus, if we
take any continuous curve (p(s),£(s)) in epi(Ep,) from (u(T), Eg, (u(T'))) to (5, Es.(p))
parametrised by s € [0,1], Gg, (-,-) must exceed or be equal to Es (p) + A at some
s € [0,1]. Indeed, if this would not be the case then we could concatenate (u(t),&(t))
and (p(s),£(s)) to obtain, after reparametrisation, a new curve [0,1] 3 ¢ — (p(t),&(1))
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in epi(Ep,) from (poo, Ep,.(pso)) to (p, Ep.(p)) such that max.ep) Geg, (p(1),£(1)) < A, a
contradiction, since this curve is also an element of I'cp;.

We pick the curve (p(t), Es.(p(t))) where p(t) is the optimal interpolant between p(T)
and p, as defined in Definition 6.13. Let ¢ be the time at which Eg (p(t')) exceeds
Ejs.(p) + A. By A-convexity of Ez we have

/ / / — >\ / /
By (7) + A < By (plt)) < (1~ ) By (u(T) + (B4 () + 201~ 1)e?
Bounding Eg, (1(T)) by Es.(p) + A — §, we obtain,

A
By (p) + A <Es(p) + (1— YA — (1— )5 + gm e
A
<B,(7) + A (1- 13+ D1 - p)e,
From this it follows that
5 < m&a
— 2 .

Thus, we obtain
0f 1(0) 2 inf muax (G, (p(0), (1) = G, (pos B p))) = A =262 A= N2

pPEFepi t€[0,T]
Finally, we can apply the result of Theorem 6.31(b), to obtain that
limsup N~ log P(p™) () € F,p™(0) = i) <= inf  1(p()) < —A+ A,

N—soo  p()EFp(0)=pos

where we use that d2(,uéN), put) — 0 as N — oo is implied by the strong law of large
numbers. We set

ay = N’llogIP<p(N)(.) e F,p™(0) = uéN)) .
It follows that

ay < sup ay, = ( sup an, — limsupaN) +limsupay < Cyr — A+ |\|e?,
Ni1>N N1>N N—oo N—o0

where Cyr = (suleZ N an, —limsupy_, . aN) = or(1). Plugging in the expression for

ay, we obtain

P(,M(N)(-) e F,u™(0) = MBN)> < =N (a-Re—or()
The result then follows from the above estimate and the definition of the set F. U

REMARK 6.33. The O(e?) appearing in the exponent exp(—N(A — O(?))) can be
removed if one can show that the minimiser p is a local basin of attraction for the McKean—

Vlasov dynamics, i.e. there exists some € > 0 such that all measures in F? (p) converge to
p under the flow of the McKean—Vlasov PDE as t — oo. In this case, we can choose the
continuous curve between p(7") and p (in the proof of Theorem 6.32) to be the solution of
the McKean—Vlasov PDE starting u(7"). This solution does not increase the energy and
Thus, the O(e?) error from the A\-convexity argument will not appear in the exponent.

Such a characterisation of p is expected under more specific assumptions on the potential
W.
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CHAPTER 7
Scaling limits

The contents of this chapter are based on the following paper written with M. G.
Delgadino and G. A. Pavliotis:

[DGP20] M. G. Delgadino, R. S. Gvalani, and G. A. Pavliotis. On the diffusive-mean
field limit for weakly interacting diffusions exhibiting phase transitions. arXiv
e-prints, page arXiv:2001.03920, Jan 2020.

7.1. Introduction

7.1.1. Overview. In this chapter, we place ourselves in the setting of a system of
weakly interacting diffusion processes in the McKean—Vlasov regime as described in Sec-
tion 1.1.4. As discussed in Section 1.2.1, it is well-known that, under appropriate as-
sumptions on the interaction and confining potentials, one can pass to the mean field
limit as N — oo to obtain the so-called McKean—Vlasov equation (MVE) for the limit of
the N-particle empirical measure. More precisely, given chaotic initial data, the empirical
measure associated to the system of particles converges weakly to the weak solution of the
McKean—Vlasov equation. Formally, one can say that the law of the N-particle system
decouples and converges to N copies of the mean field McKean—Vlasov equation. This
corresponds to a strong law of large numbers (LLN) for the the empirical measure. A
natural question to ask then is whether one can obtain a second order characterisation of
this convergence, i.e. a central limit theorem (CLT).

As discussed in Section 1.2.2, partial results in this direction do exist: Fernandez
and Méléard [FM97| obtained a finite-time horizon version of the CLT. They showed
that the fluctuations around the mean field limit are described in the large N-limit by a
Gaussian random field which itself is the solution of a linear stochastic PDE. Additionally,
Dawson |[Daw83| proved an equilibrium CLT for the empirical measure of a system of
particles in a bistable confining potential and Curie-Weiss interaction. The interesting
feature of Dawson’s system is that it exhibits a phase transition, i.e. for a certain value
of the interaction strength the system transitions from having one invariant measure
to having multiple. Dawson showed that below the phase transition point equilibrium
fluctuations are described by Gaussian random field, similar to the result in [FM97].
However, at the critical temperature the fluctuations become non-Gaussian and are given
by the invariant measure of nonlinear SDE. These non-Gaussian fluctuations are persistent
and are characterised by a longer time scale, exhibiting the well known phenomenon of
critical slowing down (cf. [Shi87]| for a less rigorous derivation of similar results). We
are not aware of any results on the limiting behaviour of the fluctuations that have been
obtained ahead of the phase transition.

Fluctuations around the McKean—Vlasov mean field limit for a system of weakly inter-
acting diffusions with an internal degree of freedom were also studied recently in [BBC*19].
Under the assumption of scale separation between the macroscopic and microscopic dy-
namics, a large deviations principle (LDP) was established for the slow dynamics, valid
in the combined limit of infinite scale separation (¢ — 0) and of the number of parti-
cles going to infinity (N — oo). This LDP was then used to deduce information about

187
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the fluctuations around the mean field limit and to also offer partial justification for the
so-called Dean equation, a stochastic partial differential equation used in dynamical den-
sity functional theory which combines, formally, the mean field limit and central limit
theorem results for the system of weakly interacting diffusions. Furthermore, the con-
nection between the LDP framework and the Chapman—Enskog approach to the study
of the hydrodynamic limit was discussed in detail. The crucial assumption made by the
authors was that the microscopic dynamics has a unique stationary state, i.e. that no
phase transitions occur.

The prototype of the systems we consider is the following system of N interacting
SDEs on R

N
(7.1) dX; = —% Z sin (27 (X] — X7)) dt + \/28-1dB;
J=1j#

where the B} are independent R-valued Wiener processes. The interesting feature about
the above system is that the interaction potential is 1-periodic. As a consequence of this,
the behaviour of (7.1) is influenced heavily by the corresponding quotiented process on
T (the one dimensional unit torus) and, as will be seen later, the results regarding phase
transitions from Chapter 3 come into play in the analysis of this system. The quotiented
system on the torus is in fact the noisy Kuramoto model for mean field plane rotators
which was discussed extensively in Sections 1.5.1 and 3.6.1' [BGP10, CGPS20|. Indeed
(cf. Proposition 7.22), one can show that the corresponding mean field limit on the torus
exhibits a phase transition. A more complete picture of the local bifurcations and phase
transitions for the McKean—Vlasov equation on the torus can be found in Chapter 3°.

In the spirit of Dawson, our main objective is to study fluctuations in the presence of
phase transitions. However, instead of the phase transitions of the system on R, we will
be concerned with the phase transitions of the quotiented system on T. We will use a
notion of phase transition based on the multiplicity of steady states (cf. Definition 7.18)
rather than that of minimisers of the free energy, as done in Chapter 3, as this is more
suited to our analysis. Furthermore, we study the diffusive limit which can be thought
of as the first step in understanding fluctuations of the N-particle system. Although we
do discuss the implications of a full CLT (cf. Section 7.1.10), we concern ourselves in this
chapter mainly with the combined diffusive-mean field limits.

The problem that we study in this chapter is closely related, and simpler, to the one
studied in [BBC*19]: scale separation arises naturally in our case due to the disparity
between the period of the interaction potential which is the characteristic length scale of
the microscopic dynamics, and the long, diffusive length/time scale. The “hydrodynam-
ics” in our problem is described by the (homogenised) heat equation, with the effective
covariance matrix given by the standard homogenisation formula: compare (7.19) below
with formulas (3.14) and (3.15) in [BBC*19]. However, in contrast to [BBCT19]| our main
focus is on the effect of the presence of phase transitions at the microscopic scale on the
effective/macroscopic dynamics. We are, in particular, interested on the effect of phase
transitions on the (lack of) commutativity between the homogenisation and mean field
limits.

Before we discuss what we mean by the combined limit, we remind the reader of
what we mean by the diffusive limit. For a fixed number of particles N > 0 for the

1 Additionally, its reversible Gibbs measure corresponds to the classical Heisenberg XY model for lattice
systems with continuous spins and mean field interaction as discussed in Section 1.1.2.

2In later sections, as a technical requirement, we will consider the same system with an additional confining
potential in order the break the translation symmetry of the noisy Kuramoto system which leads to
degeneracy of minimisers ahead of the phase transition (cf. Proposition 7.22).
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system in (7.1), a natural question to ask is how the law of the system behaves under the
diffusive rescaling, i.e. if p> = Law <6Xt1/52, X g};) then what is the limit as ¢ — 0

of p>. The answer to this question can be obtained by using classical arguments from
periodic homogenisation [PS08, Chapter 20|[BLP11]. It turns out that p=" converges
to p™*, the solution of the heat equation with a positive definite effective covariance
matrix A°TN(cf. Section 7.1.8 and Equation (7.18)), which can be obtained by solving
a Poisson equation for the generator of the process on TV (cf. (7.21)). Another way of
reinterpreting this result is by saying that the system of particles (7.1) converge in law to
an N-dimensional Brownian motion with covariance A°HN. A natural next question to
ask is how does the covariance matrix A°®"  and by extension the heat equation, behave
in the limit as N — oo.

One could also ask the question the other way around. As discussed in Section 1.2.1,
for a fixed ¢ > 0, we can pass to the mean field limit as N — oo in p=" to obtain N copies
of the solution of the nonlinear McKean-Vlasov equation, p>®~. The natural question to
ask now is whether we can understand the behaviour of p>®" as e — 0. This dichotomy is
illustrated in Figure 7.1. Starting from the rescaled law p=V, we can take the limit & — 0
first followed by N — oo if we move in the clockwise direction or the other way around
in the anti-clockwise direction. Whether these two limits commute depends heavily on
the ergodic properties of the quotiented process on TV and its behaviour in the mean
field limit. Our main result asserts that the two limits commute at high temperatures
(small 8) and thus the combined limit is well-defined in this regime. However, at low
temperatures (large ) and in particular, in the presence of a phase transition, we can
construct initial data such that the two limits do not commute.

The problem of non-commutativity between the mean field and homogenisation limits
was also studied in [GP18|. In this paper, a system of weakly interacting diffusions in a
two-scale, locally periodic confining potential subject to a quadratic, Curie-Weiss, interac-
tion potential was considered. It was shown that, although the combined homogenization-
mean field limit leads to coarse-grained McKean-Vlasov dynamics that have the same
functional form, the effective diffusion (mobility) tensor and the coarse-grained (Fixman)
potential are different, depending on the order with which we consider these two limits
(for non-separable two-scale potentials). In particular, the phase diagrams for the effec-
tive dynamics can be different, depending on the order with which we take the limits. A
more striking manifestation of the non-commutativity between the two limits can be ob-
served at small but finite values of ¢, the parameter measuring scale separation: it is easy
to construct examples where the mean field PDE, for small, finite € can have arbitrarily
many stationary states, the homogenised McKean—Vlasov equation (corresponding to the
choice of sending first ¢ — 0 and then N — 00) is characterised by a convex free energy
functional and, thus, a unique steady state.

7.1.2. Set up and preliminaries. In this section, we introduce some additional
notation that we will use in the rest of this chapter. As before, denote by T? the d
dimensional torus having side length L with L = 1 (which we identify with [0,1)9).
Note also that we will often work in the sets (T4)Y (resp. (R?)") and will denote their
typical elements by (z1,--- ,zy) where x; € T?¢ (resp. R?) for all i = 1,...,N. We
denote by Py(X) the space of all Borel probability measures on X' having finite second
moment, with X some Polish metric space. We will use d; and ds to denote the 1 and
2-Wasserstein distances, respectively, on Py(RY) and P(T?). Similarly we will use D,
and D, for the 1 and 2-Wasserstein distances, respectively, on Py(Ps(R?)) and P(P(T?))
where we treat (P2(R?),dy) (resp. (P(T?),ds)) as the underlying Polish metric space.
Note that P,(X) = P(X) for all p > 1 if X' is compact. In the sequel, any limit of a
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FIGURE 7.1. The combined diffusive-mean field limit and the (possible)
non-commutativity of the two limits

sequence of measures {p, }, .y C P2(X), unless otherwise specified, should be understood
as a limit in the weak topology relative to Cp(X), i.e. tested against bounded, continuous
functions. We will sometimes denote this convergence by using the notation —. We will
often use the same notation for a measure and its density if the density is well-defined.
Since we work with the space of probability measure over different spaces we will use
different notation for their generic elements of these spaces, i.e. p™, vV € P((R)Y),
oV, oN € P((THN), p,v € P(RY), and p,v € P(T?). We denote by X a typical element
of Py(Py(RY)) or P(P(T?)).

We consider a large number N € N of indistinguishable interacting particles { X/}, in
R?, where both the interaction and confining potentials are periodic and highly oscillatory,
similar to the system considered by McKean (cf. (1.6)). In particular, we consider the
system
(7.2)

. . 1 . . .
X' = WV (e X5 — ~ S e VW (X — X)) dt + /287 1dB;

Law (X5, ., Xg™)) = ng™,

where W : R? — R and V : R — R are smooth 1-periodic interaction and confining
potentials, respectively, ¢ < 1 is the period size, 5 > 0 is the system parameter (which
often refer to as the inverse temperature, cf. Section 1.1.1), pi € Pasym (R)Y) is the
initial distribution of the particles which might depend on the period size, and {Bi}¥,
are independent Wiener processes. As usual, we assume that W is even along every coor-
dinate. We are interested in understanding the joint limit when the period of oscillations
goes to 0 (¢ — 0) and the number of particles tends to infinity (N — o0).
We consider the joint law of the particle positions which is given by

() = Law (X', s X)) € Paym (RY)Y),

where Py gym((R?)Y) is as defined in (7.5). As discussed in Section 1.1.3, the law evolves
through the following linear forward Kolmogorov or Fokker—Planck equation

(7 3) atPE’N - B_lApE7N +V- <VH£-£VP87N) , Ol (07 OO) X (Rd)N
PN 0) = pi (), on (R%)" ’
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where HY : (R)N — R is given by

N N
1 _
(7.4) HN(zy, ...,z Zv ele) + 2szlw<g Yy — ;).
=1 j=
J#
The main objective of this chapter is to study
lim lim p* and lim lim p&%
N—o00e—0 e—0 N—oo

and understand under which regimes they coincide or differ.

Outline: For the rest of this section we introduce the relevant notions that will play
an important role in understanding these limits and present our main results. The result
concerning the limit NV — oo followed by ¢ — 0 can be found in Theorem 7.9, while the
result concerning the limit ¢ — 0 followed by N — oo can be found in Theorem 7.16. We
discuss the effect of the presence of a phase transition in Section 7.1.9. Finally, in Sec-
tion 7.1.10, we discuss the implications of a CLT on the rate of convergence of the Gibbs
measure before the phase transition. The proofs of the two main results, Theorems 7.9
and 7.16, can be found in Sections 7.2 and 7.3, respectively. The proofs of other useful
results related to the phenomenon of phase transitions are relegated to Section 7.4. Sec-
tion 7.5 contains some coupling arguments which are useful for the proof of Theorem 7.9.

7.1.3. The space P,(P2(R?)) as the limit of P54, ((R?)Y). The set up we consider
is similar to that in [CDP19b|. We remark that due to the indistinguishability assumption
on the particles their joint law is invariant under relabelling of the particles. In probability,
this is known as exchangeability, while in analysis this is referred to as symmetry and we
denote the set of symmetric probability measures by Pagym ((R?)V), i.e.

(7.5) Pagym((RH)N) := {p" € Po((RH)N) : pV(A) = p™(n(A)),Vr € II, A measurable} ,
where A is any Borel set and II is the set of permutations of the particle positions, i.e.
m(A) = {(m(z1),...,an(en)) : (21, 2n) € AC (RD)V].

The set Py ((T4)Y) can be defined in a similar manner. Central to our work will be the
classical result attributed to de Finetti [dF37| and Hewitt—Savage [HS55], that charac-
terises the limit N — oo of Pg,sym((Rd)N). Adapted to the set up of this chapter, their
result can be reformulated as follows:

DEFINITION 7.1. Given a family {p" } yey such that pV € Py gym((R?)?Y) we say that
pV = X € Py(Pa(RY), as N — oo,
if for every n € N we have
pr = X" € Pagm((R)"), as N — oo,
where X" € Pgsym((Rd)”) is defined by duality as follows

(X", 0)p((Rayn), co((rayn =/ /wdp@n dX (p),
P((RH™),Cy((RE)™) P (Pa(B))
for all ¢ € CY((R?)") and
PN ::/ oY dry_pi1...dey € 7327Sym((Rd)”),
(Rd)an

is the n'M-marginal of p¥. We will often suppress the N — oo and just write p — X.
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In particular, we can relate this definition with the usual chaoticity assumption. We
will say that {p"}yen is chaotic with limit p € Py(RY) if

pN =6, € Po(P2(RY)),

in the sense of Definition 7.1. Additionally, the notion of convergence introduced in Defi-
nition 7.1 can also be interpreted in the following manner:

DEFINITION 7.2 (Empirical measure). Given some p" € Py qym((RY)Y) we define its
empirical measure p" € Pa(P2(R?)) as follows:

pN = TN#pN )

where TV = (RY)N — P,(R?) is the measurable mapping (z1,...,zy) = N7'SN 6,

Furthermore, given a family {p"} yen, we have that p™ — X € Py(Po(R?)) if and only if
N

p" — X.

We conclude this subsection with the following compactness result:

LEMMA 7.3 (de Finetti-Hewitt—Savage). Given a sequence {p™ }nen, such that p €
PQ,Sym((]Rd)N) for every N, assume that the sequence of the first marginals {pY }nen €

Py (RY) has uniformly bounded second moments. Then, up to a subsequence, which we do
not relabel, there exists X € Po(Po(RY)) such that p¥ — X in the sense of Definition 7.1.

