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Abstract

In this thesis, we study scaling limits of idealised models arising in statistical
physics. We present three works that, in different directions, explore critical
behaviour of such systems.

In the first part, we study the 2D Allen-Cahn equation with white noise
initial datum. This differential equation falls into the class of critical singular
stochastic partial differential equations (SPDEs), for which no solution theory
exists due to the roughness of the data. To give meaning to the equation, we
consider the weak coupling scaling and establish non-trivial Gaussian fluctu-
ations of the solution, by treating an infinite perturbative series expansion in
terms of iterated stochastic integrals. To our best knowledge, this is the first
time such an approach has been implemented for a (non-linear) critical SPDE
and possibly a first step towards a general theory of SPDEs in this regime.

Closely connected, the second part of the thesis comprises the large-scale
behaviour of the 2D directed random polymer model, describing the trajec-
tory of a random walk in a random potential. In the weak disorder limit,
we derive an invariance principle for the polymer paths. As a consequence,
the random potential has no effect on large scales, which is due to a self-
averaging effect. Similar results were previously only obtained for all but the
(critical) two dimensional case.

Last, we study a system of particles with attractive interactions. Cluster-
ing of particles occurs when tuning the system’s parameters, with growing
system size. This describes a simplified model of (Bose-Einstein) condensa-
tion. A careful analysis of the infinitesimal dynamics, using the Trotter-Kurtz
approximation theorem, allows us to identify the limiting evolution in terms
of a measure-valued Markov process. Moreover, we establish a link between
the derived dynamics and the infinitely-many-neutral-alleles model in popu-
lation genetics. The presented approach covers all interesting scaling regimes
of the system parameters.

iX



CHAPTER 0. ABSTRACT



Symbols

N,Z,R  Natural numbers, integers, reals
D(X,R) Skorokhod space on X

C(X,R) Continuous functions on X
M;i(X) Probability measures on X

Ald) Lebesgue measure on R?
4 Weak convergence of probability measures

(Wi)i=0  Brownian motion
pgm) (x)  Heat kernel (with potential m) (2.51)

Pt(m) Heat semigroup (with potential m) (2.51)
Chapters 2 and 3

¢ Space-time white noise, Table 1.3

n Space white noise, Table 1.3

* Space convolution operator

* Space-time convolution operator

T Set of finite rooted unordered trees (2.22)

Tu n-ary trees (2.27)

T<n Sub-n-ary trees (2.26)

L(T Set of leaves of tree T

Z(t) Set of inner nodes of tree T

0 Root of tree T

(1) Total number of leaves of tree T

i(7) Total number of inner nodes of tree T

s(7) Symmetry factor (2.28)

T! Tree factorial (2.31)

xi



xii

qn(2)

al

Pﬁ,N
Zﬂ,N

Symbols

Tree/elementary differential with respect to a
function h, (2.35)

Grafting operator (2.24)

Trimming operator (2.82)

Set of contractions (2.68)

Set of pairings, see Definition 3.2.3

Chapter 4

Simple random walk reference measure
Simple random walk transition probability
Py(S,=z),n <N

Diffusive rescaling and embedding of nearest
neighbour paths into C([0,1],R), see (4.2)
Random disorder

Disorder strength

Polymer measure (1.6)

Partition function (1.7)

Chapter 5

Number of particles

Number of locations/positions/sites

Space of particle configurations (1.1)

Particle configurations in ();

Generator of particle system, (1.2) and (5.1)
Particle diffusivity

Canonical distribution

Kingman simplex (5.2)

Space of size-biased probability measures (5.5)

We will write an ~ by for sequences if limy_,o an/by = 1. This is not to be

confused with X ~ y, describing a random variable X with law p. However,

the meaning should be clear from the context. Moreover, we denote various

constants by C, and sometimes write C(a) to emphasize dependency on a

parameter 4.



Chapter 1
Introduction

This thesis comprises topics related to scaling limits, particularly focusing on
some explicit models arising in statistical physics. The objective of statisti-
cal physics (or statistical mechanics) is the explanation of large scale (macro-
scopic) phenomena occurring in nature, by only postulating interaction rules
on a microscopic level. The most classical example of such a scaling limit
is Donsker’s invariance principle, see for example [MP01, Theorem 5.22]. It
states that a simple random walk (S, )1<,<n converges in distribution to a

Brownian motion (W;)c(o1) when diffusively rescaled, i.e.

1@ d .
(Fe5%) gy > Wi, inC(01LR),

with S denoting the linear interpolation of S in C([0, N],R). Therefore,
macroscopic observables of a particle can be expressed in terms of Brown-
ian motion, assuming its small scale dynamics are those of a simple random
walk.

More generally, one aims to explain how non-trivial large-scale behaviour
(which sometimes is known from experimental data) emerges from a small-
scale interaction rule. For a better understanding of such a large-scale obser-

vation and its origin, we want to

¢ find microscopic dynamics, as simple as possible, that give rise to the de-

sired large-scale behaviour, and

¢ study the effect of microscopic modifications/perturbations on large-scale

observables.
A plethora of models in modern probability theory arose with this goal. In

1
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this thesis, we will address specific models in the following three fields: In-
teracting particle systems (IPS), disordered systems and stochastic partial
differential equations (SPDEs). Below, we give a brief introduction into each
of the three topics and present our main findings. Throughout the introduc-
tion, we will trade in mathematical rigor for a lighter presentation, thus, only
presenting slimmed versions of the main theorems. We will point the reader

to the full statements of the results whenever this is the case.

1.1 Interacting particle systems

A discrete interacting particle system is a finite system consisting of N parti-
cles on L sites indexed by the set A, where |A| = L. For simplicity we take
A ={1,...,L}. The space of particle configurationsn = (n31,...,Mn.), with
Nx € No, is then given by

L
Qry = {qugz an:N}, (1.1)

x=1

with 1, denoting the number of particles located at site x. We equip O n
with the discrete topology, i.e. the finest possible topology on () n, with
respect to which every function is continuous.

The microscopic dynamics of particles are then described by a
continuous-time Markov jump process (n("N)(t));>0 with state space QO v,

which is characterised by an infinitesimal generator of the form

L
Linfm) = Y, plx,y)uMmemy) [fF(Y) = fFM)], (1.2)

xy=1

where f is a bounded function on Q) . The configuration n*¥ denotes the
new configuration 1 after one particle moved from x toy,i.e. n*¥ =n+¢¥ —
e*, with (e); := 1y—,, provided N, > 0. The jump rates u(n,m) > 0 are given
by a non-negative function of the occupation numbers 1 on the departing site
and the occupation number m on the target site. To avoid degeneracies, we
furthermore assume that u(n,m) = 0 if and only if n = 0. On the other
hand, p(x,y) denotes irreducible transition rates on {1,...,L} and models
the geometry of the underlying lattice A. Notice that the Markov process
conserves the total number of particles Z§:1 Nx = N.

We are interested in the macroscopic behaviour of these interacting sys-
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tems when taking both the total number of particles N and the size of the
system L to infinity, while keeping the density of the system approximately
constant, i.e. N, L — oo such that
N
li — = .
im0

This is known as the thermodynamic limit and will be abbreviated subse-
quently by simply writing & — p.

A large class of models of the form (1.2) have been introduced in the past
century, see for example [Spi70, CT85], to describe particle movements in

physics or population dynamics in genetics. Typical examples consist of the

exclusion process u(n,m)=n(l-—m),
inclusion process with u(n,m)=n(d+m),d € [0,00),
Zero-range process u(n,m)=n.