For a proof and more details we refer the readers to [HM14, Roul5, CDP19b]. In the
sequel, any limit of a sequence of symmetric measures {p™ } oy with p~ € P gy (RH)N)
should be understood in the sense of Definition 7.1.

REMARK 7.4. The above notion of convergence, i.e. Definitions 7.1 and 7.2, can be
naturally extended to Py ((T4)N).

7.1.4. Gradient flow formulation and the mean field limit. In [CDP19b]|, the
mean field limit (the limit N — oo) of the interacting particle system (7.3) is achieved
by passing to the limit in the 2-Wasserstein gradient flow structure. The results of this
chapter will build on this perspective which we briefly recall here:

As discussed in Section 1.3.3, the evolution of the joint law p* given by (7.3) is
the gradient flow (in the sense of Definition 1.12) of the N-particle free energy E™ :
P sym((R)N) — (—o00, +00], which is defined as

1

EN(pN) = — ﬁ_l/ o log pV dx + HN(z) dp™(z) ) ,
N (Rd)N (Rd)N

under the rescaled 2-Wasserstein distance \/Lﬁdg on Py gym ((Rd)N ) Moreover, we have the

following classical result due to Messer and Spohn [MS82]:

LEMMA 7.5. The N-particle free energy EN T-converges to E® : Py(Py(R?)) —
(—o00, +00|, where

E%(X) = /P ) X,

where EMV : Py(RY) — (=00, +00] is the mean field McKean—Vlasov free energy (cf. (1.25))
which s given by

B ) =57 [ plog(e) dot [ Ve a3 [ Wi o) dnty) apta).
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That is to say, for every X € Po(P2(R?)) there exists a sequence {pN}NGN, A=
P sym(RHYN) with pN — X such that

lim EV(pV) = E*(X).

N—o0
Additionally, for every X € Po(P2(RY)) and {pN}NeN, PN € Pogym((RHYN) with pV — X
it holds that

E>*(X) < liminf EN(p").
N—oo

The above result can be thought of as a version of the mean field limit at the level of
the minimisers of the free energy. Note that the energy £V is identical to the energy
Eé/[ V' defined in (1.25). We have suppressed the subscript 3 for the sake of notational
convenience.

On the other hand, we have a similar convergence for the metrics: \/Lﬁdz the rescaled
2-Wasserstein distance on PQ,Sym((]Rd)N ) converges to ®, the 2-Wasserstein distance on
Py (Po(R?)). Specifically, given two sequences {u } yen and {vV} yey of symmetric prob-
ability measures such that ¢ — X, and vV — X, then

1
N

We can now state the main result from [CDP19b| concerning the reformulation of the
mean field limit in the framework of gradient flows.

da(p, N — DI X1, X,) as N — 0.

THEOREM A. (Mean field limit). Fiz some t > 0, then,
lim p=N(t) = X°(t) € Po(Pa(RY)),
N—o0

where p=N (t) is the solution of (7.3) with initial data py" € Pasym((RYN). Furthermore,
we have that the curve X° : [0,00) — Pao(Po(R?)) is a gradient flow of E> under the
2-Wasserstein metric Do on Pa(Pa(R%)). Moreover,

(7.6) X°(t) = S;#X5,
where X5 = limy_o0 pi" and S5 : Po(RY) — Po(R?) is the solution semigroup associated
to the nonlinear McKean—Vlasov evolution equation
(7.7) Op° = BAP + V- (p° (VW p° + VL)),
with W.(z) = W (e 'x) and V.(z) = V(e ).
Note that the above result is equivalent to Theorem 1.2 in Chapter 1. The proof relies

on the notion of evolutionary I'-convergence for gradient flows introduced by Sandier and

Serfaty [SS04].

7.1.5. Scaling and the quotiented process. We notice that the Fokker—Planck
equation (7.3) behaves well under the parabolic scaling, i.e. given a solution p=V of (7.3)
we have that

(7.8) vV (s,y) = eNp N (e%s, ey)
is the solution to the Fokker—Planck equation at scale ¢ = 1, i.e.
(7.9) O™ = BT AVN + V- (VHY YY), (s,y) € (0,00) x (RN,

The above equation naturally describes the evolution of the law of N-particle system (7.2)
at scale e = 1:

(7.10) {dXti = —VV(X]) = § X5 VW(X] = X{) dt + /267 1dB;]

Law (X},...,X{) = eNdpoN (ex) == ug
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Since W and V are periodic, in order to understand the behaviour of p*% in the limit as
e — 0, we must first understand the behaviour of the quotiented process { X/ }., of (7.10)
which lives on (T?)V (cf. [KLO12, Section 9.1]|BLP11, Section 3.3.2]). Before we introduce
the quotiented process, we define the following notion which will play an important role
in the rest of the chapter:

DEFINITION 7.6. Given a measure p € Po(R?) we define its periodic rearrangement at
scale € > 0 to be the measure p € P(T?), such that for any measurable A C T¢ it holds
that

We will often just use the words periodic rearrangement when ¢ = 1.

Given the above notion, we have that quotient process {Xg}iil satisfies the following
set of SDEs posed on the torus:

(7.10) dX] = -VV(X]) = L 3L VW (X] — X})dt + \/28-dB;]
' Law (X¢,..., X)) =™ ’

where Bz are independent T%valued Brownian motions and DS’N is the periodic rearrange-
ment of 15" in the sense of Definition 7.6. We know from the discussion in Section 1.1.2

that the process {Xf}f\il is a reversible ergodic diffusion process with its unique invariant
Gibbs measure My € Poym((TH)N) (cf. (1.9)) given by

_ exp(—ﬁH{v(x))
N ’

MN(Q’J)

where
Z :/ exp(—BH{ (z)) dz.
(TN

As expected, the law 7™ (t) of the quotiented system (7.11) is exactly the periodic re-
arrangement of v (¢), the solution of (7.9) and it evolves according to the following PDE:

(7.12) 0N = BTATN + v - (VHYTY),  (s,y) € (0,00) x (RH)N .
In analogy to the discussion in Section 7.1.4, the above PDE is the gradient flow of the
following N-particle periodic free energy:
o 1 _ _ _
EN@NY) = I (6‘1/ N log ™ dx + HY (z) dVN<l’)) :
(T4)N (TN

with respect to the rescaled 2-Wasserstein distance \/LNdQ on Py ((T4)?). Furthermore,
one can check that the Gibbs measure My of the process (7.11) is the unique minimiser
of EN.

Similarly, we also notice that the nonlinear McKean—Vlasov equation (7.7) behaves
well under the parabolic scaling. Specifically, given p® a solution to (7.7), we have that

v(s,y) = ep®(e?s, ey) ,
is a solution to the McKean—Vlasov equation at scale ¢ = 1,

(7.13) Osv =B AV + V- (VW xv + VV)) on (0,00) x R4
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As discussed in Theorem 1.2, this describes the law of the corresponding mean field
McKean SDE which is given by

dYyg = —VV(Ye)dt — V(W xv(t))(YF) dt + /28~ 1dB;
Law(Y§) = 15 = elp5(ex) € Pao(RY).

Again, we notice that all the coefficients in (7.13) are 1-periodic. Therefore, the nonlinear-

ity VW x v only depends on the law of the quotiented process. We can thus understand

the behaviour of the nonlinearity VW x v by considering the evolution of the periodic

rearrangement (t) of v(t), which solves the periodic nonlinear McKean—Vlasov equation:

(7.14) 00 =B AT+ V- (T(VW v +VV))  on (0,00) x T?

An important role is thus played by the limiting behaviour of solutions v(t) of the above
equation and its steady states. As in Section 7.1.4, the equation (7.14) is the gradient
flow of the periodic mean field McKean—Vlasov free energy

(7.15) EMV(p) =" y v(x)log(v(z)) dz+ /Td V(z) dv(z) + % N W v(x) dv(x),

with respect to the the 2-Wasserstein metric on P(T?) and the energies EN and EMF are
related in the same way as the energies £ and EMV i.e. through the result of Messer
and Spohn [MS82]:

LEMMA 7.7. The N-particle periodic free energy EN [-converges (in the sense of
Lemma 7.5) to E>= : P(P(T%)) — (—o0, +0o0], where

(X)) = /P N BMY(5) dX (7).

As a consequence, if {My}nen is the sequence of minimisers of EN, then any accumula-
tion point X € P(P(T?)) of this sequence is a minimiser of E*.

We now restate the characterisation of the steady states of the periodic McKean—
Vlasov system (7.14) which we established in Proposition 3.6 in Chapter 3.

PROPOSITION 7.8. Let v € P(T%). Then, the following statements are equivalent:
(1) v is a steady state of (7.14).
(2) v is a critical point of the mean field free energy,

(cf. Definition 6.19) ‘8EMV‘(§) =0.
(8) v satisfies the self-consistency equation

G—B(V—H/V*D)

7.16 V= ———r
(7.16) =

E'MV, 1.e. the metric slope

with the partition function given by
(7.17) 7 — /d e~ BV AW (y)) dy.
T

It is evident from this characterisation that the behaviour of the system (7.14) on the
torus will affect the distinguished limits (either N — oo or ¢ — 0) of the system (7.7)
on R? In particular, if (7.14) has multiple steady states then the distinguished limits
will be influenced by steady states attained in the long-time dynamics. We refer to the
phenomenon of nonuniqueness of steady states as a phase transition and discuss its effect
on the limits in Section 7.1.9.

To conclude this subsection, for the reader’s convenience, we include Figure 7.2 which
provides a useful schematic of the notation that will be used for the rest of this chapter.
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FIGURE 7.2. A schematic of the notation. The P.R. denotes periodic re-
arrangement in the sense of Definition 7.6.

Starting with p=" the solution of (7.3), one can obtain vV, the solution of (7.9), by using
the scaling in (7.8). One can then pass to to the limit N — oo in p* and v, to obtain
the McKean—Vlasov equation at scale e (7.7) or scale 1 (7.13), respectively. Alternatively
one can consider the periodic rearrangement 7V of vV which solves (7.12) and pass to the
limit N — oo to obtain a solution of the periodic McKean—Vlasov equation (7.14). The
rest of the figure follows in a similar fashion.

7.1.6. The diffusive limit. We have already discussed the limit N — oo in Sec-
tion 7.1.4. Here, we discuss the diffusive limit, i.e. ¢ — 0. For a fixed number of particles
N, we can use techniques from the theory of periodic homogenisation to pass to the limit

e — 01in (7.3),( cf. [PS08, Chapter 20|, [KLO12, Chapter 9], [KV86, DMFGW&89, BLP11]).
In particular, we have the following result:

THEOREM B (The diffusive limit). Consider p>~ the solution to (7.3) with initial data
P € Pogm((RDN) such that the limit hH(l) P = p"t € Pogym((RON) exists. Then,
E—
for allt > 0 the limit
p™(t) = lim p*" (1)

e—0

exists. Furthermore, the curve of measures p* : [0,00) = Pagm((RY)Y) satisfies the
heat equation

(7.18) O pN* =V - (AN Ny
with initial data p™*(0) = pév’* and where the covariance matriz A*HN s given by the

formula

(7.19) AN = g (1 + VI (y)) M(y) dy,

(THN

with

(7.20) My (z) == ) Iy = /(Td)NeXp(—BHfV(x)) dz,
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the Gibbs measure of the quotiented N -particle system (7.11) and ¥V : (T4)N — (Rd)N
the unique mean zero solution to the associated corrector problem

(7.21) V- (MyVIY) = -V My.
Here, HY is the Hamiltonian of the associated particle system and is as defined in (7.4).

7.1.7. The limit N — oo followed by ¢ — 0. We have discussed the mean field
limit N — oo in Section 7.1.4. Now, we are ready to state our first result that characterises

the limit lim lim p*:
e—0 N—oo

THEOREM 7.9. Consider the set of initial data given by {p§}eso C Po(R?) such that
the limit ling) p5 =: py € P(RY) exists. Furthermore, consider the periodic rearrangement
e—
at scale e >0 , 1.e.
T5(A) =) pi(e(A+ k)  fore>0.
kezd

Assume that there exists C' > 0, p > 1 and a steady state v* € P(TY) such that v¢(t), the
solution to the ¢ = 1 periodic nonlinear McKean—Vlasov evolution (7.14) with initial data
vg(x), satisfies

(A3) sup d3(v°(t),v*) < Ot 7P
e>0

Then, for each t > 0, it holds that

(7.22) lim d3(S; pj, Sy'p) =0,

where S§ is the solution semigroup associated to (7.7) and S} is the solution semigroup
of the heat equation

dip =V - (AL"Vp),

where the covariance matrix

A =70 [ (T + VT (y) dv'(y),

Td
with U* : T — R, Ur € HY(TY) fori=1,...,d, is the unique mean zero solution to the
assoctated corrector problem
(7.23) V. (V) = — Vi,
Furthermore, assume that X°(t) is as defined in (7.6) and that Nlim N = X5 = Ops -
—00

Then it holds that:

lim lim p=" = lim X*(t) = Sy #Xo,

E—

e—-0 N—oo

where Xo = 0,5 -

REMARK 7.10. Note that we have added the superscript € to v¢(t) to emphasise the
dependence of the initial data on € > 0.

In particular, we can apply Theorem 7.9 to obtain the following result.

COROLLARY 7.11. Assume that the periodic mean field energy (7.15) admits a unique
minimiser (and hence critical point) U™ and that it is an exponential attractor for arbi-
trary initial data of the evolution of (7.14), i.e. do(D(t), 7™") < do(T5, Dmin)e ¢! for some
fized constant C' > 0. Then, the conclusions of Theorem 7.9 are valid for arbitrary initial
data.
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PROOF. The proof of this follows from the fact that do(v(t),7™®) < dy(7g, v™0)e ¢!
implies that assumption (A3) holds. O

REMARK 7.12 (Non-chaotic initial data). Although Theorem 7.9 requires that the ini-
tial data be chaotic, we can deal with non-chaotic initial data by tweaking assumption (A3)
to read as follows:

sup sup da(7,(t),v") < Ct™P,
>0 pesupp X§

for p > 1 and C' > 0 and v,(t) the solution of (7.14) starting with initial data 25 which is
the periodic rearrangement of p.

REMARK 7.13. We cannot expect convergence S;pj to S;pj in a strong sense. By
performing a formal multiscale expansion, we expect that

Sips(x) = Sipy(x)* (w/e) + eS{ (V) (@) - B(/e) + O(e?).

In particular, whenever 7* is not constant, the leading term S;pi(x)v*(x/e) — S;p§
converges only weakly to its limit.

REMARK 7.14. The effective covariance matrix AT is strictly positive definite and we
have the following bound on the ellipticity of the effective covariance matrix

-1
—I < AT < B,
L.y

where

7. - / VWG 4y and 2. = / SV W) g,
Td Td

We refer the reader to [PS08, Theorem 13.12] for a proof of this result.

REMARK 7.15. If we consider rapidly varying initial data, that is to say, if there exists
pin € P2(RY) such that

i) = e o).

Then, the hypothesis of Theorem 7.9 reduces to checking the speed of convergence to v*
of the solution to (7.14) with the periodic rearrangement of p;, as initial data and pjj = Jo.
That p§ = dp follows from the fact that, for any » > 0,

lim p(a)(Br(O)) = lim pin(Baflr(O)) =1.
e—0 e—0
Thus, for any closed set C' C R? not containing 0 we have that

lim 5(C) = 1= lim p5(C) < 1= lim p5(5,(0)) =0,
where r is chosen to be sufficiently small so that B.(0) € C°. By the portmanteau
theorem, it follows that pjj = lim._,o pj = do.

Here we can easily see how the phase transition matters for the limiting behaviour.
If the evolution (7.14) admits more that one steady state v{ and 7, then the diffusive
limit will be different if we consider pi, = 75 or py, = U5 (cf. Corollary 7.27 for an explicit
example).
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7.1.8. The limit ¢ — 0 followed by N — oo. Now that we have discussed the
diffusive limit in Section 7.1.6, we characterise the limit N — oo of p™*(¢):

THEOREM 7.16. Assume that the periodic mean field energy EMV (7.15) admits a
unique minimiser U™, Let pN* be the solution of (7.18) such that the limit A}im pév’* =:
—00

X € Po(Po(R?)), in the sense of Definition (7.1), exists. Then, for any fized t > 0, we
have that

lim p™*(t) = X(t) = S #X,
N—o0
where ST Py(RY) — Py(RY) is the solution semigroup of the heat equation
atp =V (Afrfflnvp)7

where the covariance matrix

A = 871 | (T4 VU™ (y)) dT™"(y),

Td
with ™0 . T — RY ymin ¢ fYT) for i = 1,...,d, the unique mean zero solution to
the associated corrector problem
(7.24) V- (prinvemin) = —ypmin

It follows then, that for any fized t > 0, the solution p=" (t) of (7.3) satisfies
lim lim p=N () = lim p™N*(t) = S # X, .
N—o0

N—o00e—0
_ REMARK 7.17. By I'-convergence, the assumption that the periodic mean field energy
EMV defined in (7.15) admits a unique minimiser implies chaoticity of the Gibbs measure,
that is to say My — dymin € P(P(T?))( cf. Lemma 7.7). We note that the assumption

that EMY admits a unique minimiser can be replaced by the weaker chaoticity assumption

on My, ie. My — (5,76mn for some specific minimiser Dénin.

7.1.9. The effect of phase transitions. As mentioned in Section 7.1.5, we expect
the presence of phase transition to affect the commutativity of the limits , especially
since the results of Theorems 7.9 and 7.16 depend on the steady states of (7.14) and the
minimisers of the periodic mean field energy E™V. Before proceeding any further, we

define what we mean by a phase transition:

DEFINITION 7.18 (Phase transition). The periodic mean field system (7.14) is said to
undergo a phase transition at some 0 < [, < oo, if:
(1) For all 5 < 5., there exists a unique steady state of (7.14).
(2) For B > ., there exist at least two steady states of (7.14).

The temperature (. is referred to as the point of phase transition or the critical tempera-
ture.

The above definition would not make sense without the following result:

PROPOSITION 7.19 (Uniqueness at high temperature). For all0 < § < oo, the periodic
mean field system (7.14) has at least one steady state, which is a minimiser of the periodic
mean field energy EMV Furthermore, for § small enough, there exists a unique steady
state U™ of (7.14), which corresponds to the unique minimiser of EMV,

The proof of this result follows from standard fixed point and compactness arguments
and can be found in Theorem 3.9 and Proposition 3.10 in Chapter 3.
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REMARK 7.20. The reader may have noticed that in Definition 7.18 we do not discuss
what happens at § = (.. This is due to the fact that this depends on the nature of the
phase transition, i.e. whether it is continuous or discontinuous. A detailed discussion of
these phenomena and the conditions under which they arise can be found in the discussion
in Chapter 3.