Table 1.1: Examples of interacting particle systems

In the case of exclusion process, one also restricts the state space to par-
ticle configurations n satisfying the exclusion rule, i.e. M, € {0,1} for all
x=1,...,L.

The macroscopic observables of interest depend on the particle system
at hand, and its modeling purpose. For example, the exclusion process is a
simplified model of mass transport and one is interested in the mass distri-
bution when “zooming out”. In the thermodynamic limit one then observes
a smooth interface which is described by the evolution of a PDE, see for ex-
ample [KL99, Chapter 4]. On the other hand, both in the inclusion process
and zero-range process, the absence of the exclusion rule allows particles to
cluster. Hence, when taking the thermodynamic limit, a diverging number of
particles may occupy a single site; the reader may think of “sharp peaks” in
the macroscopic interface. This phenomenon is known as condensation and

will be our main interest in the context of IPS.
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Figure 1.1: Formation of a Bose-Einstein condensate when cooling down a
cloud of atoms closer and closer to absolute zero temperature, from left to
right. NASA/JPL-Caltech, 2018. (Online). Available from: https://www.
jpl.nasa.gov/images/pia22561-bose-einstein-condensate-graph (Ac-
cessed 8 August 2023)

We want to introduce the notion of condensation rigorously in the setting
of IPS. Because the underlying state space () y is finite and we assumed the
underlying dynamics to be irreducible, there exists a unique invariant dis-
tribution 71, N € M1(Qp N) with respect to £ 5. We call 717y a canonical
distribution. For convenience, let us also assume that 777 is spatially ho-

mogeneous in the sense that

NL,N(ﬂxG')ZﬂL,N(nyE-), forall x,y=1,...,L.

For example, spatial homogeneity holds if the jump rates u satisfy a detailed
balance equation and the transition rates p are symmetric [CG14]. Let us
furthermore assume that the weak limit of the single-site marginals of 717 x

exists for all p > 0, namely

N
m,N(Mx € +) Lt vo(-), as — = p, (1.3)

for some probability measure v, on No. This convergence is usually imple-
mented in the context of equivalence of ensembles, see for example [CGG22,
Proposition A.1].

Now, comparing the average particle occupation under 717y and v,, we


https://www.jpl.nasa.gov/images/pia22561-bose-einstein-condensate-graph
https://www.jpl.nasa.gov/images/pia22561-bose-einstein-condensate-graph
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can determine if a system exhibits condensation. First, due to spatial homo-

geneity and conservation of mass, we have

1 & N
mNMe) =7 ) ma(y) = 7 = p.

y=1
Here we wrote 7t n(f) for the expectation of f under the measure 777 . On
the other hand, since the identity f(n) = n is an unbounded function, we
cannot guarantee that the particle density of the system is conserved in the
limit, and v, (nx) may be strictly smaller than p. Thus, a positive fraction of

particles must be clustered in chunks of diverging size, which we shall call
the condensate [CG14, JCG19, CGG22].

Definition 1.1.1 (Condensation). A system characterised by spatially homoge-
neous canonical distributions (71p N) N exhibits condensation in the thermody-
namic limit % —p0, ifvp in (1.3) exists and

v <p= lim & .
p(nX> Y NI L,N(Mx)
Furthermore, we say that the system has a condensation transition with critical
density p. > 0 if

=p ifp <pc,

Vp(Nx)
’ <p ifp>pc.

We established that the “missing” mass p — v,(77,) must concentrate on
sites with diverging occupation numbers, we call this the condensed phase.
The total number of such sites has a vanishing volume fraction and does not
contribute to the weak limit v,, describing the distribution of the background
or bulk phase.

After establishing condensation of a given model, one is interested in the
finer structure of the condensate. For example, the condensed phase could
consist of a single site which accommodates all particles, which is known as
complete condensation. Alternatively, the condensate may be distributed
between various sites, finite of infinite in number. The occurrence of con-
densation and the statistics of the condensate have been studied for various
particle systems, see e.g. [EH05, GL12, CG14]. References for the inclusion
process and related models include [WE12, CCG14, CCG15, CGG22] and
[BDG17, KS21] in the context of metastable dynamics of the condensate.
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Up to now, the condensation phenomenon is only expressed in terms of
stationary measures. Studying the limiting dynamics of the condensed phase
is a natural next step. However, the condensed phase is only observed macro-
scopically and cannot be captured using the microscopic state space. Instead,
the dynamics imposed by (1.2) have to be translated onto a macroscopic level.

In Chapter 5, we will study the particular case of the inclusion process on

a complete graph, i.e. p(-,-) = 1, for which (1.2) takes the form

Sinfm) = Y ne(d+my)[f(™) — f()].

x,y=1
x#y

The dynamics of the inclusion process consists of two parts. Each particle
performs a continuous-time random walk with rate d, and in addition parti-

cles attract each other at unit rate.

d. ‘\d-f- ny

o 887008 & q

Figure 1.2: An example configuration 1 for the inclusion process. The purple
particle located at x will jump at rate d + 5 onto site y and at rate d onto site
z.

The inclusion process was introduced in [GKR07] as the dual of a model
of energy transfer and is the natural counterpart of the exclusion process,
since interactions are attractive rather than repulsive. Moreover, it can be
interpreted in the context of population genetics, describing a population of
Moran type [Mor58], where d corresponds to the mutation rate and resam-
pling occurs at rate 1. In the thermodynamic limit, condensation of the inclu-
sion process was studied heuristically in [CCG14], with vanishing diffusivity
d = d(L) — 0. Its finer structure was then analysed rigorously in [JCG19]: At

the critical scaling

dL — 0, for some 6 € (0,00),
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the condensate is supported on a diverging number of sites that are each
occupied by O(N) many particles. In particular, the authors of [JCG19] were
able to identify the limiting distribution of the condensate (under a suitable
embedding of particle configurations) as the Poisson-Dirichlet distribution
with parameter 6. The case 8 = 0 corresponds to complete condensation.
On the other hand, if § = oo, then sites in the condensed phase only have
occupation numbers of order O(d™!), i.e. the condensate is located on
mesoscopic scales. We refer to Chapter 5 for a more detailed review of the
results in [JCG19].

Determining the limiting dynamics of the inclusion process, requires a
careful analysis of the generator £ y on macroscopic scales. In the remainder
of the section, we give a brief outline of the result without going into the
technical details, which are provided in Chapter 5.

First, we have to choose an appropriate common state space that describes
the macroscopic dynamics of the system. There are various choices, but it will
turn out useful to embed particle configurations 1 into the space of probabil-
ity measures in a size-biased fashion, using the map
M
N gy = x;l ~ou €E, (1.4)
where E is the subspace of M ([0,1]) characterised as the closure of particle
configurations under p. With regards to IPS, our first main result determines
the dynamics of the inclusion process on macroscopic scales, which in partic-

ular describes the condensed phase.

Theorem A ([CGG23]). Let p € (0,00) and d = d(L) such that dL — 6 € [0,0).
IFn(0) = nEN(0) € Q  such that wm(0) > uo € E as N — p, then

. N
(mm(1) =g L (wi)is0, in D([0,00),E), as T

Here (y;)>0 denotes a measure-valued process on E with initial value yg, which can
be identified by an explicit infinitesimal generator L.

A detailed version of the result, including the definition of the generator
Ly, can be found in Theorem 5.1.1. Moreover, we prove that the limiting
process derived in Theorem A is equivalent to the infinitely-many-neutral-

alleles model, also known as the Poisson-Dirichlet diffusion, with mutation
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parameter 6 [EK81]. We will introduce this process in Chapter 5.

The above result does not cover the case dL — oo. Recall from above
that the condensate then concencrates on mesoscopic scales of order O(d™!)
[JCG19]. This suggests to consider the embedding of particle configurations
n via

Mi(Ry), (1.5)

L
Nx
= LN

ZP

into the space of probability measures. Because we also want to observe di-
verging rescaled masses, we consider the statespace M;(Ry), with Ry =
[0, co]. Again, we can derive non-trivial limiting dynamics of the condensate,

when slowing down time appropriately.

Theorem B ([CGG23]). Let p € (0,00) and d = d(L) — 0 such that dL — oo. If
n(0) € O N such that fiyn(0) 4 flo € M1(Ry), then

N d o x : = N
(&) ., (=0, in D(0,00), Mi(RY)), as T = p.
Here (fl;)s>0 denotes a measure-valued process on M (Ry) with initial value fl,
whose infinitesimal generator L can be identified explicitly.

A detailed version of the result, including the definition of the genera-
tor ﬁ, can be found in Theorem 5.1.2. Notably, the alternative viewpoint on
macroscopic dynamics via (1.4), presented in [CGG23] and this thesis, allows
the derivation of a meaningful limit in the case 6 = oo, which can be viewed
as a natural boundary case of the infinitely-many-neutral-alleles model with

infinite mutation rate 6 = oo.

1.2 Disordered systems

In the previous section, we discussed an IPS for which microscopic particle
interactions lead to non-trivial behaviour on macroscopic scales. However,
models of this type do not take into account the environment the particles
are inhabiting. In nature, the environment usually consists of impurities or a
small scale potential, which can be modelled in terms of additional random-
ness, locally affecting the microscopic dynamics.

One of the prime examples for such a disordered system is the directed
random polymer model (DRPM). It describes a random walk whose law is
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exponentially tilted by a random environment. The strength of the environ-
ment is described by a non-negative parameter > 0, corresponding to the
inverse temperature, which we will refer to as disorder strength. Individual
models may vary but the most common definition is as follows: Consider the
law Py of a nearest neighbour random walk of length N starting at the ori-
gin. Furthermore, let w = (wn,z) (s 2)enxz¢ De a family of mean-zero and unit
variance random variables with law P (independent of Py) with sufficiently
many moments. For a fixed realisation of w, the directed polymer measure
of length N and disorder strength g > 0 is then defined using the following
change of measure

N
n(dS) = Z;N exp (Zl(ﬁ W5, — A(ﬁ))) Py (dS), (1.6)
: n—
where A(B) is a positive constant, such that Zg x has unit mean. The denom-
inator
N
Zgn = En [exp (Z:l([% Wy s, — )\([3)))] (1.7)
=
is a (random) normalising constant, called the partition function, making
P\ a probability measure. The original model goes back to the physics liter-
ature [HHB85] where directed random polymers were introduced to study the
interface in two-dimensional Ising models with random interactions. Subse-
quently, the model was studied by the mathematical community [IS88, Bol89]
and attracted attention because of its application to SPDEs, see for example
[BC95, BG97] and the discussion at the end of this section. But even on its
own, the DRPM remains an interesting mathematical model. We refer to
[CSY04, Com17] and references therein for an overview of the polymer lit-

erature.

The weak disorder limit

When studying disordered systems, one is interested whether the implemen-
tation of disorder has an effect on the large-scale behaviour of the model. If a
small amount of disorder does not change the statistical properties of the sys-
tem, we say the model is disorder irrelevant. On the other hand, the model
is disorder relevant, if an arbitrary weak disorder does indeed change the
model’s statistics.

In the 1970’s Harris proposed a heuristic criterion, formulated in the con-
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text of a ferromagnetic Ising model with random impurities, to determine
if the model is disorder (ir)relevant [Har74]. The proposed heuristic can be
extended to a larger class of models. It compares the effective dimension
degf 1= d + 2 of space-time to a correlation length exponent v (for the simple
random walk v = %) of the underlying pure dynamics. The heuristic yields

the following classification:

=

v> g disorder irrelevant
e

if V= d%f then marginal (inconclusive)
(S

v < —dzﬁ disorder relevant
e

Table 1.2: Harris criterion for disorder relevance

In the case v = é, the Harris criterion is inconclusive and the model is
said to be marginal, meaning that the large-scale behaviour depends on the
finer structure of the model. We then speak of either marginal relevance or
marginal irrelevance of the disorder. See also [CSZ17a] for an alternative
characterisation of disorder relevance, which agrees with Harris heuristic.
According to Harris criterion, the DRPM is disorder relevant if 4 = 1 and
disorder irrelevant if d > 3, while the case d = 2 remains marginal.

For the DRPM specifically, it is more natural to identify the effect of the
disorder in terms of the partition function. It was shown in [Bol89], that the
partition function’s large N-limit is either positive or equal zero P-almost
surely. On the other hand, it is easy to see that Zyx = 1 for the pure model
(B = 0). Hence, we expect the partition function to vanish if the disorder is
relevant and remain positive if the disorder is irrelevant. Clearly, once S is
large enough such that the disorder is relevant, this should continue to hold
for any larger f [CYO06]: For arbitrary dimension d there exists a f. = B¢(d)

such that IP-almost surely

lim Zsn >0 ifpe{0}uU(0,B), (L8)
N—eo =0 ifg> B

The subcritical phase is referred to as weak disorder regime, whereas the
supercritical phase is known as the strong disorder regime. In particular,
it was established that B, = 0 when d < 2. Notably, this agrees with the
prediction of Harris criterion.

The strong disorder regime in d < 2 remains difficult to study due to
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the degeneracy of the partition function. Instead, it is common practice to
interpolate between the pure model (8 = 0) and the strong disorder regime
(B > 0) by tuning the disorder strength B = - 0(1), B € (0, ), with the size
of the system. This is known as the intermediate disorder regime [AKQ14b,
(CSZ17a]. We should then see a non-trivial limit of Zgn in d < 2, if B is
rescaled appropriately as a function of N. For d = 1, the limiting partition
function is strictly positive when = Bn ~ BN ~1/% for arbitrary B > 0, see
[AKQ14b]. The case of d = 2 is special: After rescaling

= T A
B=pn~P o’ with >0, (1.9)

we see a phase transition in B [CSZ17b]. More precisely, the limit
limy ;00 Zg,, N is strictly positive if B € (0,1) and vanishes if § > 1. The log-
scaling of By, but not the corresponding phase transition in B, was observed
in [BC98]. In the one-dimensional case no such phase transition exists.

The concept of considering polymers when the disorder strength is
scaled as a function of N appeared already earlier in the physics literature
[BD0O, CDR10]. We will denote the appropriate rescaling of the disorder
strength with the size of the system as weak disorder limit.

Despite limy .« Zg,, N being of order one, the limiting random variable
has non-trivial fluctuations and it remains to investigate if these fluctua-
tions influence the large scale behaviour of the polymer. With regards to the
DRPM, this thesis main result is the identification of the limiting polymer
path distribution for d = 2, when taking the weak disorder limit.

Theorem C ([Gab23]). Let E € (0,1) and By be as in (1.9), and assume that the
given disorder is either bounded or normal.t Then

TPY N o P(LWe-),  asN oo, inD-probability,

where P denotes the Wiener measure on C([0,1],R?). Here Py N denotes the
pushforward measure of polymer paths on the space of continuous functions, using a
diffusive rescaling of space-time and linear interpolation.