In the absence of a confining potential, i.e. for V' = 0, the existence and properties
of phase transitions were studied in detail in Chapter 3. It turns out that a key role in
understanding this phenomenon is played by the notion of H-stability. We refer to an
even interaction potential W as H-stable, denoted by W € Hyg, if its Fourier coefficients
are nonnegative, i.e.

We(k):= | W(x)e ™ de>0 Vkez! k0.

Td
Indeed, it provides us with a sharp criterion for the existence of a phase transition in the
absence of the term V':

PROPOSITION 7.21 (Existence of phase transitions, Proposition 3.27). Assume V = 0.
Then the periodic mean field system (7.14) undergoes a phase transition in the sense

of Definition 7.18 if and only if W ¢ H;.

As discussed in the introduction, a prototypical example of a system that exhibits a
phase transition is given by the potentials V' = 0, W = — cos(2rz). The corresponding
particle system is referred to the noisy Kuramoto model. The structure of phase tran-
sitions for this system is remarkably simple and was discussed in Proposition 3.47. We
remind the reader of the result:

PROPOSITION 7.22. Consider the quotiented periodic mean field system (7.14) with
d=1, W = —cos(2nzx), and V = 0. Then for f < 2, U, = 1 is the unique minimiser
and steady state of (7.14). For [ > 2, the steady states of (7.14) are given by Uy = 1
and the family of translates of the measure v which is given by the following expression:

;; _ Zfleacos(%r:p)7 7 — / eacos(Qmp) dx,
T

with a = a(B) the solution of the following nonlinear equation a = (I;(a)/ly(a), where
Ii(a), Io(a) are the modified Bessel functions of the first and zeroth kind respectively.
Moreover for 3 > 2, vj (and its translates) are the only minimisers of the periodic mean

field energy EMV . Thus, 8, = 2 is the critical temperature of (7.14).

We can now start stating our results concerning the effect of the presence of a phase
transition on the combined diffusive-mean field limit. In general, we have that for the
large temperature regime the limits commute:

COROLLARY 7.23. Assume that p5™ = (p5)*" for some p§ € Po(R%) and that
lim lim p5™ = lim lim pi" = X, = S € Pa(P2(RY)),

N—00e—0 e—0 N—oo
where p, € Pa(RY) is the limit in dy of p§. Then, there exists an explicit By € (0, ]
depending on ||V c2(pay and [W{|ca(pay such that for 8 < By the limits commute:
lim lim p=Y(¢) = lim lim p="(t) = S™"# X .

N—o00e—0 e—0 N—oo

Moreover, for rapidly varying initial data and V' = 0, we can show that the limits
commute all the way up to the phase transition. We have the following result:
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COROLLARY 7.24. Assume V. = 0 and f < (., the critical temperature. Assume
further that

£

pO,N — 5_dp0(8_1$1) KRR 5_dp0(€_1:13N) c Pz,sym((Rd)XN)
for some fized py € Po(R%). Then the limits commute, i.e.

: : e, N 1 : e, N __ Qmin

lim lim p*" () = ll_{r(l”\}l_rgop (t) = S™#X,.

N—o0 e—0

where X o = 65, € Pa(Pa2(RY)). If W is H-stable, this result holds for all 0 < B < oo and
arbitrary chaotic initial data.

The proof of Corollaries 7.23 and 7.24 can be found in Section 7.4.

REMARK 7.25. The results of the preceding corollaries apply to the noisy Kuramoto
model.

We are now ready to present our results above the critical temperature. As we are
interested in illustrating our results in a clear way, we consider a simple system that un-
dergoes a phase transition and show that the limits do not commute ahead of the phase
transition. We do not consider the noisy Kuramoto model because, as demonstrated
in Proposition 7.22, the minimisers of the £M" are not unique ahead of the phase transi-
tion; the entire family of translates of /5 are minimisers. Thus, we cannot apply the results
of Theorem 7.16 directly. Indeed, applying Lemma 7.7, one can show that the N-particle
Gibbs measure My converges, in the sense of Definitions 7.1 and 7.2, to X € P(P(T)),
where X is supported uniformly on the set of translates of 75™ (cf. [MS82]). The alter-
native is to work in a quotient space as in [Rey18, Mal03| or to add a small confinement
to break the translation invariance of the problem. We choose to do the latter. However,
we do expect our results to hold true even in the translation-invariant setting but we do
not deal with what we feel is essentially a technical issue in this chapter.

In particular, we consider in 1-dimension the dynamics generated by the potentials
V = —ncos(2mz) and W = — cos(2mz) with 0 < n < 1. In this case, we have the following
characterisation of phase transitions:

LEMMA 7.26. Consider the quotiented periodic mean field system (7.14) with d =1,
W = —cos(2mzx), and V = —ncos(2wz) for a fired n € (0,1). Then there exists a value
of the parameter § = (. such that:

(a) For 8 < fB., there exists a unique steady state of the quotiented periodic system
(7.14) given by

min

(725) ﬁmm(;p) — 71 eami" cos(2mx) , A— / eami“ cos(2mz) dl’,
T

for some a™™ = a™®(3),a™™ > 0, which is the unique minimiser of the periodic
mean field energy EMY (7.15).

(b) For > B., there exist at least 2 steady states of the quotiented periodic system
(7.14) given by

min

~min -1 _a cos(2mx a™in cos(2rx
v (x) =7 e (2ma) Zmin = /e @2m2) dg:
T

’])’*(m) :Z*—lea* cos(2mz) , Z*—l _ / ea* cos(2mz) dx7
T
where a* < 0 < a™® and both constants depend on 3. Here 7™ is the unique
minimiser and v* is a mon-minimising critical point of the periodic mean field
energy EMV (7.15). Moreover, a* # —a™".
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The proof of Lemma 7.26 can be found in Section 7.4.
Now, we are ready to state our results in this specific case, i.e. above the phase
transition we can choose specific initial data for which the limits do not commute.

COROLLARY 7.27. Assume that V = —ncos(2nx), W = cos(27z) for a firedn € (0,1),

and that we are above the phase transition 8 > B.. As in Lemma 7.26, we denote by v
and U* the minimiser and the non-minimising critical point of EMY. We choose the
following nitial data:

P (@) = (e 21) @ o ® (e ) € Py ((RDY),
where pj; € P2(R) satisfies
(7.26) UA) =D ph(A+E),
kezd

for any measurable A, i.e. its periodic rearrangement is v*. Then, for everyt > 0, p>N(t)
the solution to (7.3), satisfies

lim lim pa’N(t) = 5pmin(t) e P, (PQ(R)),

N—oo e—0

) 1/2 ) T min\2,.2
,Omm<t,$) _ (%) [O(amln) exp(_ﬁ 0(a2t ) T > .

On the other hand, we have that
lim lim pN = Opr 1) € Pa2(Pa(R))

e—0 N—oo

where

where

(7.27) Pt x) = <%) Y (e exp 0%) |

Finally, by Lemma 7.26 a* # —a™®, and therefore, by the strict monotonicity of the
modified zeroth Bessel function Iy, we have that

P (t) # p*(t) for allt > 0.
PRrROOF. We first note that
lim lim pd™ = lim lim 5" = 85, = X € Po(P2(R)).
e—0 N—oo

N—o00e—0

For the limit € — 0 followed by N — oo, we use that, by Lemma 7.26, ™0 s the unique
minimiser of EMY. Hence, we can apply Theorem 7.16 to obtain that

llm llm pE’N(t) — 5pmin(t)

N—o0 e—0
with p™ satisfying
{atpmin = Ou(AT,0up™)
p™(0) = do 7
where
off gt _ amin cos(2r —a™in cos(2m o _ B
min_m_<ﬂ/T€ (y)dy/TG (y)dy) _W'

To obtain this formula, we have used that in 1-D we can solve the corrector problem (7.24)
explicitly (cf. for instance [PS08, Equation (13.6.13)]). The explicit expression for p™®(t)
now follows from the representation formula for solutions of the heat equation.
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Now we turn to the other limit. As discussed in Section 7.1.4, passing to the limit
N — o0, we obtain that for a fixed t > 0
lim o (1) = X*(t) = S 4 X5,
N—00

with S; the solution semigroup of (7.7) and X = d.-1s(c-12). Using (7.26), we have that
the initial data for the e = 1 periodic mean field equation (7.14) is given by

%= piatk) =7
kezd
We know from Lemma 7.26 that 7* is steady state of (7.14), thus the hypothesis (A3) is
trivially satisfied. Therefore, we can pass to the limit as ¢ — 0 using Theorem 7.9 and
obtain for a fixed t > 0

lim Xs(t> = 5p*(t) ,

e—0

with p* satisfying
{atp* = 0,(A0,p")

p*(0) = do 7
where
g ( / . o - g
Aiff — = e cos(2my) d e @ cos(2my) d — :
Z*Z* ﬁ T Y T Y Io(—(l*)2
thus proving (7.27) and completing the proof of the result. O
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FIGURE 7.3. The two solutions of (7.81), i.e. a™™ (the solid line) and
a* (the dotted line) for n = 0.5. The figure demonstrates how stark the
difference between the two solutions and hence between the two effective
solutions, p™® and p* of Corollary 7.27, is.
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REMARK 7.28. The result of Corollary 7.27 can be generalized to other rapidly varying
initial data that are exponentially attracted to v*.

REMARK 7.29. A simple choice of initial data which satisfies (7.26) is pj = x[0,11V",
with ya the indicator function of the set A.

7.1.10. Application of the fluctuation theorem. In this subsection, will assume
without proof that we have a characterisation of the fluctuations around the mean field
limit, in the spirit of [Daw83, FM97|, as the solution to a linear SPDE and use this
together with the energy minimisation property of the Gibbs measure to obtain a rate
of convergence in relative entropy of the Gibbs measure to the minimiser of the periodic
mean field energy (7.14). We also characterise the asymptotic behaviour of the partition
function. At the end of the subsection we present a provisional result in which we show
that this rate of convergence does hold at high temperatures without using the central
limit theorem (the characterisation of fluctuations) but instead conditional on a certain
rate of convergence in a weaker topology (cf. (7.37)).

We start by restating the classical result by Messer—Spohn [MS82] (cf. Lemma 7.7). We
consider the unique minimiser of the periodic N-particle free energy EV : Py ((T4)N) —
(—00, 00

BNEY) =& (51 /( 7 (2) log 7 (2) da

N N N
~N
i /(W)N 2N £ D Wles =)+ Viw) d7"(a)
E 3.;1. i=1
jF#i

which is given by the Gibbs measure

My (z) = Zx exp <_5 (% SN Wila— )+ va)) :

i=1 j#i i=1

with the partition function

Iy = /(Td)N exp <—5 (% Z Z Wy —y;) + Z V(?/z))) dy.

i=1 j#i i=1

Then any accumulation point X> € P(P(T?)) of the sequence of minimisers My is a
minimiser of

E¥(X) = /P md))E () dX(7)

with EMV . P(T4) — (—o0, +00] given by
(7.28)

o s 1 o B

EMV(D)=p7" | Tlog(v) dx + —/ Wz —y)v(z)v(y) dedy +/ V(z)v(x) dz,
Td 2 TdxTd Td

which implies that

supp X* C {7 € P(T%) : EMV(D) = n(lig) EMVY .
P(T
In particular, if we are below the phase transition 5 < [., we have, by Definition 7.18

and Proposition 7.8, that EMV admits a unique minimiser, which we denote by 7™* €
P(T?) and thus X*° = §pmn € P(P(T?)). In the subsequent calculations, we will use
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(My),, to refer to the n'® marginal of the N-particle Gibbs measure My. A natural next
step is to consider the next order of convergence:

N(EN(My) = EMY (™)

=4t Mylog My dox — 371 [ (7™)*N log(7™™)*N dx
TNd Td

(729) ‘I’—/ . dW(ZE— )(MN) dxdy+N/ MN) dz

- = / W(x —y)v™™(2)v™(y) dedy — N [ V(x)v™" dz.
Tdx T4

Td

The idea is to massage the previous expression to obtain something we can control with
the fluctuations. To do this we first need to use the empirical measure My € P(P(T9))
associated to My € Poym((T?)"), as defined in Definition 7.2. We can compare the second
marginal (My)s of My with the products of the empirical measure. We notice that for
any test function ¢ € C*°(T??), we have

(7.30) (1 _ %) / /T Pl (), dxdy+% oz, 2)(My); dz

Td
RN
=1 P(T24),C0(T2d)

where the expectation is taken with respect to the law of the random variable N~ Zfil 0

on the probability space ((T4)Y, My) (for more details on these type identities for higher
order marginals see [DF80]). Note that (p, f)pq) coq = [of dp. We know from Propo-
sition 7.8 that the minimiser of the mean field energy must satisfy the following condition

(7.31) B og ™™ = —W o™ — V + C.
Putting (7.29), (7.30), and (7.31) together, adding and subtracting

g1 ) My log v™™ dx |
T

and completing the square, we obtain

N(E™ (My) — EMY (7)) =5~ H(My|(77")Y)

1 W(0)
- iEMN <<<gN)®27 W(ilj' - y)>M(T2d),CO(T2d)> - T )

where H(+|-) denotes the relative entropy or Kullback-Leibler divergence and

1 > ~min
GV :_\/N<Ni215mi_y )

is a Radon measure-valued random variable defined on the probability space ((T?)Y, My).
We refer to GV as the fluctuations around the mean field limit. Using the fact that

NEMV(D'mi )—NEN( ~m1n ®N /Td TdW T — ) ( )Nrmn( ) dxdy
X

>NEY(ty) — 5 | [ W) @) dedy.
X
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we obtain the bound

(7.32) 0 < H(My| )y <V O

1
< + 5By (G W (@ = 1) sy cony )
1 i i
+5 / Wz —y)v™* (2)y™(y) dedy.
2 J Jraxra

In a similar way, we can also obtain the bound

1 . .
-2 / W — )7 (2)7™"(y) dedy
Td x Td

(7.33) <N log (ZZmA;) - _N (EN(MN) _ EMV@min)>
PO L (0 W6 - ) ppanengn)

where we have used the positivity of the relative entropy. Note that Z,,;, is the partition
min - which is given by

function of v
Znin = / exp(—ﬂ(W*ﬁmin — V)) dx .
Td
Therefore, to obtain useful information from (7.32) and (7.33), we need to show that

lim sup EMN (<(gN)®2, W(x - y)>M(T2d)7CO(T2d)> < 0.

N—oo

To simplify the discussion and obtain sharp bounds all the way up to the phase
transition, we consider the specific example of d = 1, V. = 0 and W = — cos(2mz),
which undergoes a phase transition at . = 2 (cf. Proposition 7.22). We now make our
main assumption that we have an equilibrium version of the central limit theorem before
the phase transition., i.e. GV converges in law to G* whose law is the unique invariant
measure of the following linear Ornstein—Uhlenbeck stochastic PDE:

(7.34) 0,G>™ = 3710,,G% + (2m)? cos(2mz) * G + /2871,
where we have used that 7™" = 7, = 1 and that W = — cos(2mx) has zero average to

simplify the linearisation of the nonlinear PDE (7.7) and ¢ is space-time white noise. The
above SPDE is precisely the equilibrium version of the SPDE (1.20) discussed in Theo-
rem 1.5, i.e. we can rewrite it as

G>=(t) = G=(0) + /o B710,.G%(5) + (27)? cos(2mx) * G¥(5) ds + /26718,

where B; is a Gaussian Markov process with correlation structure
E<<Bt: 90>(5(1rd))/73(1rd)<557 W(smd»gsmd)) = min(s, ?) /T(aac@(azl/’) de.

for ¢, € C>(T). More specifically, if we consider {wy},., the standard orthonormal
Fourier basis of L*(T) (cf. (0.1)) given by

V2cos(2rkz) k>0
w(z) =<1 k=0,
V2sin(2rkz) k<0

then we can express
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where {Bf}kez is a countable family of independent T-valued Wiener processes. In par-
ticular, we can decompose (7.34) by projecting it onto each mode to obtain a family of
uncoupled SDEs given by
~ 1 ~ .
o — B (2m)G(k) At + (202G (k) dt + (V23 T2nk)dBE [k =1
y W) = ~ . )
BN (2nk)2G (k) dt + (/25 2mk ) dBB) k| # 1

where
G (k) = / wi(z) dG*
Q

and we have used the trigonometric identity

(7.35) cos(2mz) *x G = % (wléw(l) + w,lngo(—l)) :

In particular, we can find the invariant measure explicitly for each mode

-

where A is the normal distribution. From (7.36) we can clearly identify the phase tran-
sition . = 2 when the SPDE (7.34) does not have an invariant measure. Taking limits
in (7.32) and using that W (0) = —1 we obtain that for this specific system we have the
bound

[ [

. G=(1)| +|g=(-1)
lim sup H(My| (™)) < @ + Euy ‘ 1 2(26_ 3)’

where we have used the trigonometric identity (7.35) and the law (7.36) of the projections
of G*. Decomposing the My into its marginals, we can use the sub-additivity of the
relative entropy to conclude that, for any 1 <n < N,

M ns ~minyn < \‘_J ,
where [n/N| is the largest integer less than n/N. We note that this estimate holds all

the way up to the phase transition for this system, which is given by . = 2. Similarly,
using (7.33) we obtain that for every § > 0, we have the estimate

ZN 1 B N—s00
< < — [ —
1_Zmin_exp<jv (2(2_6)+5)> ~ 1,

for N large enough. To conclude this subsection, we rewrite these bounds into a general
provisional theorem (cf. Remark 7.31).

THEOREM 7.30. Assume 3 < [B., the critical temperature, and consider 7™, the
unique minimiser of the periodic mean field energy EMV (7.28) and Zwyn, its associated
partition function. Assume that there exists a constant Cy > 0, such that [|W || gzpay < Ci
and that for N large enough we have the estimate

(737> Qg(MNa 51/‘““’) < % .

Then, there exists C' > 0 such that for all 1 < n < N the following estimates hold:

H (M), (7)) < C | 1
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and
ZN

Zmin
REMARK 7.31. The bound (7.37) has been shown in the case of convex potentials in
[Mal03]. In the large temperature regime § > 1, the slightly weaker bound

C
DMy, 8, min) < Nl
with ©; the 1-Wasserstein distance, can be found in [DEGZ18| by employing the coupling
technique outlined in Section 7.5; trying to upgrade this bound to (7.37) is an interesting
open question. Note that if the formal central limit theorem discussed at the start of the
subsection (in the spirit of [FM97]) could be proved rigorously then (7.37) would hold.