Notably, we see that the non-trivial fluctuations of limy ;e Zg,,n have no
influence on the large-scale statistics of the polymer, underlining the marginal

IWe will prove Theorem C for a more general class of environments (Theorem 4.0.1), how-
ever, for the sake of presentation we simplified the statement here.
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irrelevance in the regime considered. For comparision, let us point out that for
d > 3 the limiting law of the polymer paths (in the weak disorder regime) was
identified as the law of Brownian motion with dimension-dependent diffu-
sion matrix [AZ96, 5796, CY06]. On the other hand, when d = 1 and consid-
ering the weak disorder limit, the polymer measure is singular with respect
to the Wiener measure [AKQ14a]. The two dimensional case remained open

for the past years, Theorem C closes this gap in the literature.

The multiplicative stochastic heat equation

Besides being an interesting model by itself, the DRPM is closely related
to a particular SPDE, namely the multiplicative stochastic heat equation
(mSHE). This random PDE is described in terms of an evolution equation
on R¥:

8tu:%Au+ﬁu-§, u(0,) =1, (1.10)

where ¢ denotes space-time white noise on R x R?, which is a zero-mean

Gaussian distribution (generalised function) ¢ with covariance structure

E[(t,x)(s,y)] =0(t —s)d(x —y) forall (tx),(s,y) € RxR?.
(1.11)
Because white noise is a random distribution, pointwise evaluation for its
covariance does not make sense, but only holds on the level of a formal de-
scription. We will give a rigorous definition of white noise in Section 2.1
below.
The relation of mSHE (1.10) with the DRPM is most traceable when rep-
resenting its solution by a Feynman-Kac formula [KS91, Theorem 4.2]. Disre-
garding the roughness of ¢ for a moment, and instead treating it as a smooth

function, one could write

u(t,x) = Eq [exp (5 /Oté(t—s, Ws)dsﬂ , (1.12)

with E, being the expectation with respect to a Brownian motion (Ws)s>o
started in x. This representation indeed reminds of the partition function
of the DRPM (1.7). However, the stochastic integral in the exponent is not
well defined when d # 1. For d = 1 the integral can be defined in an It6-
sense, since the heat kernel is L?-integrable in space-time, see for example



1.2. DISORDERED SYSTEMS 13

[BCJL94] or Section 2.1 below. But for d > 2 this argument breaks down.
This corresponds to (1.10) being a singular SPDE when d > 2, a concept we
introduce in the next section.

The connection between (1.12) and the partition function (1.7) can be
made more precise: Instead of working with ¢ directly, we consider a space

smoothened version ¢¢ defined as
E(tx) = @i tx) = [ gy -0y dy, 1

where jo = ¢7j(-/¢) for some symmetric j € C®(R?). Now, consider the
solution of the mollified mSHE

1
Ot = 5 Aue + Bu.-&,  u(0,-)=1, (1.14)

which can be represented in terms of

ity ) =B fexp (B [ e —swyds— 3% 5 )|, )

using a generalised Feynman-Kac formula [BC95]. The additional correction
term in the exponent is due to the roughness of ¢ in time. Again, the stochas-
tic integral in (1.15) should be read with care: Despite space-mollification, ¢*
can not be evaluated pointwise in time. However, the stochastic integral is
well-defined in an It6—sense. Thus, for fixed ¢ > 0, the solution of the molli-
fied mSHE (1.14) is the partition function (up to a time-reversal) of a continu-

ous directed random polymer model started from x

(dX) :=

1
Phea i P (B £ X5 = SR ) Pu(ax), (116)

with ¢(s,y) = Z(t —s,y) 4 ¢¢(s,y) and P, the law of Brownian motion
started at x. For a detailed comparison of u¢(t, x) and Zg y, we refer the reader
to [CSZ17Db].

Similar to the discrete 2D-DRPM, studying non-trivial scaling limits of
(1.14) for d = 2 requires to choose p = B¢ appropriately. This is known as
weak coupling, which we will introduce below.
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1.3 Singular stochastic PDEs

In the previous section, we got a first glimpse of a singular SPDE, namely
the mSHE (1.10), which cannot be made sense of when d > 2. Subsequently,
we will discuss such SPDEs in more detail. Generally, we are interested in

stochastic evolution equations of the form
1
o1 = EAu +H(u,Vu)+ G(u)Z, u(0,:) =up, (1.17)

with G, H nice enough functions, say analytic, and Z a placeholder for some

Gaussian noise. Throughout, E(¢, x) represents either of the following three

choices:
space-time white noise é(t, x) c-5-1- (R x R%)
space white noise 7(x) c:- (R%)
space white noise initial datum So(t)n(x)  C 22 (R x RY)

Table 1.3: Classical choices of Gaussian forcing/noise for SPDEs.

Recall (1.11) for a formal description of space-time white noise ¢. Similarly, 1
is a random Gaussian distribution with covariance E[(x)(y)] = d(x —y).
For a rigorous definition of white noise, we refer the reader to Section 2.1.
Moreover, the table includes each noise’s Besov regularity, which we intro-
duce in (1.21) below.

SPDEs of the form (1.17) are expected to describe a wide range of phys-
ical phenomena such as interface growth, particle diffusion or dynamical
Euclidean quantum field theories, where the random noise & plays the role
of impurities or small scale randomness. However, the roughness of the
noise makes the study of (1.17) difficult, since certain terms in the equation
cannot necessarily be made sense of. Whenever this is the case we call the
SPDE singular. Thus, even giving meaning to expressions like (1.17) can
be difficult. For the most parts, this makes the analysis of (singular) SPDEs
challenging, but also mathematically intriguing. For an overview on singular
SPDEs, see [CW17, Gub18, CS19].

For the moment, let us consider space-time white noise & = ¢ and return
to some explicit examples. For G(u) = Bu, H = 0, we recover the mSHE
(1.10). In fact, it will be more natural to study the fluctuations of the solu-
tion of (1.10) around the stable, constant field 1 (the initial datum), given by
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u(t,x) := u(t,x) — 1 which solves the
1
(recentred) mSHE: o = EAH +pu-¢+ B¢, (1.18)

with vanishing initial datum (0, -) = 0. Other examples of commonly stud-
ied SPDEs are the

1 1
KPZ equation: 9t = S Ah+ E\vmz +BE, (1.19)

dynamic ¢*-model: 0rp = %Aq) —m?p— ¢’ +¢, (1.20)

with vanishing initial data #(0,-) = ¢(0,-) = 0 and m € R. At this point,
it will be useful to keep track of various objects” regularity or roughness, in
order to classify when a SPDE is singular. Therefore, let us introduce (rather
informally) the notion of Besov spaces C*, « € (—o0,1) \ {0}, which “mea-
sures” the regularity of a distribution. More precisely, C*(R x R?) contains
distributions F € &' (R x R?) that satisfy for any compact set K C R x R4

()

sup sup X < 0,

(t,x)eKAe(0,1]

where ¢ € C®(R x R?) with 1(¢) # 0, and

o (5,y) = A2 (A2 (s — 1), A (y — 1)),

which approximates a Dirac-6 at (¢, x) as A — 0. In other words, the regular-
ity « of a distribution F € C* denotes the exponent of the worst divergence
when trying to evaluate F pointwise. If « € (0,1) the elements are actually
functions and C* agrees with the usual Holder spaces. Instead of considering
a time-space domain, one can similarly define Besov spaces C*(R%). For a
rigorous introduction of Besov spaces we refer the reader to [CW17, Defini-
tion 2.3] and [CZ21, Definition 12.1].