For the case = f3., we can not expect (7.37) to hold (cf. [Daw83]).

PROOF. By (7.32) and (7.17), we need to show that there exists a C' depending on S, V,
and W such that

lim sup Ejy,, (((QN)®2a Wiz — y)>M(T2d),C°(T2d)> =C.

N—oo

zlQ

< enw,.

By using the dual formulation of the Wasserstein distance and using the definition of GV,
we obtain the following estimate:

‘EMN <<(gN)®27 W(JJ - y)>M('H‘2d)7co(T2d)> ‘
SNIDW o raBary, (((GV) 2, W (x — )
=N||D*W || oo 1y D5 (M v, Gymin),

where the expectation is taken with respect to the empirical measure M y and 3, is the
2-Wasserstein distance on (P(T?),dy). The result now follows by applying hypothesis
(7.37).

M(TQd),CO(T2d)>

O
7.2. Proof of Theorem 7.9

We start the proof of Theorem 7.9 with some basic elliptic estimates on a time-
dependent corrector problem.

LEMMA 7.32. Consider the following elliptic equations
(7.38) V- (p°Vyx) = -V on [0,00) x T4,
where

ta) = 2 exp(—B0V « 7+ V), Z= [ exp(=B0V x4+ V) da,
Td

where v¢(t,x) is a solution to the evolution (7.14) with initial data U5. Then, there exists
a unique (up to an additive constant) smooth solution x : [0,00) x T4 — R?, x; € H'(T?)
to (7.38). Additionally, it satisfies the following estimates

(7.39) 1Xill grm ay <C
(7.40) 106 (Dl g1 0y < D AT |-y (1)
k=1

foralli=1,...,d and t > 0, where C=3(T4) is the dual of C3(T%), and the constants
C1,cp > 0 depend only on m, d, ||V g gay, and W[ g (pa)-

PRrROOF.
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Existence and uniqueness: We consider the equation component-wise for any ¢ =

1....d:
(7.41) V- (V) = 00

Note that p° is smooth and is bounded above and below uniformly in time:

(7.42) e 2B Wlpooray HIVlloomay) < et ) < 22U liooray# IVl ooray)

Thus, by standard elliptic theory, for each t > 0 and ¢ = 1,...,d, there exists a unique
smooth solution y; € H(T?) to (7.41). We can check that x; is continuously differentiable
in time, as & = 0;x; satisfies

(7.43) V- (EVE) = —0,,00C — V - (0JEV ).

Similar arguments imply that there exists a unique smooth solution of the above equation
& € HL(T?).

Regularity: We note that is it is sufficient to prove the bounds (7.39) and (7.40)
in the weighted space H™(T¢, i) since by (7.42) these norms are equivalent to the flat
space up to a time-independent multiplicative constant. We deal first with the regularity
of (7.41). Testing against y; we obtain,

[ vl ar == [ o ds
']Td ']Td

§‘|a$iXiHL2(Td,ﬁ5) < HVXi“L2(Td,ﬁE)'
It follows then that
(7.44) Il g e iy < 1-

Now let a € N? be any multi-index of order m — 1 for some m > 1. Testing (7.41) against
O2qXi, We obtain for the left hand side

@)V (V) d =(-1)" [ (Vo) -0 ) e

1" [ (99230)+ 3 Car 0,70 V) o

<«

—(—1)m / V0w da
Td

+ (=™ /T [(VOaxi) - >~ Cok(047) (90— Vxi) dr,
v<a
v#0

where the coefficients are given by

Similarly for the right hand side of (7.41) we obtain

_ / (O (00, ) dir = (—1)™ / (81,001 0uTE" .
Td

Td
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Putting the previous two equations together and multiplying by (—1)~™ we have
(7.45)

/TdyvaaXiFﬁg dr = — /Ed<axiaaXi)aa/~f dw _/ (vaaXz an'y 'yﬂ )(aa 'vaz) dx

y<a
770

Using the exponential form of ;f, we note that for any multi-index o € N? we have
Out® = fp°, where f is a smooth function which is a linear combination of 0, Wxv*+0,V
for v < . This implies that we can obtain the bound

1 oo ey < Cax

where C, depends only on [|W{| m-1 (Td): IV gm— (ray - Applying Holder’s inequality and
bounding in (7.45) we obtain

2~ «
900l A 102,06 oy I e

+ ||V8aXi||L2(’]1‘d,ﬁ€) § Ca,v||f7||Loo(1rd)||aa—7vxi||L2(Td7ﬁE)
<a
240

Simplifying, we obtain,

1V8axXill e ey NS geirty + D CanllF ooy 180 Vil 2 e

y<a

770
<Cot 3" CanCullxill s o e
ysa
770

We can sum over all such «a and recursively apply this bound along with (7.44) to ob-
tain (7.39). Note that the ||x;[/;2(ra) norm can be controlled by the Poincaré inequality
(cf. Lemma B.5) since x; is mean zero.

Before we turn to the regularity of (7.43), we derive the following estimates

(7.46) 07| =BW % 0,°) i < BW | s gy |07 | -5 xay 17 ,

where we denote by C~%(T¢) the dual of C*(T?) and equip it with the norm ||g|| s ga) =
sup  (f, 9)c-s(ray cs(pay- Similarly, for a € N? the following estimate holds

Hf”cS('H*d)Sl
10a0,0°| < BIW || casial 107 [| -3 (zay 17
Next, we test (7.43) against &; to obtain

[ verarar=— [ oo ar— [ ve vxa
Td Td Td
<BIW s oo V&l oy |05 -0y ()
- BIW oo | V&l ooy 19X o ey 1965 sy (8),

where we have simply used (7.46) and applied the Cauchy—Schwartz inequality. It follows
that

il g1 e ey < CllO" || =310y (2)
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where the constant C' is independent of ¢ and depends on ||| i ey, Vo, and W We

omit the details but an essentially similar argument to the one used for (7.41) will give
us an estimate of the form

IV0a&ill 2ragiey < CNOT llo-sray (8) + D Cillill -t oy 105 Nl o (8)
=1

where |a| = m—1, and the constants C’, C) are independent of ¢ and depend on the norms
of x;, W, V, and their derivatives. Recursively applying these bounds one obtains (7.40).
O

Next, we bound ||0;7° || -3 (ray by da(D°, 7).

LEMMA 7.33. Assume that ¢ and v* are a solution and a steady state to (7.14) re-
spectively, then
H@tﬂch—s(w) S Cdg(llja,;*),
where the constant C' depends on d, B, [[W | o(pay, and ||V[| 2 ga)-

PROOF. Using (7.14) and that 7* is a steady state, we obtain that for any test function
p € C®(T7)
v dr = BTApr® — Vo - (VW x7° + VV)oF da
Td Td
and
0= [ o' dov= [ B 'Apr* — Ve (VW xv* +VV)7* da.
Td Td
Therefore,
Ofp dv = | B AT —v*) V- (VWAF+V V) (F —* )+ V- VW (05 —*)0* da.
Td Td

Using the dual formulation of the 1-Wasserstein distance (cf. Theorem C.8), we can obtain
the following bound

/ Ot dx
Td

Finally, bounding the 1-Wasserstein distance by the 2-Wasserstein distance we obtain the
desired estimate. U

< (87 ey + Nelleama (I llageay + 1V oo

~c ~

+||90H01(’]I‘d)||w||02(1~d)> dl(V , I/*).

We now study the behaviour of the underlying SDE associated to (7.13).
LEMMA 7.34. Consider the mean field SDE

e [AE= IVOR = VOV () () e+ /ZE T,
(7.47) Law(Yy) = 15 = %pf(ex) € Po(RY) |

where v(t) is a solution of (7.13) with initial data v§ and By is a standard d-dimensional
Wiener process Then for fixed € > 0, the random variables {t_l/QYf}t>0 converge in law

(specifically in dg) ast — oo to a mean zero Gaussian random variable Y with covariance
matriz 2AST € R*4,
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PROOF. Consider v°(t) the solution to the mean field PDE (7.13) with initial data given
by v5. (we add the € superscript to v(t) to emphasise the dependence of the initial data
on ). As V and W are smooth 1-periodic functions, it follows that (W x v(t))(x) is also
1-periodic and is equal to (W *7%(t))(x), where v° is the periodic rearrangement of v*(t).
Thus, the SDE in (7.47) can be rewritten as

dYy = —VV(YE)dt — V(W % 22(£)) (V) dt + /26" 1dB,
Law(Yy) = 15 = e¥pj(ex) € Po(R) ’

where Y; is the quotient process, i.e. (Y7); = (Yi); (mod 1) for all j = 1,...,d. Further-
more, Y;° satisfies the following SDE

(7.48) {dYtE - —VV(YF)dt — V(W «7%(8))(YF) dt + /287 1dB,

Law(Y$) = 75 € P(T%) ’

where B, is a T9valued Wiener process. Now consider the unique solution x(t,-) €
H'(T? i¥) of the time-dependent corrector problem in (7.38) given by Lemma 7.32. Ap-
plying Itd’s lemma to x(¢,Y;?) we obtain the following

x(£,YF) =x(0,Y7) + /asxsya

+A( (VVO72) + VOV x5 (5)(V5)) -V 4 574 x5, V) ds
+\/W/VX3Y€
:Wm@+/}msymh+/ﬁ V- (@EV)(YE ) ds
+\/W/vxsyf

where we have used the fact that f(Y;?) = f (Yf) for any 1-periodic function f and the
equation for zi°. Using the fact that x satisfies (7.38), the above expression simplifies to

MM®=WM®+/&MM@M—ABWﬁVWﬂﬁﬁﬁ
+ V268~ / Vx(s, Y6
=x(0,Y¥) +/ dsx(s,YE) ds—l—/ VV(YE) 4+ V(W x75(s))(YE) ds

+¢ﬁ—/vxﬂﬁ

Integrating (7.48) from 0 to ¢ and adding the above expression we obtain

Y: =Y + x(0,Yy) — x(¢, YY) /859(53/5

+ \/F/O I + Vx(s,Yf)>st.
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1/2

Multiplying by ¢~'/¢ we obtain

tY2ye _t—1/2( (0,Yg) — x(t,YF) + / dsx(s,YE)d > +t712y¢

+t‘1/2\/26—1/ 1+vx(s,Y;)>st.
0

To analyse the limit of £~'/2Yf we start by showing that the first three terms on the RHS
of the above expression go to zero in L*(P) as t — oo. Picking m > d/2 and applying
the results of Lemma 7.32 along with Morrey’s inequality we have

t
/2 <x(o, Yo) = x(t,Y7) + / Ox( ) ds)
0
t
<t~'2¢, (2||X(t, W emray + /0 190 Mo ds)

t m
(7.49) <t~'2¢y <QC’1 +/ Z ck||8t§6||’g,3(w)(s) ds) 20,
0 k=1

where in the last step we have used Lemma 7.33 and applied assumption (A3). For the
fourth term we simply use the fact that Y, has finite second moment to argue that it goes
to zero in L?(P). Thus, studying the behaviour of t='/2Y}, in law, as t — 0o is equivalent
to studying the asymptotic behaviour of the martingale term Z;, where

t
Zy =t71%/2p1 / (I +Vx(s,Y§>)st.
0

We will proceed in steps: In Step 1, we will argue that the y in the above expression
can be replaced by ¥*, where W* solves (7.23). In Step 2, we will compute the limiting
covariance matrix of Z, as t — oo and show that it is precisely 2A®. Finally, in Step 3,
we will argue that the limiting random variable is a mean zero Gaussian.

Step 1. First note that p(t) — v* in L™ as t — oco. Indeed, we have that

|27 () exp(=BW % 7 + V) = Z7HF) exp(—BW 7" + V)|
<7 V(i )|exp(—5(W* U+ V) —exp(=B(W 7" + V)]

+Z71(EE) — 27157 P ety HIV o )
<MW ooy IV IlLoo ) g & 72 — W 7]

+ 636(HWHLOO(Td)+”V”LOO(Td))ﬁlw*’ﬁe _ W*’D*l

t—00

(7.50) <Cdy(7,7) 2500,

where we have used (A3). We now argue that Vy converges to VU* in L?(T% R?). We
perform the proof component-wise using the weak formulations of(7.38) and (7.23)

/ Vi - Ve (t) do — / VU - Ve (t) de
Td Td
—/ am(;f—z%)qbdwr/ V\I/j-v¢§*(t)dw—/ VU - Vous(t) de
Td Td
—— [ = Pouoda+ [ VU-ToE () - 0) da
Td

<|lz* - % ||L°°(’]1‘li)(1 + “v\IJrHL?(Td))||V¢||L2(’]Td) :
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Choosing ¢ = x; — ¥ and using the uniform lower bound from (7.42), we obtain that
* ~¢ % * t—00
(7.51) IV — ‘I’i>||L2(Trd) <Ol —v HL°°(’]I‘d)(1 + [VY; HL2(Td)) =0,

using (7.50). Thus, we can now simply apply [td’s isometry as follows

931

Ot (1 + Vs, Yj))dBS - \/W/Ot (1 + V(Y s))st 2

2

t

—25 4 E|| [ (Vi — 09)) (V7 5)dB,
0

- . d
=26"4"'E / 2IV0a =~ w9 ds]
<ot [ Zuv U () .
Picking some m > d/2 and applying Morrey’s inequality (cf> Lemma B.1) we obtain

E|t!

\/F/t(uvx(s,i/;))d& . W/t(uw*(zf,s))df;s 2

525—115—102/ ZHV HHm(W)(s) ds

<op-11C3C? / va 201 (Y i — W) 12225 (5) ds,

where we have applied the Gagliardo—Nirenberg-Sobolev inequality and o« = m/(m + 1)
(cf. Lemma B.2). We bound the H™-norm in the above expression by a uniform constant
using Lemma 7.32 and the fact that WU* is the solution of a uniformly elliptic PDE with
smooth coefficients. Hence, using (7.51) we obtain

(7.52)

2
t—o00

E|t! =°0.

2461

ot<l + Vx(s,Y7) ) dB, - \/F/Ot (14 VW (¥2.5)) b,

Step 2. In this step, we compute the limiting covariance as ¢ — oo of the following
term

(7.53) G = flﬂﬁ/t (1 + vqx*(x'/;))st .
0
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Applying It6’s isometry again we have

E[(G2):(G5),] =261 / E s

d
<Z(5m + 00 U7 (86 + 00, 03) | (Y5)

k=1
d

t
—93- 14 / / (Z(&k—i—@xi\PZ)(@k—i—@%\PZ) (2)7 (2, 5) dr ds
0 ST\ =1

: d
=241t /o /’]I‘d (;(&k + 00, V%) (0 + 00, 9%) | () (77 — U*) (2, 5) de ds

(7.54) +2871! / s ( / d <Z<5ik 0, ) (65 + O, \If,’;)) (2)7" () dx> .

k=1
We can bound the first term as follows

t d
2671t / / Z(ém + 02, W3) (0jk + 02, V%) | (2) (V" — V*)(2, 5) dwds
0 JT¢\ k=1

(7.55) 5t—1/ do (77 (s),7%) ds 2300,
0

where we have used (A3) and the fact VW* is Lipschitz. Then, from (7.54), it follows that

lim E[(G)(G5)1) =267 ( [ (Z(ém + 0 W) (G + axjw) ()7 () das)

t—o00
k=1

d
—23-! ( /T d <5ij + 00U+ 00,0+ akq/;fakqx;> ()7 (x) dx)

k=1

=231 (/'J]‘d (5ij + 0y, V5 + 0y, W7 + VT V\I/;‘)(x)ﬁ* (x) dm)

_og-! ( /T (0 + 0 75) ()7 (2) dx) —2(a),

where in the penultimate step we have used the fact that ¥* satisfies (7.23).

Step 3. In the final step, we will show that the limit in law of G} as t — oo is a
Gaussian random variable. The key step involves replacing Yf in the expression for Gf
in (7.53) by X,, where X, solves

(7.56) dX, = —VV(X,)dt — V(W % 7*)(X,) dt + /28 1dB,
' Law(Xo) = 7* € P(T9) '

Here X, is a stationary, ergodic process with invariant measure 7* and is precisely the pro-

cess Y, started from the invariant measure 7*. We assert now (cf. Lemma 7.36) that (A3)
implies that there exists a coupling of (X;,Y;) (indeed a reflection coupling) such that

SUp.~q E [dw (X, Yf)ﬂ — 0 as t — oco. Using this we obtain,

(G; . t—l/Q\/F/Ot(J n V\I/*(Xs)>st>2

E

t
(7.57) <205 1! / E[de(Xs,Yjﬂ ds "0,
0
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where we simply use the [t6 isometry and the fact that U* has a Lipschitz regular gradient.
Thus, we are left to analyse the following term:

r”%/ﬁ/t (1 + V\IJ*(XS))dBS
0

where X, is stationary ergodic process. Additionally, we know the limiting covariance of
the above term, i.e. 24T, We now apply the Birkhoff ergodic theorem followed by the
martingale central limit theorem (cf. [KLO12, Theorem 2.1] or [Whi07, Theorem 2.1]) to
complete the proof. The fact that the convergence is also in dy follows from the fact that
the covariance matrices also converge. 0

The above result holds for a fixed € > 0, however we can improve it by using the fact
that the convergence in (A3) is uniform in € > 0. A consequence of the analysis in the
previous result is the following corollary:

COROLLARY 7.35. Consider the process:

t
Mg ::t‘§<x(0,1/§)—x(t,}f)+/ Dsx(s,YE) ds + /2571 / I+ V(s Yj))dBS),
0

where x is the solution of the time-dependent corrector problem (7.38) and Y solves (7.47).
Then

— 0,
L2(P)

lim sup
t—o00 e>0

ME —WW/ I+V\If ))dB

where X, is the solves and is coupled to Yf as in the proof of Lemma 7.5/.

PROOF. The proof of this result follows from the fact that the convergence in (7.49),
(7.50), (7.52), (7.55), and (7.57) are all controlled by the convergence in (A3) which is
uniform in € > 0. O

We can finally put all the pieces together and complete the proof of Theorem 7.9

PROOF OF THEOREM 7.9. We would like to understand the behaviour of the trajectory
Sfpo where S¢ is the solution semigroup associated to (7.7). However, we know that
Sipy = Law(eY 2 ), where Y is the solution (7.47) of with initial law elps(er). Fixt =1

-2

and set e “ = 5. Thus, we have that

1

1 _1

(3 . 3\VSs 2
83/1/52 =S 2}/’5

1

—sIYy 4573 (x(QY()) —x(s,Y )

+/ 8ux(u,Yu“1/2)du+\/2ﬁ1/ <I+Vx(u,Yu“1/2)>dBu) .
0 0

Applying Corollary 7.35, we can pass to the limit s — oo for the second term on the right
hand side of the above expression. Since the convergence is in L*(PP), we can replace the
second term in the limit as s — oo as follows

lim Law(s Y )— lim Law(s Y K +5712\/28- / ([+V\I/*(Xu)>dBu).