When considering random distributions, such as white noise, we require
(1.21) to hold in expectation. In Table 1.3, we summarised in which Besov
spaces the various choices of E lie in. There, C*~ should be read as C*9 for
any 6 > 0.

Having introduced a way to keep track of each term’s regularity, we can
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be slightly more detailed on why and when a SPDE is singular. As a first step,
we look at a very crude approximation of (1.17) by considering the additive
stochastic heat equation (aSHE)

1
0/0 = EAE—i— =, 0(0,:) = ug. (1.22)
Its solution T is a well-defined random distribution satisfying
o= (3 —1A) "2 e (RxRY),

by a Schauder-like estimate [CW17, Theorem 2.8], i.e. space-time convolu-
tion with the heat kernel increases regularity by 2 (the reader may think of
inverting (—A) and taking two anti-deriviatives). Here a corresponds to the
Besov regularity of the noise E, cf. Table 1.3. In the case of space-time white
noise, i.e. & = ¢, we conclude 0 € C*%“*(R x R%), which is a function if
d = 1 and a distribution otherwise.

Now, it is not too far fetched that the solution of (1.17) will (at best) have
the same regularity as : Assume for simplicity that H(u, Vi) = H(u), then
a 0'"-order Taylor approximation of both G and H yields the formulation

00 = %Av—i— HO0)v+G(1)E,  v(0,-) = up, (1.23)

which again can be explicitly solved and has the same regularity as v. The
solution of (1.23) is the first term in a Picard-like iteration of (1.17), exploiting
the analyticity of both G and H. Therefore, for any of the three SPDEs men-
tioned above, we can assume that their solution lies in the same regularity
class as T, i.e. C~3717 (R x R%). This leads to the following problems when
stating the corresponding dynamics: Considering the

* mSHE (1.10), the product u - { does not make sense. For d > 2, it is ill-
defined as a product of two distributions. Even in d = 1, the product

cannot be made sense of classically, however, it can be interpreted in an
It6-sense [BCJL94].

¢ KPZ equation (1.19), the components of V1 lie in C —2- (R x R%) and are
distributions. Hence, |V|? is not well defined for any d > 1.

* dynamic ¢*-model (1.20), the cubic non-linearity does not make sense
when d > 2, since ¢ is a distribution.
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Overall, we conclude that (1.17) is generally ill-posed for d large enough,
and even giving sense to the equation as stated is a non-trivial task. In the
past decade, multiple breakthroughs in this direction sparked the interest of a
large mathematical community, such as the concepts of regularity structures
[Hail4], energy solutions [G]14], paracontrolled distributions [GIP15] and
renormalisation groups [Kup16]. At this day, there have been many works
analysing singular SPDEs, building on the above mentioned techniques and
push them to their boundaries. However, all approaches mentioned have
the disadvantage to only apply in the so called (scaling) subcritical regime,
which allows to treat equations with a noise that is not “too rough”.

Scaling criticality

Despite singular SPDEs being a priori ill-defined, there are heuristic argu-
ments to guess their small and large-scale behaviour. In the following, we
give meaning to the so called scaling (sub)critical regime, while closely fol-
lowing [CW17], see also [Hail4, Assumption 8.3].

Under the assumption that the general SPDE (1.17) has a solution u, let us
define

uM(t, x) = A u (A, Ax), for some A >0, (1.24)

describing the small-scale (A < 1) and large-scale (A > 1) behaviour of u
when choosing a appropriately.? Since u admits the SPDE (1.17), also u* will
solve a SPDE with slightly altered coefficients

ot = %Aul + AT P2ZHOS A, ATV 4 A2 G (MM E(AZ, M), (1.25)

and u*(0,-) = A*ug() ). In the case of our main examples, which are driven
by space-time white noise ¢, we additionally make use of the scaling invari-
ance

E(t,x) == AHIER2E M) £ &t x), (1.26)

i.e. ¢ is also a space-time white noise. Because we want to keep the noise
invariant on both small and large scales, (1.26) in combination with (1.25)
suggests to choose a as & = —% + 1. Moreover, with this choice of &« we
expect u* to remain of order one, since the solution u lies in C —3+1- (R x RY).

2 Again, we stress that the pointwise evaluation is mathematically not correct, as u will be
a distribution in most cases.
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Thus, for A < 1 (1.21) formally yields

Cu(A%t, )|

A
e

Overall, we have derived the following list of scaled equations:

(recentred) mSHE: 0 = %Aﬂk +B A &+ BE,

KPZ: ot = %Ah" FA2 | VI + BE, (1.27)
dynamic ¢*: A" = %Aq)x — M2m2¢* — A (o*)3 4 E,

with 7*(0,-) = h*(0,-) = ¢*(0,-) = 0. Notably, in all examples above, the
coefficients in front of the ill-defined terms depend only on the spatial dimen-
sion d. Hence, subject to the choice of d, the coefficient will vanish, diverge
or stay of order one, as A — 0. This leads to the following classification of
SPDEs with respect to their small-scale behaviour:

vanishes subcritical
if the coefficient remains constant then SPDE is critical
diverges supercritical

Table 1.4: Conditions for (scaling) sub-/super-/criticality of SPDEs.

In particular, both (recentred) mSHE (1.18) and the KPZ equation (1.19) are
scaling critical for d = 2, and the dynamic ¢*-model (1.20) is critical when
d = 4. In all cases, the dimensions below this threshold correspond to the
subcritical regime, whereas larger dimensions correspond to the supercritical
regime. Hence, on a heuristic level, in subcritical dimensions the effect of
the non-linearity can be ignored on small scales. Therefore, the small scale
behaviour of the KPZ equation (1.19), d = 1, and the dynamic ¢*-model
(1.20), d < 3, is described by the linearised equation (1.23). Similarly, for
mSHE (1.18) the singular product should have no effect on small scales when
d=1.

On the other hand, the large scale behaviour is reversed: We expect
the (recentred) mSHE (1.18) to be described by the additive stochastic heat
equation when d > 3, since A2 5 0as A — co. Note that this is in
accordance with the disorder (ir)relevance of the DRPM and Harris criterion,
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which we discussed in Section 1.2, since the corresponding fluctuations are
not visible on large scales. To see this in more detail, one should repeat the
above steps for u (or u as in (1.10)) with & = 0 in (1.24), in which case both
the multiplicative and additive noise in (1.18) vanish as A diverges.

Preceeding the introduction of scaling criticality, we mentioned recent so-
lution theories for singular SPDEs [Hail4, GJ14, GIP15, Kup16]. All such
theories restrict to subcritical SPDEs. In particular, [Hail4, GIP15] write the
solution of a given SPDE in terms of a perturbative expansion around the
linearised equation, e.g. around aSHE (1.22) in the cases of KPZ (1.19) and
the dynamic ¢*-model (1.20). At this point, the reader may think about the
perturbative expansion in terms of an abstract Taylor expansion, around the
solution of the linearised equation (1.23). To control the inflicted error, they
require (finitely many) higher order terms of this series expansion. We refer to
Section 2.3.3 for a brief outline of this method. In turn, this argument breaks
down when considering a (scaling) critical SPDEs, since finitely many terms
will not suffice in the analysis. Following a similar perturbative approach in
the critical dimension, requires the control of the whole series.