S§—00 S§—00

1/2

where X, solves (7.56). The two random variables on the right hand side of the above

expression are independent. Thus, we can rewrite the above expression as
—1/2

lim Law(s_%Yssié) = lim Fyxp; ',

§—00 5§—00
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where F is the law of s~1/2,/25-1 IN (I + V\P*(Xu)>dBu. Since both laws converge in
ds, their convolution converges to the convolution of the individual limits in dy as s — oo.
The limit of F, can be obtained by the martingale central limit theorem as in the proof
of Lemma 7.34 while the limit of p§ /* is p. Thus, we have that

Nl

lim dy(Law(s™2Y? 2), N(0, AF) % pf) = lim do(S5 g
S§—00

5—00

N0, AT % i) = 0.
Rewriting the same in terms of the laws we have

lim d (S5 p5, N'(0, AT x pt) = 0.

e—0
The choice of time t = 1 was arbitrary. The same arguments can be repeated for arbitrary

t > 0 to complete the proof of (7.22). Assume now that the initial data of (7.3), p5™ is
such that A}im pS’N = X[ = 0,6- We can then apply Theorem A. to first assert that, for
—00

a fixed t > 0,
lim o () = X°(t) = SF# X

N—oo

Let X = d,: and consider some ® € Lip(P2(R?)). Then we have

[ e dx @) - Si#Xap) = [ Bl dSTHEXG - X))
P2 (R%) P2 (R%)

=(S5p5) — D(S7py) < da(Siph, Sipp) =0,
where in the last step we have simply applied (7.22), thus completing the proof of the
theorem. 0

7.3. Proof of Theorem 7.16

Strategy of proof. We first need to pass to the limit in the covariance matrix

(7.58) AN — 51 (I + VI My dz.

(THN

To do this, we first pass to the limit in the Poisson equation for UV : (T4)" — (]Rd)N

(7.59) V- (MyVIY) = -V My,

with

(7.60) / UMy dz=0.
(T4)N

Once we have obtained the limit of the covariance matrix, we then need to pass to the
limit in the equation

atpN,* -V (AeH’NVpN’*).

We do this by testing against cylindrical test functions, that is to say functions that
depend on a finite number of variables, which, by Definition 7.1, is enough to determine
the limit in Py(Pa(RY)).

Step 1. We start by showing a few a priori estimates. First, we show that for every
1 < i < Ndand k € {1,..,N} such that i does not belong to the particle k (i.e.
i ¢ [(k—1)d+ 1, kd]) the solution of the corrector problem (7.59) satisfies

(7.61) / IVUNPMy dz <1 and / [V, U |?My dx < :
(Td)N (Td)N N -1
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where
N kd
Vo= (00)e; €RY and Vo= Y (90) € RY
j=1 Jj=(k—1)d+1

for any smooth function ¢ : (T¢)Y — R. Testing the i equation of (7.59) against W1V,
applying the Cauchy-Schwarz inequality, and using the fact that My has mass one, we
obtain

/ My|0;UN* dz g/ IVUNPMy dz
(TN (TN

(TN

1/2
(TN

which implies the first inequality in (7.61). The second inequality follows due to the
exchangeability of the particles. In fact, for any ki, ks € {1,...,N} and i ¢ [(ky — 1)d +
1, k1d] U [(ka — 1)d + 1, kod] we have that up to exchanging the k; and ky particles (i.e.
changing variables)

Vo, O =V, 0.
Combining this with the first inequality of (7.61) we obtain the second inequality of (7.61).
Next, we show that there exists C(3, [[W{|c1(pay, [V [l 1 (pay) such that
(762) ”(MN)lucl(’]I‘d) S C and Cil S MN/MN,1 S C,

where My_; is the Gibbs measure associated to the quotiented (N — 1)-particle system
(cf. (7.20)) trivially extended to (T4)Y and (My); is the first marginal of My. We start
by rewriting

MN:ZiNexp< <2NZZW ; — ;) iV(zJ)))

i=1 j#i 1

(7.63)

1 Zn
:eXp(—B(N;W(Jfl—ZL‘]) _1 ZW —f-V(ZL‘l))))MN 1 ZN .

Differentiating the previous expression with respect to x; we obtain

Vi, My
(7.64)

1 — Zn-1
xexp(—ﬁ(N;W(xl—xj) NN D) ZW +V(m1))>)MN_1 7

By (7.63) and (7.64) and the fact that V' and W are sufficiently regular, the desired
estimates follows if we can show that Zy_1/Zy is bounded above and below. This follows
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from the following estimate

ZN:/(Td)NeXp< <2NiZW(yi—y ))
)

=1 j#i

o4 (s )uwnmd IV m)
x /() exp< ( ZZW um)) dy

1=2 j#i 1=2
Zcilz]\/fl )

and its analogue for the reverse bound.
Step 2. Next we show that we can in a suitable sense decompose My by the product
(My)1My_1. To be precise, we show that for every z; € T

M 2
(7.65) lim [ ( N —(MN)l) My_y day...dzy = 0.
(TN -1

N—oo MN—I

We notice that

M
(Mn)1 :/ My dzs...dzy :/ N Mpy_q dxs...dxy,
(Td)N—1 (Td)N—1 Mpy_4

My 2
— (M Mpy_
/(Td)N_l ( T N>1) v
2 2
N_ NMy_1 ] My_
/(Td)Nl (u /(Td)Nlu N 1) N1
2 2
/ ()2 Mpy-y — (/ UNMN—l) :
(Td)Nfl (Td)Nfl

where the function u” : T x (T9)N~! — R is given by

and we rewrite

Zn-1
Zn

UN _ ZN MN
Zn-1 My
N
1

Therefore, by (7.62), we can show (7.65) if we can show that

N—oo

2
(7.66)  lim (W) My_1 das...dey — < / uN My dxg...de> =0.
(Td) -1 (Td) -1

This will follow from the chaoticity assumption on My and a version of the Arzela—Ascoli
theorem for the limit of symmetric functions, where we employ an idea that was proposed
by Lions [Lio07] in the context of mean field games (cf. [Car, Goll3]).

We show that the sequence of functions {u” } yey induces a compact sequence

{UN}NGN C C(Td X P(Td))

and that (7.66) can be written in terms of the limit of UY. We start by noticing that uy
is continuous and symmetric in the variables x5 through xx. Furthermore, there exists a
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constant C' = C(5, W, V') such that

C
||u < c, HVMUN”LOO < C, and HijUN”LOQ((Td)N) < N & #+x7.

N
e oy (@
Using the symmetry of 4" and the previous bound, we can estimate

}UN(.TI,:U27 73:]\7) - U’N(yhuyN)‘ :|UN L1, Tr(2), 7377r(N)) - N(yhuyN)‘

<Cd']1*d $1,y1 Zd’Ed Tr(i), yl

with 7 an arbitrary permutation of the indices {2, 3, ..., N}. Taking the infimum over all
such 7, we obtain that

(767) }uN(xlana“wa) _uN(ylaayN>‘
1 N
<C (d’ﬂ“i($1ayl) +dy <m; T N Zfsyz)) :

where d; denotes the 1-Wasserstein distance on P(T?) (cf. Definition C.2). For any
(w1, 1) € T¢ x P(T?), we define

N
1
l[N R : E N 0 /rmd P d
(171,M> o (22,1 z;)nef(Td)N—1 QCdl (M’ N -1 =2 521) ! (thQ’ ”'7ZN) €¢ <T . (T ))

It follows directly form (7.67) that

N
1
(768) UN (Il,m;5%> Z’U,N(xl,l’g,...,x]\[).

Using (7.68) we can rewrite (7.66) as

(69)  1m [ (©)(awp) dMN_1<p>—( / LA dMN_1<p>) —0,

where M y_; € P(P(T?) is the empirical measure associated with My_; as defined
in Definition 7.2. Next, we show that U” is Lipschitz with respect to the 1-Wasserstein
distance, i.e.

(7.70) |UN($17M) - UN(?JI; V)‘ < 2C(dya(z1, 1) + dai(p, 1))

By the definition of U (y;,v), for every § > 0 there exists (23, ..., 2x) such that

N
UN(ylal/) +0 > 2Cd1 ( 1 ) yl,ZQ, ...,ZN>.

=2
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By the definition of UY(zy, 1), the Lipschitz property of u” (7.67), and the triangle
inequality for d;, we have

N
1
UN(xlu N) SQCdl <u7 m ;dm) + uN(xla B2y eees ZN)

N

<Cdra(x1,y1) + 2Cd <M7—125z1> +u™(y1, 22, -, 28)
2

<C’de(:E1,y1)+2C'< ( 12 ) —d1 (V,Nl_lz(szl>)

=2
+ UN(yl, v)+4
<Cldra(z1,y1) + 2Cdy (p,v) + U (y1,v) + 6.

Using the fact that 6 > 0, (21, ) and (yi,v) are arbitrary, (7.70) follows. Due to the
compactness of T?, the space T¢ x P(T¢) equipped with the metric dpa+d; is also compact.
Therefore, by the Arzela—Ascoli theorem and the uniform Lipschitz bound in (7.70), we
have that, up to a subsequence which we do not relabel, there exists U € C°(T? x P(T?))
such that

lim HUN

Neoo UHCO(TdXP(Td)) =0.

Finally, we use the assumption that M y_; — Jgmin € P(P(T9)) (see Remark 7.17),
to obtain that, up to a subsequence,

i [ @) st - ( mem>wwNmm)2

Voo Jp(ra) (1)

2
[ o) i)~ ([ UGo1p) ()
P(T4) P(T4)
:UZ(JIl, ’ﬁmin) - UQ(ZEh Dmin) =0.

As the limit is independent of the subsequence we have chosen, we obtain (7.69), which
implies (7.65).

Step 3. Now we are ready to pass to the limit in the Poisson equation (7.59). As the
dimension where the problem is posed grows, we consider test functions that depend on a

finite number of variables. We take some ¢ € [C 1(']I‘d)} % and consider its trivial extension
by 1 to [C’l((Td)N)}Nd to test the first d equations in (7.59):

(7.71) My (2)VIN(2) : V0 do = My (2)V 4, - p(21) dz,
(THN (THN

where VU (z) : V., denotes the inner product between matrices and we notice that
V., ¢ has nontrivial entries only for 1 <, 7 < d. Integrating the variables x5 to zy in
the right hand side of (7.71) we obtain

(7.72) s My (x2)V 4y - p(x1) do = /Td(MN>1(x1)Vxl ~(xy) day,

where (My); is the first marginal of My. For the left hand side of (7.71), we notice that
by Step 1. (7.61) and Step 2. (7.65) we can exchange My in the integrand by the product
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My_1(My):

'/ (My — (My)1My_)VIY : V, 0 da
(T4)N

d
< — (Mn)1 ) [V, UV | My da
Stellon D [ (S~ 0 ) 929180
d

<llelloreay > IVar UM [l caqrayy ary s

=1

M 2
(773) X /d (/ . (M N (MN)l) MN_1 dfl]gdZL‘N) dZL‘l
T (Td)N-1 N-1

N—o0

=o(1) =0,

where in the last equality we have used (7.65) and the fact that

My 2
— (MN)l MN,1 dl‘Q...d.ﬁL’N
(']I*d)Nfl MN,1

independent of N. This enables us to the apply Lebesgue dominated convergence to pass
to the limit in the outer integral. Note that we have also used (7.61) and (7.62) to obtain
the following bound

sup <,

xler

d d
Z ||Vz1‘IQN|||L2((1rd)N,MN_1®dx) < Z ||Vz1‘I’ZN|||L2((1rd)N,MN)||MN—1/MN||Loo((1rd)N) <C.

i=1 1=1
Hence, putting together (7.71), (7.72) and (7.73) we obtain
(7.74)

/ (MN)lvxl (/ \I/NMN_l dI‘QdZL’N) valgO dIl = —/ (MN)lvxl'QO d$1+0(1)
Td (']I*d)N—l Td

To pass to the limit in (7.74), we use of the a priori estimates which we proved in Step
1., (7.61) and (7.62), which say that there exists C' > 0 such that for every N € N and
1 < d we have

/ \I/;NMN_l dJZQ...dZL‘N
(Td)N-1

S C and ||(MN)1||01(’]I‘d) S C.
H1(Td)

Note that we have used the Poincaré inequality on T¢ (cf. Lemma B.5) to extend the
gradient bound from (7.61) to an H*(T?) bound uniform in N. Moreover, by the chaoticity
assumption My — Opmin (see Remark 7.17) we can conclude that as N — oo we have
(My); — v™® in C°(T%). Then, passing to the limit in (7.74) we can see that any

weak-H'(T?) accumulation point U™ € [H! (']I‘d)}d of the function

/ UN My _y de...de,...,/ U My_y dzy...dzy |,
(’Ed)Nfl ('H‘d)N—l

satisfies the equation
PN, UV o dry = — [ 7V, - @ day
Td Td
with the condition

/ \Ijmln’y*'mln dl’l — O,
Td
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which follows from passing to the limit in (7.60) in the same fashion as above. This
uniquely determines the limit U™, Therefore, up to exchanging the coordinates, we can
pass to the limit in the diagonal of (7.58). That is to say for every set of indices i, j
satisfying (k — 1)d <, j < kd, we have

(1.75 AT [ 7 oy 4 o)

Td

where 7 and 5 are respectively ¢ and 7 modulo d. We also notice that using the a priori
estimate (7.61), we have that for every pair of indices i and j satisfying (k1 —1)d < i < kid
and (k?g — 1)d S ] S k’gd with k’l 7é kg

) Aeff N‘ N—o0 ‘

(7.76) ’ < N — "0

Step 4. Finally, we show that we can pass to the limit in the equation
(7.77) O p™* =V - (AN pN) on (0,00) X (]Rd)N

We consider a test function ¢ € C?((R%)") and extend it trivially by 1 to C?((R%)™).
Testing (7.77) against ¢ we obtain that for every ¢t > 0

/ P (1) dx—/ dx—/ / (AN ) pN*(s) dads.
(Rd)N (Rd)N Rd

Next, we use that ¢ only depends on the first nd variables to obtain
(7.78)

/ ppy () dz —/ wpy*(0) dz —/ / Aeﬁ N}lgmgndVg@)p,jj’*(s) dz ds,
(R (Rt (Rt

where pN* € Py((RY)") is the n'® marginal of p™* and [AQH’N]1<U<M € Rmdxnd ig the

first nd x nd coordinates of A°™. Therefore, pY* is a weak solution of
Opn ™ =V - ([ATN] V) on (0,00) x (R?)".
By Step 3., we note that

1<i,j<nd

A gijcna = [ A’

1<i,j<nd 1<4,j<nd

where A% € RN denotes the matrix which if considered in d x d blocks is diagonal,

with the diagonal given by the constant matrix

Aef'f _ﬁfl ([+V\Ijm1n) d~rn1n Rdxd7

min
Td

which is nondegenerate elliptic by Remark 7.14. Therefore, for N large enough the matrix
[Aeff’N } | <ij<nd is uniformly elliptic and we can use standard techniques from parabolic

PDEs to obtain compactness of the curve p2* in C([0, T]; P((R?)")). By Step 3., we can
use (7.75) and (7.76) to pass to the limit (7.78) and obtain
(7.79)

/ e (t) dZ—/ epy (0) dz —/ / ( Aooleﬂ] N Vgo)pjio(s) dzds.
(R R)n Rd)n 1<i,j<nd

Equation (7.79) completely characterises A}lm ph* =i p> € Py((RY)™). In particular, one
—00
can check that the above PDE decouples for each particle and we have that

T = (ST HX)"



224 7. SCALING LIMITS

where SN : Py(RY) — Py(R?) is the solution semigroup associated to
=V (A%.Vp)  on (0,00) xR,

and X" for any X € Po(P2(R?)) is as defined in Definition 7.1. As the marginals
characterise A}im PV (t) = X (t) € Pa(Pa(RY)) (cf. [CDP19b, Lemma 3|, Definition 7.1)
—00

and the choice of 1 < n < N was arbitrary, we obtain the desired result
X(t) = S X .
Combining this with Theorem B, we have that, for a fixed ¢t > 0, the solution p*%(¢)
of (7.3) satisfies
lim lim p=™ () = lim pN*(t) = X (t) = SMP# X, .

N—o00e—0 N—o0

7.4. Proofs of Section 7.1.9

In this section, we include the proofs of Corollaries 7.23 and 7.24 and Lemma 7.26.

PROOF OF COROLLARY 7.23. The proof follows by combining the results of Corollary 7.11
and Lemma 7.37. Indeed, we can first apply Theorem 7.9 which tells us that:
lim lim p™" = Sf# X, .

N—o00 e—0

However, from Lemma 7.37, we know that (7.14) can have only one steady state. But Propo-
sitions 7.8 and 7.19 tell us that steady states must be minimisers and minimisers always
exist. Thus, for 8 € (0, o], we have that 7* = 7™ the unique minimiser. It follows that:
: : e, N — Q% — Qmin
il = S0 = S X,
The limit the other way around follows by applying Theorem 7.16 and using the fact that
EMV has a unique minimiser. 0

PROOF OF COROLLARY 7.24. Since lir% e 4po(e71z) = §y € Po(R?), one can check that
e—

il =t 5 = 0, = %o
The proof of the limit e — 0 followed by N — oo follows by simply applying Theorem 7.16
and using the fact that for 3 < ., EMV has a unique minimiser ™" (cf. Definition 7.18
and Proposition 7.8).

For the other limit, since the initial data pg’N is rapidly varying, the corresponding
initial data for (7.13) is precisely p3” and is independent of ¢ > 0. Thus, we need
to show that (A3) holds for some fixed initial data 7y € P(T9) independent of & >
0. Here 7y is the periodic rearrangement of py. We will prove this by using the fact
that if 5 < f., then (7.14) has a unique steady state, namely v,, = 1. This follows
simply from our definition of a phase transition and by plugging v, into the right hand
side of (7.14). We divide the proof into two steps. In Step 1, we show that solutions
of (7.14) enjoy certain compactness properties and converge to V., along some time-
divergent subsequences. In Step 2, we will show that if 7 is close to V4 in an appropriate
topology, then this convergence happens exponentially fast and along the whole trajectory,
if 5 < .. Combining these together will then establish (A3).

Step 1. By parabolic regularity theory, for any positive time ¢ > 0 the solution v(t)
of (7.14) is smooth for any positive time. Thus, we can assume without loss of generality
that 7y € C°°(T¢). Furthermore, as discussed in Sections 1.3 and 7.1.4, (7.14) is a gradient

flow of EMV with respect to the 2-Wasserstein metric dy on P(T%). It follows from [AGS08,
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Theorem 11.1.3| and Definition 1.12; that we have the following energy-dissipation identity
for a.e. t > 0 along solutions of (7.14):

SE @) = —|oB" | @ty - - |

Td

2
vdz.

v(t)
Vlog o~ BW (D)

Integrating from 0 to oo and using the fact that the periodic mean field free energy EMV
is bounded below (cf. Lemma 3.7), we obtain:

/1.

for some constant C' > 0. Thus, there must exist a sequence of times ¢,, — oo such that

U(ta) |-
pwesty | V() dz =0.

Viog ———%—~ BW ~(t) (t) de dt < C,

lim
n—oo Td

Since [VW x D(t)| < VW /|| oo g4y, the above limit implies the following bound along the

sequence t,,:

Using the fact that V( ) € P(T?), we have that ‘

Vlog

v(tn)

2
de = / |V log o(t,)[*D(t,) dz < C'.

< C. Thus, there exists
H(Td)

a subsequence of times t,, and a function f € H 1(']I'd) such that

U(tn,) "2 £ strongly in L*(T%), weakly in H*(T9).

Furthermore, we have that

7100 = sy = (/70000 + ) (/o0 - 1)

L1(Td)
H \/ nk g(tnk> - f
L2(T4) L2(T?)
~ k—o00
<(1+ W lpsgen) [P 8) — £ 520,
L2(T4)

Thus, [p. f2dz =1, f* > 0, and thus f? € P(T%). One can also check that the metric

slope ‘8EM V‘ is lower semicontinuous with respect to L' convergence. Thus,

J.

It follows then that ‘GEMV‘(F) = 0 and from Proposition 7.8, that f? € P(T?) is a

steady state of (7.14). Since 74, is the only stationary solution for 5 < ., it must hold
that f? = 7y and that

2

s U(t,,)dz =0.

e*/BW*fQ

/ﬁ(t”k)

Vlog —BW b (tny )

2
f?dx < lim inf/ Vlog
k—o00

Td

=0.

lim || Vt,,,
k—o0

Step 2. We now use [CP10, Theorem 2.11] which tells us that if
B < By= —(mkin W, (k)™

= Pl

and |7y — DOOHLl(Td) < g9, then

17(t) = Dol 11y < 1P0 = Pl 1 gpaye ™"
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for some C' > 0, g¢g > 0, and all ¢ > 0. Since we know from the previous step that
limy,—s0|[P(tny, ) —Veo|| = 0, there must exist some time 7" > 0 such that [|v/(T") = Ve || 11 pay <
9. We also know from Proposition 3.27 that 3. < 84. Thus, for all 3 < 3., we have that

12(t) = Pocll 1 pay < Cre™ @,

where C7 := maXsepo,r)[[V(s) — Vaollp1(pay < 2. Thus, we have shown that (A3) holds,
completing the proof of the first part of the result.

We remind the reader that W € H, means that W,(k) > 0 for all k € Z For
the second half of the result, we use the fact W € H, implies, by Proposition 7.21, that
B. = +0oo and thus the result of the corollary necessarily holds for all 5 < +oc and rapidly
varying initial data. We now sketch how to extend the result to all chaotic initial data.
We note that by applying Duhamel’s formula for the solution of (7.14) one can show that
there exists a time, say ' = 1 > 0, such that for all initial data H(v(1)|ve,) < C for
some fixed constant C' > 0. Additionally, we can apply Proposition 3.14, to assert that
for W € H, and all § < oo , we have that

H((1) 7o) < HE(1)[Poc)e” Y,

for all ¢ > 1. Since the relative entropy controls the 2-Wasserstein distance (cf. Propo-
sition C.7 and Lemma B.7), we can apply Corollary 7.11 to complete the proof of the
result. O

PROOF OF LEMMA 7.26. We know from Proposition 7.8 that steady states of the quo-
tiented periodic system (7.14) are equivalent to solutions of the self-consistency equa-
tion (7.16), which we rewrite as

e BVAWsD) ~
(7.80) V= ——F—, 4= /eB(VJrW*”) dz .
Z T

We also know from Proposition 7.19 that for £ sufficiently small the map in the above
expression has a unique fixed point. Thus (7.14) has a unique steady state for 8 sufficiently
small. Since minimisers of EMY exist and are always steady states (cf. Propositions 7.8
and 7.19), it must also be the unique minimiser of E™Y. We argue further that any
minimiser of FMY must be symmetric about * = 1/2 and decreasing from 0 to 1/2.

This follows directly from the Baernstein—Taylor inequality for spherical rearrangements
of functions [BT76].

To investigate the problem ahead of the phase transition, we consider (7.80). Plugging
our choice of V' and W and testing against cos(2wz) we can simplify this to

=271 /]Td cos(2mz) exp(B(cos(2mz)(n + v1) + sin(2rx)v_q)) dx,

where 1 = (U, co8(272)) 12(qay and v_1 = (v, 8In(272)) 2 pa). Let us consider the problem
when v_; = 0, as this corresponds to the setting when 7 is symmetric about = = 1/2.
Simplifying further we obtain:

n=27"1 /Td cos(2mx) exp(B(cos(2mx)(n + v1))) dz .

Using the fact the modified Bessel functions of the first kind can be expressed as I,,(y) =
i cos(2mna)ev s37) dz, we obtain:

v =1o(B(n+11))
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where ro(z) := I(x)/Io(x), and I,Iy are first and zeroth modified Bessel functions of the
first kind. Setting 5(n + 71) = a we simplify the above expression to

(7.81) a=B(n+ro(a)).

The function ro(a) has the following properties (cf. Proposition 3.47):
7"0(0) =0

(7.82) alggo ro(a) =1 ali}r_noo ro(a) = —1

(7.83) ro(a) <0, a>0

Note that only solutions of (7.81) with a > 0 can be minimisers of the free energy, as for
a < 0 the solutions are increasing from 0 to 1/2. We argue now that (7.81) has exactly
one solution for a > 0, for all 5 > 0. Consider the function F': R — R defined as follows

F(a) :==pB(n+ro(a)) —a.

We know that F'(0) = n > 0. Furthermore for a large enough and positive we have that
F(a) < 0, using (7.82). Thus, by the intermediate value theorem, for every fixed § > 0,
we can find at least one a™™ > 0 such that F(a™™) = 0. Now if F(a™™) = 0 for some
a™n > (), we must have that Srj(a™") < 1. If not, we would have that

P =pn+ [ (5rj(a) = 1)da
>0 + a™™ (Bro(a™) —1) > 0,
which is a contradiction. In the last inequality, we have used (7.83). This implies that
F'(a™™) = Bri(a™™) —1<0.
Also
F"(a) = pri(a) < 0.

Thus, once F”(a) < 0 it remains negative for all @ > 0. It follows that F'(a™") = 0 for only
one a™® > (. Since this is the only symmetric decreasing solution of (7.16) it corresponds
to the unique minimiser of E™" through the expression in (7.25). It is also must be the
unique steady state obtained using the contraction argument earlier in the proof.

We will now show that for 5 large enough we can find another solution of (7.81) for
a <0. Let n =1—¢ for some 6 € (0,1). From (7.82) we know that there exists some

a’ < 0 such that for all a < d’, ro(a) < —1+ 6/2. We then have that
F(a") =f — B0 + Bro(d’) — d
< — ﬁg —a.

Furthermore , since 7q(a) is an odd function and n > 0, if @™ is a solution of (7.81), then
—a™™ cannot be a solution. It follows that a* # —a™®, O

7.5. Coupling arguments

In this section, we will use coupling techniques introduced by Eberle and co-authors
(cf. [Ebell, Ebel6, EGZ19, DEGZ18|) to show some necessary results required for our
proofs of Theorem 7.9 in Section 7.2. For the sake of notational convenience, we set
d = 1. The proofs in higher dimensions follow in a similar manner. Following the strategy
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in [DEGZ18|, we construct a new metric which is equivalent to the 1-Wasserstein metric
on P(T). We define the constant

k= 1inf V'(z) 4+ inf W"(z) <0,

z€eT zeT

which gives a lower bound of the semi-convexity of the function of V" and V + W xv* on
T. Next, we define the following functions on [0, 1/2]:

Y(r) = exp(62r2), d(r) = /Or@/z(s) ds,
Bl

o) = 1= 5 [[ B s, e ( [ eowen ds) e =

We note that g(r) € [1/2,1] for all r € [0,1/2] and limg_,o+ ¢ = 1/8. Additionally, both 1
and g are decreasing functions of r. Thus, the function f : [0,1/2] — [0,1/2] defined as

£0) = [ a(s)uts) ds.
0
is increasing and subadditive. Furthermore, we have the bounds

¥(1/2)
2

Thus, ds(z,y) := f(dr(z,y)) defines a metric on T which is equivalent to dy. The main
point of this construction is to obtain the following inequality

(7.85)

r< fir)<o(r)<r.

(7.86) () — Brict Y) < —g fr)  forallr €0,1/2].
This easily follows from the following computation:
f(r) — ﬁr,«;# :ﬁrgf’(r) — gfb(r) — 51%% = —gfb(r) < —gf(r).

Moreover, we define the Lipschitz functions %, % : R — R for some § > 0, such that

0 ~(z]) <0/2

(7.87) (D)) + ()X 2) =1 ¢(x) = {1 Y(z]) > 6

where the function v : Ry — [0,1/2] maps Euclidean distances to distances on the torus

lel) = {(m mod 1) (le| mod1)<1/2

1 — (|| mod 1) otherwise

The introduction of the function v to account for the periodic setting is the main difference
with the results in the literature [Ebell, Ebel6, EGZ19, DEGZ18]. We have the following
result:

LEMMA 7.36. Assume that (A3) holds and consider the two SDEs in (7.48) and (7.56).
Then there exists a coupling of (X;,Y?) and a metric dy on T¢ which is equivalent to dra
such that

supE[df(Xt,Y;)ﬂ =0
e>0

ast — oo.
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PROOF. Again, for convenience, we write the proofs in 1 dimension. The generalization
to higher dimensions follows along similar lines. We start the proof by using the metric
ds defined previously. We now proceed to construct the coupling between the two pro-
cesses by considering the corresponding processes on R, i.e. Y;® and X;. We assume that
Law(X() = v* € P2(R) such that the periodic rearrangement of v* is precisely v*.

Let B} and B? be two independent standard Wiener processes which are also in-
dependent of the initial conditions. We then couple the processes in a similar manner
to [EGZ19] as follows

(7.88)

dYE = —V'(YE) dt — W' % 75 (8) (V) dt + /2871 (£ (E)dBE + % (E;)dB2)
Law(Yy) = 1§ € P2(R),
(7.89)

X, = —V/(Xy) dt = W% 77 (X,) dt + /2671 (=G (Ey)dB} + ¢3(E,)dB})
Law(Xp) = v* € Po(R).

where L := Y — X, and X, Y are independent. This above coupling corresponds to a
combination of reflection and synchronous coupling. Note that we have suppressed the
dependence on § for the sake of notational convenience. However, in the limit as 6 — 0
the processes X; and Y,° converge P-a.s. to corresponding limits with only reflection
coupling. We also define the following function

FE,
=t |E] >0
e = {Etl | £

0 otherwise

Subtracting (7.89) from (7.88) and using the same arguments as in [EGZ19] we obtain

d| B = = (VI(Y7) + W7 () (YF) = VI(X) = Wix v (Xy)) (ex) di

+ 2\/ 257 (707, Et etdBt .

Note now that the function Ry > x — ~(z) is a function whose derivatives are of lo-
cally bounded variation. Thus, it can be expressed as the difference of two convex func-
tions [Har59, Theorem (I)]. We can thus apply the Meyer—Tanaka formula [KS91, Theorem
6.22] to it, to obtain

Y(E]) =7 (| Eol) — / VBV (Ye) = W 5()(Ys) = V(X)) = Wk 07 (X)) (es) ds

/ (1 EL)2v/25 108 (Ey)eud B! + / Ada) dy" (),

Ry

where v, is the left derivative of v, A; is the local time of the process |E;|, and +” is
the negative part 7" the distributional derivative of v. We can throw away the positive
part as ¢2(0) = 0, so the local time does not charge it. The reader should note that
Y(|Ey|) = dp(X,,YF), ie. it is distance on the torus between the quotiented processes.
Since the local time is an adapted nondecreasing continuous process it follows that A; :=
fR+ Ai(a) dvy”(a) is an adapted nonincreasing continuous process.
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Since y; := v(|Ey]) is a continuous semimartingale we can apply It6’s formula to f(y:)
to obtain

df () = = ') n(IED(VI(YE) + W () (V) = VI(Xy) = WD (Xo)) (er) dit
+ f1(W)d A+ (| E)2v/287 160 (Eyed B!
+4f" (1) B (A(ED)) (i Bel))? dt
Next, we note that since f’(z) > 0 and A; is nonincreasing we have the bound
df () < = F (BN (VI(YE) + W v (V) = VI(Xe) = W v (X)) (e) di
+ )V ED (=W () (Y7) + W v (V) (e)
+ 7| ED)2v/2871 90 (Eewd B
+ 4L (1) B (E))? dt
(7.90) <= f () ENVY) + Wt (Y7) = VI(Xy) = W07 (Xe)) (er) dt
1N ey I e IVl oy Ao (7 (£), 77) dt + 2 (| EL|)20/287 100 (Er)erd B
+4f" ()87 (er(E)) dt,

where in the second inequality we have used the dual formulation of the 1-Wasserstein
distance. Consider now the 1-periodic function F' :=V + W x v*, using the definition of
~v and k we have the inequality

V(B (F'(YF) = F'(X0)(er) 2rdn(Xy, V) = i
Applying this estimate to (7.90) and using the fact that f’ > 0 we obtain
df () < — £f (v dt + 41" () B~ (92 (E0)* dt
W ooy da (7% (), 7) dt + 5| Eo|)2/28 " 00 Ey)erd B} .
= — £ f' () (@2(Er))? At + 41" (1) B~ (2 () dt + £ ' (3) % (97 (Ev))* — 1) dt
+ ”WH”LOO(T)dl(gE( ), ) dt + v, (| B )QWSOT Ey)e,dB; .

Applying the differential inequality for f (7.86), f’ < 1, and the definition of ¢° (7.87)
we obtain

A 0) < — 2687 F (G EN dt + P50t 4 W s (5 (0),57)
U ED)2v25 6 (Ey)eyd B!
< — 287 () dt + 2067 £(8) dt + 1o
B2/ 2B T (B )eidB)

Taking the expectation of the above expression and passing to the limit as 6 — 01, we
obtain

5] —e(p)
5dt+||W””L<>o(1r) 1(5(8),v7) dt

SR (] < ~208 B[ 00)] + W) ey (75(0), 7).

It follows by Gronwall’s lemma that

(791)  E[f(3)] < e E[f(30)] + [W | ooy > /0 207y (7(1), 77) ds
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Applying (A3), we have that ]E[dT(Xt,Yf)] = E[f(11)] = 0 as t — oo, X, and Y are

the coupled quotiented processes obtained in the limit as 6 — 0,. This completes the
proof. O

LEMMA 7.37. Gwen V and W, there exists an explicit By depending V' and W such
that for
B < Bo
there exists a unique minimiser and critical point, v™® € P(T?), of the periodic mean
field energy (7.15) and Cy depending on 3, W and V such that

d2( ( ) "“Inln) < e—Cgt
where v(t) is the solution to the periodic McKean—Viasov equation (7.14) with arbitrary

initial data vy € P(T?).

PROOF. As done previously, we state the proof in 1 dimension for the sake of simplicity.
Clearly for g small enough, by Proposition 7.19, the periodic mean field energy has a
unique minimiser, ™. Similar to the proof of (7.36), we consider the processes on R

4y, = —V'(Yy) dt — W' D(t)(Yy) dt + /2871 (@2 (Ey)dB} + 3 (Ey)dB})
Law(Yp) = v € P2(R),

dX, = —V/(X) dt — W' 50 (X,) dt + /2871 (—l(E)dB} + ¢3(E,)dB?)
Law(Xy) = v™" € Py(R).

such that 7y, ™" are the periodic rearrangements of vy, ™", respectively. We obtain the
inequality (7.91)

t
B[ (00)) < ¢ B )+ [ W [ (0s), 77 d,
0

where v, = dp(X;,Y;). Using the fact that Law(Y;) = D(t) and Law(X;) = 7™ and
applying the bounds from (7.85), we obtain
Bk

‘%dl(;(z&),ﬁmin) < dp(T(t), 7™m) < E[f (7))

Combining this with the previous identity and applying the integral version of Gronwall’s
lemma we obtain

dy (F(t), ™) < exp(—2c87"1) +texp<—t (5—1c e HmIW ”me))
Using the lower bound for ¢ (7.84), we have the following: if

%]
(7.92) o > [IW| e gy
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CHAPTER 8

Conclusions and future perspectives

In this chapter, we will summarise the results in this thesis and discuss some open
questions related to them which could be addressed in future research.

8.1. Phase transitions and long-time behaviour

In Chapters 3 and 4 we have discussed in detail the bifurcations and phase transitions
of the McKean—Vlasov (MVE) and aggregation-diffusion (ADEm) equations. We have
shown how rich the associated free energy landscape can be for certain interaction poten-
tials. A question we have left unanswered is the long-time behaviour of the solutions of
these equations. While the the long-time behaviour before the phase transition has been
studied in quite some detail (cf. [CMVO03]), the literature on the behaviour ahead of the
phase transition is sparse. The only result seems to be the work by Giacomin, Pakdaman,
and Pellegrin [GPP12| on the Kuramoto model with identical oscillators.

Together with J. A. Carrillo and J. Wu, we intend to study the long-time behaviour of
these equations using techniques from the theory of gradient flows and dynamical systems.
We hope to be able to obtain information on long-time behaviour of these systems both
before and after the phase transition. Additionally, together with J. A. Carrillo and Q.
Wang, we intend to study the long-time behaviour of the Keller-Segel model on T¢ with
quadratic porous medium diffusion using similar techniques. This work will rely on similar
regularity estimates to those derived in Theorem 4.3 to obtain the necessary compactness
of the solution curves.