The weak coupling scaling

The treatment of scaling critical SPDEs, in contrast to subcritical equations,
is more delicate. Even when considering (1.17) with a mollified noise &, it
is not possible to guarantee convergence in the small e-limit. Instead, it is
common practice to introduce an artificial scaling of the noise (or the non-
linearity) to zero, as the mollification is turned off ¢ — 0. The idea, simi-
lar to the weak disorder limit for DRPM, is to interpolate between the lin-
earised equation and the actual SPDE (1.17), while still observing non-trivial
behaviour. This is known as the weak coupling scaling, the limit is referred
to as the weak coupling limit.

Contrary to subcritical SPDEs, there is no general solution theory for crit-
ical equations. Instead, critical SPDEs in the weak coupling regime have only
been treated on a case-by-case basis. Let us give a brief overview of the liter-
ature, starting with the easiest critical SPDE, namely the 2D-mSHE

1
Oty = EAus + ,Bs Ue - CS/ uS(OI ) =1, (1.28)

with the choice B. = f(log %)_%, B > 0. Here & denotes a mollified white
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noise, cf. (1.13). The linearity of the equation (1.28) allows for an explicit
treatment via an infinite expansion. This was successfully implemented in
[CSZ17b] by approximating the solution of (1.28) with the partition function
of the 2D-DRPM, and making use of a polynomial chaos expansion in combi-
nation with the fourth-moment theorem. A non-linear mSHE has been stud-
ied in [DG22, Tao22]. Solutions of the mSHE (1.28) and the KPZ equation

Othe = %Ahg + %|th|2 4+ Be& —Ce, he(0,-)=0, (1.29)

with C¢ being suitable constants such that C; — oo, are formally related by
the Cole-Hopf transformation

he = log ue .

This relation was used in [CD20, Gul9, CSZ20] to express fluctuations of the
2D-KPZ equation in terms of the mSHE. At this point, both the mSHE (1.28)
and the KPZ equation (1.29) can only by analysed for 3 below a critical point,
thus, limiting the interpolation between the linear model and the strongly
coupled model to merely one side of the spectrum. In turn, [CSZ23] analy-
ses the 2D-mSHE at the critical point, which lead to the introduction of the
critical stochastic heat flow. Lastly, let us mention some examples that were
treated without linearisation of the equation. Instead, stationary fluctuations
of certain SPDEs with an explicit Gaussian invariant measure can be deter-
mined by analysing the corresponding (linear) infinite-dimensional genera-
tor. This has been successfully implemented for the anisotropic KPZ equation
[CES21, CET21], where |Vh|? in (1.19) is replaced by (91h)? — (92/1)?, and the
stochastic Burgers equation [CGT23].

Remarkably, weakly coupled critical SPDEs usually exhibit Gaussian fluc-
tuations. More precisely, their weak coupling limit can be represented in
terms of the linear Edwards-Wilkinson equation

Btv:%Av—i—mv—i—aE, v(0,-) =0, (1.30)

for some m, 7,y € R. At this point, the reader might suspect that a vanishing
coefficient, such as B in front of the noise in (1.28) and (1.29), trivialises
the study of weakly coupled SPDEs and fluctuations are simply given by
the equation where the non-linearity was dropped, cf. (1.22) and (1.23).
However, this is not the case: In all examples mentioned, the non-linearity
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is relevant and contributes to the limit in terms of altering the coefficients
m, 0,7 in (1.30). Thus, when studying the weak coupling limit, we are mainly
interested in determining the exact coefficients m 808 g € R as functions of

the scaling parameter ﬁ

The study of critical SPDEs in the weak coupling limit remains a challeng-
ing task and their treatment vastly differs from solution theories regarding
subcritical SPDEs. Nevertheless, expansions in the fashion of [Hail4, GIP15]
remain a natural approach, despite the theories themselves not being appli-
cable in the case of scaling criticality. With regards to critical singular SPDEs,
the main result of this thesis is the treatment of a weakly coupled SPDE fol-
lowing a Picard-like expansion. Notably, this requires the control and analy-
sis of infinitely many stochastic terms. To the author’s best knowledge, this is
the first time the infinite expansion of a (non-linear) SPDE has been treated.

In detail, we consider the weak coupling limit of the 2D Allen—-Cahn

equation with random critical forcing at zero-time:

~

A
AT Ry
V/1oge™! o

for some m € R. Here dp;® denotes a mollified space white noise forcing at

1
Ot = EAue +mue —ud + u:(0,-) =0, (1.31)

t = 0, cf. Table 1.3. As a consequence of the additive forcing being scaled to
zero (rather than the non-linearity), we have u, — 0. Thus, our focus lies on

the non-trivial fluctuations around the trivial solution.

Theorem D ([GRZ23]). Let m € R. Then there exists a Agy > 0 such that for
A € (0, Afn) and T € (0, 0) satisfying

mT < log 2, (1.32)
A
where ™ = m V 0, we have for all (t,x) € (0,T] x R?
. 1 21 _
lg%]E [‘\/logs “ue(t,x) —o(t, x)| } =0.
Here v = o) denotes the solution of the linear equation

atU:%A’U—FmU_'—O—/A\'éOUI ’U(O,-):O’ ZUZH’Z 0';\:
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The novelty of our approach to (1.31) is that we are able to treat the full
(infinite) expansion of a critical singular SPDE. We stress that our result only
covers short times when m > 0, thus, falls short of analysing the large time
behaviour of the Allen-Cahn equation and its front-formation according to
mean-curvature flow. However, the limit in Theorem D is well-defined for an
arbitrary choice of parameters and we expect the restrictions on A and T to be
solely a consequence of our approach’s technical restrictions. In the author’s
eyes, the explicit treatment of (1.31), by an infinite power series expansion in
A, is possibly a first step towards a more general framework of the treatment
of critical SPDEs in the weak coupling limit.

1.4 Outline of the thesis

The remainder of this thesis is structures as follows.

¢ In Chapter 2, we begin with a general introduction into Wiener chaoses
and white noise. Thereafter, we make the reader familiar with rooted trees,
their use in (stochastic) differential equations, and in particular Wild ex-
pansions of additive SPDEs. This can be viewed as the technical setup for
Chapter 3.

Each of the remaining chapters consists of one of three the topics introduced
in the sections above, with the aim of proving the results presented. The

chapters are independent of each other and can be enjoyed in arbitrary order.

* In Chapter 3, we derive the weak coupling limit of the 2D Allen-Cahn
equation with white noise initial data, cf. Theorem D, by treating an in-
finite Wild expansion of the equation. The chapter is based on the work
[GRZ23].

¢ Chapter 4 consists of the analysis of the path measure of the 2D-DRPM, cf.
Theorem C. We prove an invariance principle for the polymer paths in the
full subcritical weak disorder regime. The chapter is based on the article
[Gab23].

¢ In Chapter 5, we derive dynamical scaling limits of the condensed inclu-
sion process, presented in Theorems A and B. Moreover, we link the de-
rived limits to a well-studied model in population genetics. The chapter is
based on the paper [CGG23].



Chapter 2

Preliminaries

The aim of this chapter is to give a self-contained exposition on tree
expansions to SPDEs, which is the basis for Chapter 3. We will start
by giving a basic introduction to white noise and the theory of Wiener
chaoses. In the second part, we shed light on how rooted trees appeared
in the study of ordinary differential equations (ODEs) and the Butcher
series. Finally, we set up the Wild (or tree) expansion for SPDEs with
additive noise. Most notably, we explain how the Wild expansion of
such SPDEs links to corresponding Butcher series.