QUESTION 8.1. Can one characterise the long-time behaviour of the McKean—Vlasov
equation (MVE) and the aggregation-diffusion equation (ADEm) ahead of the phase tran-
sition?

8.2. Rearrangements in clusters

In Chapter 5 we presented the proof of a new rearrangement inequality on T? (cf. Theo-
rem 5.7) and used it to study the symmetries of the minimisers of £ and Eﬁﬁ. It would
be interesting to see if this can be generalised further. Let us assume that V, W € C?(T)
are such that they have n-equally spaced “wvalleys” for e.g. — cos(nx). Then, is it true
that the minimisers of the corresponding energies have n-equally spaced “peaks” It turns
out that this question can be made precise by defining a notion of cluster rearrangements.
We have obtained preliminary results that indicate that a rearrangement inequality for
such cluster rearrangements may hold true.

QUESTION 8.2. Is it possible to generalise the rearrangement inequality for the toroidal
decreasing rearrangement to the cluster rearrangement?

8.3. Dynamical metastability

In Chapter 6 we discussed the phenomenon of noise-induced metastability in sys-
tems of interacting diffusions. It turns out that these systems exhibit another form of
metastability: dynamical metastability. This phenomenon manifests itself at the level of
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the mean field PDE. Consider, for example, the McKean—Vlasov equation (MVE) with
Q =R and VW € CZ(R?). Then, it follows from [CDP19a, Theorem 3.1] that the
equation has no stationary solutions p € P(R?). However, numerical simulations indi-
cate (cf. [CCY19, |) that for locally attractive W and sufficiently localised initial data
solutions of the McKean—Vlasov equation converge exponentially fast to a slow manifold
of clustered states. Following this convergence, they remain on the slow manifold for a
long period of time, slowly leaking mass as they converge to 0. This separation of time
scales is commonly referred to as dynamical metastability. It was studied by Otto and
Reznikoff [OR07| in the context of the one-dimensional Allen-Cahn equation. Together
with A. Schlichting, we are working on obtaining a rigorous characterisation of this phe-
nomenon for the McKean—Vlasov equation with V' =0 and W chosen to be the negative
Gaussian with a sufficiently small variance.

QUESTION 8.3. Can one obtain a rigorous characterisation of dynamical metastabil-
ity for the McKean—Vlasov equation with smooth and bounded interaction and confining
potentials?

8.4. Asymptotics of the Poincaré constant

In Chapter 7 we studied the behaviour of the interacting system of diffusions in the
joint mean field and diffusive limit. The study the limit ¢ — 0 followed by N — oo
(cf. Theorem 7.16) was reduced to studying the behaviour of the associated effective
covariance matrix A"V where A"V is given by

AN — gt (I+VUY)My dz,
(THN

with My the Gibbs measure of the N-particle system (cf. (1.9)) and ¥¥ the solution of
the associated corrector problem (7.21). The techniques we used to pass to this limit
may also prove useful in passing to the limit N — oo in the Poincaré constant of the
Gibbs measure My, i.e. the first non-zero eigenvalue of the generator Ly of the system
of interacting diffusions. This is equivalent to passing to the limit in the minimiser of the
associated Dirichlet form:
(81> )\i\/ = Hé,lln _<30N7 LN()ON>L2(R47MN) = I%IIH/Q‘VQDNFMN da:?
with S = {¢V € H'(RY, My) : ||¢N||L2(Rd’MN) = 1}. As can be seen from (8.1), the
expression for the Dirichlet form is quite similar in structure to the expression for the
effective covariance matrix A°™V. Thus, we may be able to use similar techniques to pass
to the limit N — co. The behaviour of the Poincaré constant A in the limit as N — oo
will tell us how the rate of convergence of the associated Fokker—Planck equation (7.3)
to its invariant measure My will behave in the limit. If the mean field system exhibits a
phase transition, one would expect this rate of convergence to degenerate at the critical
temperature. This is a work in progress with G. A. Pavliotis.

QUESTION 8.4. Can one study the limit N — oo of the Poincaré constant \Y ?
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APPENDIX A

Functional analysis and bifurcation theory

A.1. Functional analysis

In this section, we will discuss some facts from functional analysis which will be useful
for the results in this thesis. Let X be a Banach space over R, i.e. a complete, normed,
vector space over R with the norm denoted by ||-||. Let X’ be its topological dual and
denote by (-, )y, x the dual pairing between X, X’. X" is a Banach space when equipped
with the norm

|2l = sup (&) 2)y x,
zeX ||zl x <1
for any 2/ € X'. As is usual, we refer to the normed topologies on X and X’ as the
strong topologies. Furthermore, we refer to the coarsest topology on X such that all
elements ' € X’ are continuous as the weak topology on X. Similarly, we refer to the
coarsest topology on X’ such that for all elements © € X C (X’)" the maps X' — R,
X' 5 2 — (2/,z) are continuous as the weak-x topology on X’. We start with the
following useful characterisation of lower semicontinuity on X.

THEOREM A.1 (|Brell, Theorem 3.7, Corollary 3.9]). Let F : X — (—o00,+0o0] be a
proper, convex function. Then F' is l.s.c in the strong topology if and only if it is l.s.c in
the weak topology on X.

PROOF. The proof follows from the fact that a convex set is closed in the strong topology
on X if and only if it is closed in the weak topology on X. The implication one way
is clearer since the weak topology is coarser than the strong topology. Now let C' be
convex and closed in the strong topology on X. We will show that C' is open in the weak
topology. Let xy € C°. Then by the Hahn-Banach theorem we can find some hyperplane
separating {zo} and C, i.e. there exists a 2’ € X’ and a € R such that

<x,7m0>X’,X <a< <$/ay>X',X VyeC.

Then the set {x € X : (2/,2)x x < a} C C° contains zy and is open in the weak
topology. 0

We denote by L(X) the space of bounded linear operators on X. We equip this with

the norm
1Ty = sup [[Tx
zeX,||z||<1

One can check that this turns L(X) into a Banach space. We say an operator T € L(X)
is compact if the image of on any bounded set is relatively compact. We denote by
K(X) C L(X) the space of compact operators. We say that on operator 7' € L(X)
is completely continuous if it maps weakly convergent sequences to strongly convergent
sequences. It is clear that all compact operators are completely continuous since any
weakly convergent sequence is bounded. Furthermore, we have the following result:

THEOREM A.2 (Banach-Alaoglu). Let X be a Banach space and X' its dual. The
closed unit ball o' € X' : ||z||y, <1 is compact in the weak-+ topology.
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If X is reflexive, then the weak and weak-* topologies on X’ are the same. Thus if
T € L(X') is completely continuous operator, for X’ the dual of a reflexive space, any
bounded set is compact in the weak and weak-* topologies on X’. It follows that 7" must
be compact. We now introduce the following class of operators that will play a role in
the bifurcation analysis in Chapters 3 and 4:

DEFINITION A.3 (Fredholm operator). An element of T' € L(X) is said to be a Fred-
holm operator if its kernel ker(T) := {z € X : Tx = 0} and cokernel coker(T") :=
X/Im(T) are finite dimensional. We define the index ind(7") of a Fredholm operator to
be

ind(7) := dim ker(7T") — dim coker(7’) .

We have the following characterisation of Fredholm operators:

LEMMA A.4 (|Dav07, Theorem 4.3.4, Lemma 4.3.3|). We have the following:

(a) If T is Fredholm, then its range Im(T') is closed.
(b) If T € K(X), then I + T is Fredholm.

PROOF. We start with the proof of Lemma A.4(a). We know that ker(7") is finite dimen-
sional. So it has a closed complementary subspace Y; C X by the Hahn—Banach theorem.
Furthermore, the map 7" : Y7 — Im(7T") is a bijection. Let Y, be a finite dimensional com-
plementary subspace of Im(7"), which necessarily exists since dim coker(7") < oco. Note
then that the mapping 75 : Y; & Yo — X given by

To(y1 ® y2) = Ty1 + Yo,

is bounded and invertible. Thus, by the inverse mapping theorem, 7, ! is bounded (and
therefore continuous). It follows that the set (7, ')~1(Y; @ {0}) = T»(Y1 @ {0}) = Im(7)
is closed.

We now proceed to the proof of Lemma A.4(b). We first prove that ker(7+1T) is finite
dimensional. If not, we could find a sequence {z,}, . C ker(/ + T') such that ||z|, =1
and ||z, — zp| y > 1/2 for all n,m € N. It follows that T'({z,},cy) = {A\n}, ey has no
convergent subsequence. This is not possible since {x,}, .y is bounded T" is compact. We
now decompose X = ker(I + T) + Y] where Y] is the closed complementary subspace of
ker(/ + 7). We will now show that Im(/ + 7T') is closed. Let y,, € Im( +T') be such that
|yn—yllx — 0asn — oo for some y € X. Then we can find a sequence {z,}, . C Y7 such
that y, = (I + T)x,. Assume {x,}, .y is not bounded, then we can find a subsequence,
which we do not relabel, such that ||z,|y — 0o as n — co. We define ) = x,,/||z,]| -
Then, we have that y,, := (I + T)z}, — 0 asn — oo in ||-|| . Since T is compact we have
that z;, = =Tz}, + y; has a convergent subsequence. Thus we have that ||z}, — 2'||, — 0
as n — oo, where ||z!]|, = 1 2! € Y, and 2! = —T2'. Since (I + T is injective on
Y; it follows that  =' 0. Thus, we have obtained a contradiction and {z,}, .y must be
bounded.

Now that we know that {z,},.y is bounded we have, by the compactness of 7', that
z, = (=Tx, +vy,) has a convergent subsequence. Passing to the limit in this subsequence,
we have that © = —Tx +y. It follows that y = (I + T)x and so Im(I + 7)) is closed. Now
since Im(;+7) is closed it follows from [Brell, Theorem 3.19| that its codimension is the
dimension of ker(/ + 7%) on X’ where T™* is the adjoint of 7". Since 7™ is also compact,
dimker(I 4+ 7%) < oo, completing the proof. O

We conclude our discussion of Fredholm operators with the following result:

LEMMA A.5 (|[Dav07, Lemma 4.3.10]). The index of a Fredholm operator is norm-
homotopy invariant, i.e. given a norm-continuous map [0,1] > t — T;, where T} is
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Fredholm for all t € [0, 1] we have that
ind(7},) = ind(73,) ,
for all t1,t € 10, 1].

PROOF. We first pick |t; — to| < € for some € > 0. Let Y] be complementary to ker(73,)
and Y, b complementary to Im(73,). We know from the analysis in the proof of Lemma A.4
that we have the following decomposition of T;, as a map between Y; @ ker(7;,) and

Im(7;,) &Y
o= (4 2) (1)

We know that 73, : Y3 — Im(7},) is a bijection. Thus for € > 0 small enough A : Y} —
Im(T},) is also a bijection with a continuous inverse. We have that T}, (y; @ x) = 0 if and
only if

Ay + Bz =0

Cy, + Dz =0 .
This is equivalent to

(D—-CA™'B)z =0,
where one can check that D — CA™'B : ker(T},) — Ya. Thus, we have that
dimker(7T},) = dimker(D — CA™'B).

We can apply a similar argument to Ty and Ty, with ¢ small enough such that

dim coker(7},) = dim coker(D — CA™'B).
Since D — CA™'B is a mapping between finite-dimensional spaces, by the rank-nullity

theorem, its index is given precisely by
ind(D — CA™'B) = dim(ker(T},)) — dim(Y3) = ind(T},) .

Thus, the ¢ — ind(7}) is locally constant. It follows that it is constant for all ¢ € [0, 1].
U

It is not always easy to check if an operator is compact. We conclude this section
by introducing a subclass of compact operators: Hilbert-Schmidt operators. Let X be a
separable, Hilbert space with a complete orthonormal basis {x},.y and inner product
given by (-,-)y. An operator 7' € L(X) is said to be Hilbert-Schmidt if

(A.1) 1T s = DIk < o0,
keN

where ||| ;¢ is referred to as the Hilbert-Schmidt norm. Note that the choice of or-
thonormal basis does not change the value of the Hilbert-Schmidt norm. We conclude
this section with the following useful result:

LEMMA A.6 (|[Dav07, Lemma 5.5.4]). Hilbert-Schmidt operators are compact.

PRrROOF. Let T be Hilbert—Schmidt. We note that we can rewrite the Hilbert—Schmidt
norm as

2 2
ITWzs = D 1T ye) x|
k,teN
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where {y},y is some other complete orthonormal basis. Given two unit vectors 1,y €
X we can always choose them to be the first elements of {2}, .y and {y¢},y, respectively.
Thus we have the bound

<T.ZU17 yl)i S Z |<TIk, yf>X|2 )
k,£eN

and, since xy,y; were arbitrary, ||T||L(X) <||IT|| - Now, we express T"as T' = T + B,
where
N

TNZL‘ = Z <A$k, y@(x, l’k>fg s

k=1

is a finite-rank operator (and hence compact) and By is Hilbert—-Schmidt. Furthermore,
we have that

N
IBxI7x) < IBxllis = D WTww o) = Y [Tw, ye) x|

k,LeN k=1

which tends to 0 as N' — oco. Thus, we have that [Ty — T'l| ) goes to 0 as N — oc.

Since Ty € K(X) for all N and K (X) is closed in the operator norm topology (cf. [Brell,
Theorem 6.1]), the result follows. O

A.2. Bifurcation theory

Let X be a separable Hilbert space and denote by L(X) the set of bounded, linear,
operators on X. For F': X x (0,00) — X a twice Fréchet-differentiable mapping, we
define N = ker(D,F(xo, ) and R = Im(D,F(xg, 5«)). Furthermore, we assume that,
F(zo,p.) = 0 for some (z¢,5:) € X x (0,00). We also assume that D,F(xq, ) is a
Fredholm operator with index zero and that dim N = 1 from which follows that codim R =
1. Then, we have the following decompositions into complementary subspaces of X:

(A.2) X=N&X, and X=R&Z,

where N = span[vg] and Zy = span[zg] for some vy, 29 € X. We can also pick Xy to be
orthogonal to N and closed, i.e. Xy = {z € X : (x,vy)y = 0}, where (-, ), denotes the
inner product on X. This allows us to define the following canonical projection operators:

(A.3) P:X—N and Q:X—2Z,

which, by the closed graph theorem, are continuous.

THEOREM A.7. There is a neighbourhood V' of (x¢, Bs) in X x (0,00) such that the
mmplicit equation

(A.4) F(z,8)=0, (2,8)eQxV,

18 equivalent to a finite-dimensional problem, i.e. there exists QCNand®:QxV — Z
continuous with ®(vy, 5x) = 0 for some (v, Bi) € Q X V' such that (A.4) is equivalent to

®(v, B) =0, (v,8) €eQxV C N x(0,00).
The function ® is referred to as the bifurcation function.

PROOF. Using the projection operators defined in (A.3), we can restate the bifurcation
problem (A.4) as follows,

(A.5)
QF (Pz+ (I —P)z,8) =0 and ([ —Q)F(Pz+ (I — P)z,8) =0 for (z,8) €QxV.
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Let us recall the orthogonal splitting (A.2) from which we obtain two open jleighbourhoods
QC QNN and W C QN X, such that (vy,wy) = (Pzo, (I — P)xg) € 2 x W. we now
define the operator G : Q x W x V — R by

Gv,w,8)=(1 -Q)F(v+w,p), with v=Pzr and w=(I—- P)z,

We thus have that G(vg, wo, f.) = 0. Since the projection operators are continuous, we
can compute D, G(vg, wo, 5) = (I — Q)D,F(xg, 5,) : Xo — R with R defined in (A.2).
One can check that this mapping is a homeomorphism between Xy and R. Applying the
implicit function theorem, we see that

G(v,w,B) =0 in OxWxV,
is equivalent to
w=U(v, ) for some U: QxV — W,
such that
(A6)  wo="(vo,B:) and Dy (v, B) = —(DuG(¥(v, B), v, B)) " D,G(¥(v, B),v, B)
where v = (v, 8) € Q@ x V and D[] = (D,[-] D3[]). Inserting the function ¥ into (A.5)

we obtain,

(v, 8) =1 = Q)F(v+¥(v,5),5) =0,
which is the desired result. Finally, the continuity of ¥ and @) gives us the desired
continuity of ®. 0

Since we know that the function ¥ is C! we can expand about (v, 3,) to obtain
(70 + h) = wo + Dy(y0)h +11(h)
where vy = (vg, B«) and }1}1%”7"1(]1)“)(/“]1“)( = 0. It should also be noted that
—

DG (v, wo, B.) = (I — Q)DuFl(zo, ) : N — R =0 € L(N, ).
Thus, using (A.6), we have that D,V(vy, 8) =0 € L(N, Xy). We now state the Crandall-

Rabinowitz theorem (cf. [Nir01, Kiel2]) for bifurcations with a one-dimensional kernel.

THEOREM A.8. Consider a separable Hilbert space X with  C X an open neighbour-
hood of 0, and a nonlinear C* map, F : Q xV — X, where V is an open subset of (0, 00)
such that F(0,5) = 0 for all 5 € V. Assume the following conditions are satisfied for
some B, € V:

(1) D.(0,B.) is a Fredholm operator with index zero and has a one-dimensional kernel

(2) D35(0, B.)[00] ¢ Im(D.(0, B.)), where vy € ker(D,(0, 5.)), [[7o]l x = 1
Then, there exists a nontrivial C* curve through (0, 8,) such that for some § > 0,

{((s), 6(s)) s €(=06,0),2(0) =0,5(0) = B} ,
and F(z(s), B(s)) = 0. Additionally, for some neighbourhood of (0, B.), this is the only

such solution (apart from the trivial solution) and it has the following form:

z(s) = st + W(svo,¥(s)),  B(s) =1(s) ,
where W is the implicit function previously described and ¢ : (—8,0) — V is a C* function
such that ¥(0) = B.. Additionally, every nontrivial solution of F' in some neighbourhood
of (0, B,) in N x (0,00) is of the form (svy, 9 (s)). Similarly, every nontrivial solution of F
in some neighbourhood of (0, i) in N x X x (0,00) is of the form (svy, U(svy, ¥ (s)),1(s)).
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Since we have an entire branch of solutions, we can check that DgW¥(vo, 8.) = 0. Thus
we obtain a simplified expression of the form

x(s) = st + r1(s0,9%(8)) ,
Wthat L InGweeily
T e a0 5]

We finally present the following result from [Dei85, Theorem 29.1|, often referred to
as the Rabinowitz alternative (cf. [Rab71]).