2.1 A primer on Wiener chaoses

In this section, we introduce Gaussian white noise, Wiener chaoses, the
Wiener chaos decomposition and contractions. The exposition is in partic-
ular aimed at readers unfamiliar with these concepts. Throughout, we will
implement generalised definitions of the It6 and the Stratonovich integral,
and relations between the two. As our main reference, we are following the

monographs [Jan97, Nua06].

2.1.1 Gaussian Hilbert spaces and white noise

The space of random distributions associated with white noise is a special
case of a Gaussian Hilbert space, which can be set up in a very general man-
ner.

23
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Definition 2.1.1 (Gaussian Hilbert space). Let (Q), F, u) be a probability space.
A Gaussian Hilbert space H is a real, linear and complete subspace of L*(u) =
L%(Q, F, i) which only consists of centred Gaussian random variables.

A simple, but non-trivial, example of a Gaussian Hilbert space H is the
span of {W; };>0, where W is a standard Brownian motion, cf. [Jan97, Exam-
ple 1.10]. Because linear combinations with respect to {W; };~¢ approximate
Itd integrals, one has the explicit representation

M= {/Oooh(t) dW; : h e Lz([O,oo))} . @.1)

On the other hand, the Gaussian Hilbert space that will be central
throughout the thesis is the one induced by white noise, which we intro-
duced informally in (1.17). Our goal in the remainder of the section is to
make the previous discussion on white noise rigorous. For this, we denote
by S’(R?) the space of real tempered distributions, which is the continuous
(or topological) dual of the Schwartz space (rapidly decreasing test functions)
[Str03]

S(RY) := {f € C*(R%) : Vn,m € N? sup [x"9™f(x)| < oo} ,

x€RA

where we used multi-index notation. White noise 77 on R? can then be made
sense of as a random distribution &’ (R?).

We want to give a brief outline on the construction of white noise in the
following, which requires the introduction of some technical preliminaries
which we shall state without a proof and without going into further details.
Instead, we refer the interested reader to [Jan97, Example 1.13].

Definition 2.1.2 (Gaussian measure). Let X" be a real locally convex topological
vector space and y a Borel probability measure on X. We call y a (symmetric) Gaus-
sian measure if

xyu  is a centred Gaussian on R, forall x* € X*.

Here fyu denotes the pushforward measure of yu under a suitable function f.

Lemma 2.1.3. Let X be a real locally convex topological vector space and y a sym-
metric Gaussian measure on X, then the completion of X* C L*(X,B,u) is a
Gaussian Hilbert space. Here, B denotes the Borel-c-algebra on X.
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Having the above lemma at hand, we can prove the existence of white
noise. When defining white noise, the goal is to construct a Gaussian measure
P on S’(R?) such that for § ~ P

1(9) ~ N0, ||¢lf2gsy) and E[ﬂ(¢)ﬂ<¢’)]z/Rdfp(X)qv’(x)dx, (2.2)

forall ¢, ¢' € S(R?), where we wrote [ for the expectation with respect to IP.

Lemma 2.1.4 (White noise). There exists a Gaussian measure IP on S’(R?) satis-
fying (2.2). We call IP the white noise measure and the random distribution y ~ IP
white noise.

The construction of such a measure IP, and its corresponding Gaussian
Hilbert space, is rather technical, however very interesting. The linchpin of
the proof is the (Bochner-)Minlos theorem, which states that any continu-
ous semi-definite symmetric bilinear form on S(R¥) corresponds to a unique
Gaussian measure on S ’(Rd) [GV64, Chapter III/IV]. Given this result, we
don’t want to shy away from the construction of white noise, as it sheds light
on some of its properties which may be interesting to the unfamiliar reader.
We follow the argument presented in [Jan97, Example 1.16], however, omit-
ting the technical details.

Proof. In order to avoid confusion throughout the proof, we will write S*
instead of &', which in our case both denotes the continuous (or topological)
dual.

We start by assuming that the Gaussian measure P on S*(R?) with the
desired properties (2.2) exists. For convenience, let us define the random
variable 7 ~ IP (which the reader should think of as white noise). Let
J:S(RY) — S**(R?) be the evaluation map, which for every ¢ € S(R?)
yields a functional

3(@)(F):=F(p), VFeS*(RY).

Note that S(R?) is reflexive, and J is an isometry to its bidual S**(R?). Be-
cause P is assumed to be a Gaussian measure on S*(R?), the push-forward
measure J(¢)4P is normal, i.e. 7(¢) is a centred Gaussian, cf. Defini-
tion 2.1.2. Furthermore, by Lemma 2.1.3, the completion of $**(R?) is a Gaus-

sian Hilbert space, and so is the space

H:={3(p) € S*(RY) : 9 € S(RY)} C L*(S*(RY),B,PP),
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as it is a closed subspace. Let us also define the symmetric semi-definite
bilinear form € on S(RY)

E(p,¢") :=E[n(p)n(e)]. (2.3)

Then, the completion S¢ of (S(R%),€) is a Hilbert space. Lastly, it can be
shown that J is a continuous map from S(R?) to H, which also implies con-
tinuity of £. Thus, J extends to an isometry I : S¢ — H.

Now, the crucial step in the construction is due to Minlos’s theorem,
which allows to interpret the definition in (2.3) in the reverse direction.
Namely, it links any choice of a continuous semi-definite symmetric bilinear
form £ on S(R¥) to a Gaussian measure with covariance structure induced
by €. In particular, this yields the existence of a Gaussian measure IP for the

classical choice £(@, ¢') = (@, ¢') 12(ra)- O

In the above proof, we saw that for white noise S¢ = L?(R“) with the
usual inner product. Hence, white noise as a random (tempered) distribu-
tion 7 ~ IP can be naturally extended to test functions in L?(R“), using the

extension I = J of the evaluation map.

Corollary 2.1.5. Let IP be the white noise measure on S'(R). Then the correspond-

ing Gaussian Hilbert space

H = {n(p) : p € S(RY)} C L*(P)

is isometric to L?(R%). In other words, white noise 11 can be extended from S(R?) to
L?(RY) using the isometry L.

Corollary 2.1.5 states that H can be indexed by Lz(Rd), cf. [Jan97, Defini-
tion 1.18]. In [Nua06], this property is part of the definition of an “isonormal
Gaussian process”. Notably, Corollary 2.1.5 allows to interpret I(f) € H,
f € L2(R%), as a stochastic integral satisfying Itd’s isometry

E[I()P) = 1 1aqme) -

Recall also the case of Brownian motion (2.1), which can be viewed as a spe-
cial case of white noise 7 = W for d = 1. The integral representation will be

advantageous throughout later sections, thus, we will often write

S @nldz) =n(f)=1(f),  Vvfe L*(RY), (2.4)
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while being aware that # is not defined pointwise.

2.1.2 The Wiener chaos decomposition

From now on, we shall only consider the Gaussian Hilbert space H generated
by the white noise measure IP. However, most of this section holds for general
Gaussian Hilbert spaces, see [Jan97, Chapter 2].

First, note that elements Z1,...,7Z,, € H are Gaussian random variables,
which have moments of arbitrary order. In particular,

m m
|Zillzmqe) = /@ = D1 [T 1Zil ey < o,
-1 i=1

by an m-fold application of Holder’s inequality and Wick’s theorem

m

[1z

i=1

1

<
L2(P)

1228y = ELZ2]) = (2m = 1)) Zi| 2 25)

Notably, we constructed the product Z; - - - Z,, € L*(IP) outside of H by sim-
ple algebraic means. In the present section, we will see that at its furthest,
this idea can be pushed to reconstruct (almost all) of the space L?(IP).