THEOREM A.9. Let X be a real Banach space, V. C X xR a neighbourhood of (0, 5),
G : V. — X completely continuous, and G(z,3) = o(|z|) as x — 0 uniformly in 3
on compact subsets of (0,00). Let K be a compact, linear operator on X and (. be a
characteristic value of K having odd algebraic multiplicity with F(x,) = x — fKx +
G(x,B). If Cy C V is the set of nontrivial solutions of F(x,3) =0 in'V and Cyp, is the
connected component of Cy containing (0, 3,), then Cy.5, has at least one of the following
two properties:
(1) Cy, NOV # 0.
(2) Cva. has an odd number of trivial zeros (0, 5;) # (0, B.), where the [3; are char-
acteristic values of K with odd algebraic multiplicity.



APPENDIX B

Embeddings and functional inequalities

We set 2 = T? to be the d-dimensional torus of size L > 0. We choose the orthonor-
mal basis e, for L*() as defined in (0.4) in Chapter 0. We will use extensively the
characterisation of the spaces H*(2) described in Section 0.2.2.

B.1. Embeddings

In this section, we mention some embeddings of function spaces which will be useful
for the results in this thesis.

LEMMA B.1 (Morrey’s inequality/Sobolev embedding theorem). The space H*(S),
k€ Ry s >0, is continuously embedded in in C™(Q2) form e NNm >1, m < s—d/2,
with

[fllgm ey < CIIf]
for some fized constant C' > 0 and all f € H*().

H(Q) >

PROOF. From the Fourier representation of f we have have that

1 llmoe(y SC D (1 k™) felk)]

kezd
1/2
. 1+ |k|28 N

<C ) (1+]k| )(—s | fe(k)]

kez;d 1+ [k]”

(1+ (k") INTISNE

<C). Tr R > (L IE*) fe(’f)‘

keczd +| | kezd
SCfl”f‘ Hs(Q),ep ?

where we have used the fact that the sum
Z (14 [k[™)?
2s
kezd 1+ |k‘

converges if m < s — d/2. The convergence also implies that the Fourier series of 0, f,
for all |a| < m, are absolutely convergent. Therefore, the limits are continuous functions.
It follows that f € C™(2) with || f{|cm(qy = [|flwm.ee(q)- This completes the proof of the
lemma. U

Next, we state the Hilbertian version of the famous Gagliardo—Nirenberg—Sobolev
interpolation inequality:.

LEMMA B.2 (Gagliardo—Nirenberg—Sobolev inequality for H*(Q2)). Let f € L*(2) such
that D™ f € L*(Q). Furthermore let o € [0,1] and j € N such that

a=j/m.
Then, there exists a constant C depending only on m, j,d, o such that
j m 1-a
||Djf||Lz(Q) < CID™ fll g2l fll 2y -
245
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PROOF. The proof of this result follows from the Fourier representation of the norm
|00 f |2y for any multi-index o € N<. We have that

1D F1[3210) <Ca SR Ful)
kezd

m. J
)] m

; i LB\
—C i
d<kezzd|f( )(Z" SRIAT >\>
0d<Z|fe<k>|2> (Zlkmﬂ(kz)\?)
kezd kezd

where in the last step we have applied Jensen’s inequality and used the fact that j/m = «.
Taking the square root, we thus have that

1D £l 20y < CID™ Fll 20y I Fll 2oy
U

LEMMA B.3 (Rellich-Kondrachev theorem). The space H*(Q) is compactly embedded
in H™(Q) for all0 < m < k < +o00. This means that the canonical injection v : H*(Q2) —
H™(Q) is a compact operator.

PROOF. The proof of this also follows from the Fourier representation of the Sobolev
norms. We start by showing that H¢(Q) is compactly embedded in L?(2) for all € > 0.
Let F' C H%(Q2) be a bounded set. Then, we have that for all f € H¢(Q) it holds that

/lrhf fPde =" e ™ — 1)) fu(k
kezd
— 2—e 5 e1111 £
N e L N A
kezd
< 22‘5||f||§15<m,eklh|s-

where 73, is a translate of the function f on T? by some vector h € R%. Thus, by the
Kolmogorov—Riesz compactness theorem, the set F' is compact in L*(£2). This completes
the proof of the result for m € N as we can apply this argument to some bounded set
F c H™(Q) and check that the set of all 9, f € L*(), f € F for all multi-indices |a| < m

is compact in L2(Q). If m € R,, we apply the same argument to (—A)“Z™ f € L(Q)
to show that it is compact in L*(Q). Since ), z(1 + k"™ fo(B)]? < ||f||2Lz(Q) +

(=2

(k—=m)
2

2
f H , this completes the proof. O
L2(Q)

Consider now the parabolic space V?(27), equipped with the norm
2 2 2
HPHW(QT) = eosiiquHpHLz(m(t) + va”L?(QT) :

where Qp := [0, T] x . We then have the following embedding [DiB93, page 9|:

LEMMA B.4. Let p € V2(Qr). Then there exists a constant Cy depending only on d
such that

2 2/(2+d) | |12
1l 2p) < Cal{lpl > O} Vil -
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B.2. Functional inequalities

In this section, we present some classical functional inequalities that we will use for
the results of this thesis.

LEMMA B.5 (Poincaré inequality). Let f € H(2). Then we have that
”fHL2 < CPHVfHLQ(Q) 5

where the optimal Poincaré constant is given by ¢, = L/2m.

PROOF. For any f € Hj(f2), we have that

||f||i2(9): Z |fe(k)|2

keZd\{O}
L? 9
_4 — Z|’f| |fe( )| = 12 IV k2
kezd ~~

2
¢p

The fact that the constant c, is optimal follows from the fact that the above inequality is
an equality for f = cos(2mx/L). O

LEMMA B.6 (Logarithmic-Sobolev inequality). Let pu,v € P(2) such that p < v. We
define the relative entropy of p with respect to v to be

i) = [ 1os( ) an,

if it is finite and as +oo other wise. For the specific case of p € P(Q)NLY(Q) an absolutely
continuous Borel probability measure and set ps, = |Q| .

H(plpoo) :z/plog(poo)dx

Similarly, we define the relative Fisher information of p with respect to p to be

Z(plpos) :Z/IVlogplzpdx,
Q
when it is finite and as +oo otherwise. Then, it holds that
H(plpoo) < crsiZ(plps)
where the optimal log-Sobolev constant is given by crs;r = (L/2m)?.

The proof of the above result follows from the hypercontractivity of the heat semigroup
on the circle (cf. [EY87]) and the tensorisation property of the log-Sobolev inequality
(cf. [BGL14, Proposition 5.2.7]). We remark the the log-Sobolev and Poincaré inequalities
hold for a much wider class of measures and domains. We refer the reader to [BGL14] for
an comprehensive discussion of the conditions under which they hold and their relation to
other functional inequalities. We conclude this section with the following result relating
the the total variation distance to the relative entropy.

LEMMA B.7 (Csiszar—Pinsker—Kullback inequality). Let pu,v € P(QQ) such that p < v.
Then, we have that

1
”,U_VHTv(Q) < 57{(#’”)
Furthermore if p,v € L*(2) N P(Q) with p < v, we have that
e =vllpay = 2l = Vligpy @ < V2ZH(plv) .
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The proof of the above result and weighted variants of it can be found in [BV05].

B.3. Some other useful results

In this section, we state a few other useful lemmas and inequalities which we will use
in the proofs of Chapter 4.

LEMMA B.8 (Geometric convergence lemma). Let {X,,}
ative real numbers satisfying the recurrence inequality

Xpp1 S CLPX e
for some C.b>1 and a > 0. If Xo < C~2p=1%" then lim X, = 0.

n—oo

nen e a sequence of nonneg-

PRrROOF. Using the recurrence inequality we can, by induction, obtain the bound
Xn—l—l < Cfl/abf(lJrna)/aQ )
Since b > 1 and a > 0, the result follows. O

Let A C T be a smooth, convex, open subdomain. Then we have the following lemma
due to De Giorgi [DG57]:

LEMMA B.9. Given a function v € WY(A) and real numbers ki < ko we define
vz k] ={reA:v(r) 2k}
k1 <v <k :={xe€eA:k <v(xr) <hk}.
Then there ezists a constant C = C(d) such that
Rd+1

ko —k1)|lv > ko]| L C——
(K2 V[ 2]| I[v < k1] k1 <v<ks)]

|Vuldz,

where R = diam(A).



APPENDIX C

Optimal transport

In this section, we provide a quick introduction to optimal transport and discuss
some useful facts about the p-Wasserstein distances which we will use throughout this
thesis. We denote by (X, d) a Polish space, i.e. a complete, metrisable, separable space
metrised by the metric d. Furthermore, we denote by P(X) the space of Borel probability
measures on X. Usually, we will work with (X,d) = (R4, |- —-|) or (X,d) = (T%, dpa(-,-)).
In Chapter 7, we will also work with (X,d) = (P(R?),ds) or (X,d) = (P2(T?),ds)
(cf. Definition C.2 and Lemma C.4). We start by discussing the so-called Kantorovich
mass transfer problem:

THEOREM C.1 (Kantorovich problem). Let ¢ : X x X — [0, +o0| be a l.s.c function
which we refer to as a cost function. Then for each p,v € P(X) the following minimisation

problem
7 :=arg min (/ c(x,y) dﬂ(x,y)) ,
well(p,v) XxX

1s well-posed. Here, 11 is the set of all possible couplings of p and v, i.e.
H(p,v) ={r e P(X x X) :m(AX X)=p(A), 7(X x A) =v(A), A C X, measurable}
We refer to m as the optimal plan between p and v.

PROOF. The proof follows by the direct method of the calculus in variations. The func-
tional is bounded below since

/X Xc(:v,y) dm(z,y) > 0.

Thus, we can find a minimising sequence {m,}, .y C P(X x X). Since & is Polish, p,v
are Radon measures and therefore tight. For each ¢ > 0, we can thus find a compact set
K C X such that p(K),v(K) > 1—§/2. Thus, we have that

/X X(l — xre (@) (1 = xge(y)) dmp(z,y) >1—96.

Thus, the family {m,}, . is tight and, by Prokhorov’s theorem, has a convergent sequence
in the weak-* topology with respect to Cy(X). We denote the limit by 7* € P(X x X).
It follows from the lower semicontinuity of ¢ that the functional is lower semicontinuous
and so 7 must be its minimiser. 0J

We now define and characterise a class of distances which we will use extensively
in Chapters 6 and 7:

DEFINITION C.2 (p-Wasserstein distances). Let ¢(x,y) = d(z,y) and p,v € P(X). We
define the p-Wasserstein distance, for 1 < p < oo, d,(p, ) to be

)= i ([ der dw(m,m)l/p.

rell(pv)

249
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The minimum is attained from Theorem C.1 and the fact that d : X x X — [0, 00) is L.s.c.
Furthermore, we define the set

P(X) = {,, € P(X) : /

X

d(z, 20)? dv(z) < oo} ,

where the choice of z( is arbitrary. One can then check that, for all p,v € P,(X),
dy(p, ) < o0.

REMARK C.3. It is possible to obtain a probabilistic reformulation of the p-Wasserstein
distance. Indeed, finding a coupling between two measures p, v is equivalent to finding
two X-valued random variables X,Y on some probability space, such that Law(X) =
p,Law(Y") = v. Then we can rewrite the p-Wasserstein distance as

d — min E(X-YP)'”.

plpv) = min E(] ")
Law(Y)=v

We use this reformulation in the couplings arguments of Chapter 7.

One can easily check that d, is metric on P,(X). Indeed, it can only be 0 if the optimal
plan 7* obtained from Theorem C.1 is concentrated on {z = y} C X x X. This implies
that p = v. It is clearly symmetric. We only need to check that it satisfies the triangle
inequality. Given py, pa, p3 € Pp(X) and let 712 733 € P(X x X) be the optimal plan
between and py, po and po, ps, respectively. Then, one can find 7123 € P(X x X x X)
(cf. [AGS08, Lemma 5.3.2]) such that

T2 (A x X) =72 (A), b3 (X x A) =133(A),

for all A C X x X, measurable. Furthermore, 71%3(-, X, -) is a coupling of p; and ps3. We
then have the bound

1/p
0y (o1, ps) < ( |ty ey, z>)
XXXXX

1/p 1/p
g( [y i, z>) . ( [ dwer dw1’2’3<x,y,z>)
XXXXX XXXXX

1/p 1/p
:(/ d(z,y)” dﬂl’Q(x,y)> + (/ d(y, z)? dr**(y, 2))
X xX XXX
=d,(p1, p2) + dp(p2, p3) -

We have the following important result about the p-Wasserstein distances:

LEMMA C.4 (p-Wasserstein space). (P,(X),d,) is a Polish space and convergence of
a sequence {py},cny C Pp(X) to some limit p is equivalent to

Pn =" P, /d(:v,:r:o)p dpn(z) — /d(x,:vo)p dp(x) asn — oo.
x X

We do not include the proof of this result as it is quite long and technical. It can
be found in [Vil09, Theorems 6.9 and 6.18|. It is clear from the result that the topology
induced by d, is stronger than the weak-* topology on P,(X) as a subspace of P(X).
Furthermore, it turns out that the p-Wasserstein spaces are ordered by p:

PROPOSITION C.5. For 1 < p; < py < oo let p,v € Py, (X) C Py, (X). Then
dpy (p, V) < dpy (p, V) -
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PROOF. Let " € P(X x X) be the optimal plan between p, v with respect to the cost
d,,. We know this exists from the result of Theorem C.1. It follows that

p2

o <[ s i)

<([_dtwr axn) o),

where the last inequality follows from Jensen’s inequality and the fact that po/p; > 1. O

REMARK C.6. We note that if X is bounded then we can obtain the bound in the
opposite direction. Indeed, if 1 < p; < py < 0o and 7 € P(X x X) is the optimal plan
between p and v with respect to the cost dp,, then

1

4y (p.1) < ( | dtwyy dvr*(x,w)
XXX
< diam(X) % d2? (p,v).

If X is bounded, we can control the p-Wasserstein distances by the total variation
norm:

PROPOSITION C.7. Assume X is bounded and p,v € P,(X). Then we have that

. 1/p
dy(p,v) < 2diam(X) (19 = Vligyye)) -

The proof of this result can be found in [Vil09, Theorem 6.15]. We focus now on some
refined characterisations of the p-Wasserstein distances. We start with a characterisation
of the d; distance that we use extensively in Chapter 7:

THEOREM C.8 (Kantorovich duality). Let p,v € Py(X). Then

di(p.v) = sup /X o d(p—1)(z),

Lip(¢)<1

where Lip(y) is the Lipschitz constant of some Lipschitz ¢ : X — R.

This result follows from a general dual formulation of the Kantorovich mass transfer
problem described in Theorem C.1. We will not discuss this in this appendix. We refer
the reader to [Vil09, Theorem 5.10(i), Particular Case 5.4| for a proof of this result.

We now present the well-known dynamical formulation of the p-Wasserstein distance,
d, due to Benamou and Brenier (cf. [BB00]). It relates absolutely continuous curves in
P,(X), in the sense of Definition 1.10, to solutions of a certain continuity equation. We
will present it for (X, d) = (R? |- —-|) or (X, d) = (T¢, dya(-,-)), although one may expect
it to hold true for (X,d) = (M,dp(-,-)) for some sufficiently nice Riemannian manifold
M equipped with its geodesic distance dy;.

THEOREM C.9 (Dynamical formulation of d,). Let Q = R% or T and po, p1 € P,o(Q2)
with p > 1. Let p € AC?([0,1]; P,()) (c¢f. Definition 1.10) with p(0) = po and p(1) = p;.
Then there e:msts a family of velocity fields (t — v;) € LP([0,1]; LP(2, p; RY)), such that
the pair (p,v,) satisfies the following continuity equation

(C.1) //Gtgptxdpta:dt—l—//Vgotx ~v(z) dp(t,z)dt =0,

for all ¢ € C1([0,1] x Q) with [vell 1o pray = |P'(E) (cf. Definition 1.11). For p =2, we
have that v(z) = Vo(t,x) for some ¢ € L*([0,1]; H3(Q, p)). We denote by CE,(po, p1)
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the set of all such pairs (p,v:) solving (C.1) such that p(0) = po,p(l) = p1 and p €
ACP(]0,1]; P,(Q2)). We then have that

(©2) E(op) = min / -

(p,vt)ECER(po,p1)

The minimal velocity field v in (C.2) is such that [|vf|| o pymay = P'|(t) = dp(po, p1) is
independent of time, i.e. it is a constant speed geodesic:

dy(p(t), p(s)) = [t = s|dp(po, p1)
for all s, t € [0, 1].

The proof of the above result relies on various results and can be found in [San15, The-
orem 5.14, Theorem 5.27, Theorem 5.28, Proposition 5.32|, [AGS08, Theorem 8.3.1]. The
above result makes rigorous the discussion surrounding the formal Riemannian structure
and the length and energy functionals in Section 1.3.2.

REMARK C.10. In certain cases, it is possible to provide a refined characterisation
of the constant speed geodesic obtained through the minimisation problem (C.2). If
po; p1 € P2(R?) N LY(R?), then through the seminal result of Brenier [Bre91|, there exists
a convex ¢ : RY — R such that p; = (Vtp)xpo. Then McCann’s displacement inter-
polant or optimal interpolant [McCI7|, p; := (F})upo = ((1 — t)x + tV(x))xpo is the
constant speed geodesic which minimises (C.2). The associated velocity field is given by
vi = F7 M z) — V(F (2)). For general measures pg, p; € P2(R?), similar results hold
(cf. [Sanl5, Propositions 5.28 and 5.30]). For Q = M, a Riemannian manifold, the asso-
ciated optimal interpolant was also studied by McCann [McCO01| and is discussed in more
detail in Section 6.3.

We finally conclude this appendix by presenting an alternative formulation of the
continuity equation in Theorem C.9.

LEMMA C.11 (Existence of a continuous representative). Let (p,v:) € C'E,(po, p1) with
Q =TR< or T The for every ¢ € CL([0,T] x Q) it holds that

/Q (b2, 7) dplta) () — / ot 2) dp(ty) / / Dup + Vo - ve) dp(t) dt
for all t1,ty € 10, 1].

The proof of the above result can be found in [AGS08, Lemma 8.1.2|. It allows us to
interpret the equation in an almost everywhere sense. Indeed, using an approximation
argument, one can argue that d;p € (S(Q2)) is defined ¢ a.e. as a tempered distribution
and so

Op+V - (Ptvt) =0,

holds in the sense of distributions (or some appropriate negative Sobolev space) t a.e.
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