We start by defining the building blocks of this theory:

Definition 2.1.6 (Wiener chaoses). Let n € N. The homogeneous chaos of
order n is the space
Mo = Pu(H) N Puor(H)*, (2.6)

where P, (H) is the L?(IP)-closure of the linear space

Pu(H) = {p(Zi,..., Zn) : p apolynomial of degree <n,

(2.7)
Z1,...,2m €H, WLEN}.

Components of the increasing sequence of subspaces P,(H) are commonly referred
to as inhomogeneous chaos of order n. We will also write H<y, := Pn(H).

The spaces H, are mutually orthogonal by definition, which yields
. n
k=0

Recalling (2.5), higher moments of normal variables can be estimated in terms

of second-moments. Because elements of Wiener chaoses are represented in
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terms of polynomials of such Gaussian random variables, this observation

can be generalised to Wiener chaoses.

Proposition 2.1.7 (Hypercontractivity). Let H C L*(IP) be a Gaussian Hilbert
space and n € N. Then for every p,q < oo there exists a constant c, 5 < oo such
that

1X[[opy < (cpa)" 1 XlIrpy, VX € Hen

For the case p = 2 and q > 2, one has ¢4 = /q — 1.

For a proof of this proposition, we refer the reader to [Jan97, Theorem 5.10],
and [Jan97, Remark 5.11] for the explicit constant ¢ ;.

Next, we demystify the abstract definition of Wiener chaoses by express-
ing elements explicitly in terms of stochastic iterated integrals. First, we note
that the notion of the stochastic integral I(f) from (2.4) can be extended to
stochastic iterated integrals of the form

W) = [ FE 2 (A2 ) 29)

which again do not make sense as displayed. Instead, one can define linear
operators I,, : L?((R%)") — L2(IP) to satisfy the properties of iterated stochas-
tic integrals. The construction of I, is similar to the classical It6 integral with
respect to Brownian motion by defining the operator on simple test functions
and extending it to all of L2((R?)") by continuity. We refer to [Nua06, Sec-
tion 1.1.2] for a detailed construction.

Lemma 2.1.8. Let IP be the white noise measure and H as in Corollary 2.1.5. Then
foreveryn € N,
Iﬂ : Lgym((Rd)n) — H”

is an isomorphism' , with L., (-) being the subspace of L*(-)-functions that are sym-

metric in their arquments. Recall that 1,, denotes the (abstract) iterated integral oper-
ator, cf. (2.9). In particular, 1, can be extended to f € L2((R%)") by symmetrisation

L(f) :==1,(f), with  f(z1,...,2n) ::% Zf(zc(l),...,zc(n)), (2.10)

t o€Sy,

where S, is the symmetric group of size n. We say 1,,(f) is a Wiener—Ité stochastic

integral.

IMultiplying I, with \/571 ields an isometry.
plymng y Y-
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To avoid further technical details, we refer the curious reader to [Jan97,
Section 7.2], and in particular to [Jan97, Theorem 7.26] for an exposition of the
statement above. It is interesting to note that the construction of I,(f) does
only depend on f up to symmetries, cf. (2.10), which can be formally argued
to be a consequence of rotationally invariance (in law) of white noise. At this

point, let us stress the difference of two notions for stochastic integrals used

~~~~~

denote Stratonovich integration, introduced in Definition 2.1.14 below.

An important property of the stochastic integrals” construction is the fol-
lowing orthogonality, which can be found in [Nua06, Section 1.1.2] alongside
other properties of the operators I, see also [Jan97, Section 7.2]. For m,n € N
and f € L*((R")"), g € L*((R)")

E[L,(f)] =0 and E[L,(f)Lu(8)] = n! Luzm (f, ) 12((re)") - (2.11)

where ~ denotes the symmetrisation operator defined in (2.10). In particular,

we have
2 ~
E | [LCH] = nt 1B ey < 712 ey (2.12)

Also note that (2.11) is in accordance with the orthogonality of homogeneous
Wiener chaoses (2.8).

Example 2.1.9. Consider functions hy, hy € Lz(Rd ) and the product

L (i) = [ In(e)la(z2)y(de)n(dz2),

which lies in H<,. Naturally, we would like to express the above product in

terms of I, by writing the product of integrals in terms of
[ (e (2" (A1) = L @ ).
(R?2)?

However, as it is the case for the classical 1t6 integral, we have to take a cor-

rection term into account:
Iy (h1)Iy (h2) = To(h1 ® ho) + E [Iy (h1)1y (ha)]
see [Nua06, Proposition 1.1.2], where we used the notation

(h1 R R hn)(Zl, .. .,Zn) = hl(Zl) S hn(Zn) . (2.13)
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Because I(hy ® hy) has zero mean, cf. (2.11), it is orthogonal with respect
to E [I; (h1)I1(h2)]. Moreover, due to orthogonality (2.11), I(h1 ® hy) is un-
correlated to any element in H; = {I; (k) : h € L?>(R¥)}. In other words, we
have discovered an expansion of I; (1)1 (h;) € L?(IP) into its homogeneous

chaoses:
E [Il <h1>11 (hz)] ER="Hy and Iz(hl &® I’lz) € Hy,

with all other chaos components being equal to zero.

We can finally state the Wiener chaos decomposition, which allows to rep-
resent L?(IP) random variables in terms of series of stochastic iterated inte-
grals, generalising the decomposition derived in Example 2.1.9.

Proposition 2.1.10 (Wiener-Itd chaos decomposition). Let IP be the white noise
measure on (S'(R%),0(H)), where c(H) denotes the o-algebra generated by H.
Then for every X € L*(S'(RY),0(H),P), there exist f, € L*((RY)"), n € Ny,
such that

X = iln(fn).

Moreover, the functions f,, are uniquely determined when restricted to Lgym((Rd)”).

For a detailed overview of this result, we refer the reader to [Nua06, Sec-
tion 1.1] with the above proposition being stated in [Nua06, Theorem 1.1.2].
See also [Jan97, Theorem 7.26].

Let us conclude this section with a brief discussion on integrals of the

form

[ h()dx, (2.14)
R4

where {f;} g+ be a family of L?((R?)") functions, which will appear natu-
rally in Section 2.3. A priori, the integral (2.14) does not have any meaning.
However, if {fy}, gs are such that

F:= /Rd, Fo()dx € L2((RH™), (2.15)

then we can define

/Rd, Lo(fo) dx == L(F), (2.16)

which reminds of a Fubini theorem. Once again, this follows from an exten-

sion argument: Starting with a family {f,} _,» that is constant on finitely

xeR
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many subsets of RY, (2.16) holds as an identity by linearity of the operator I,,.
Now, approximating F of the form (2.15) by such elementary functions, we

can show that the definition in (2.16) is indeed appropriate.

2.1.3 Contractions and Feynman diagrams

In Example 2.1.9, we saw that the product I(h;)I(hy) is given in terms of a
Stratonovich integral, and has an explicit Wiener chaos decomposition. In
this section, we introduce the Stratonovich integral in terms of corrected Itd
integrals, using the notion of contractions.

Let A be a finite set, then a contraction « of A is an element in (?), which
denotes the set of unordered pairs of A, such that any i € A lies in at most
one element of k. The set of all contractions of A is denoted by K(A). We say
the pair (A, «) is the set A with contraction x or simply call A a contracted

set, and sometimes write A, .

Example 2.1.11. Let A = {1,...,5}. Then x € K(A) is of the form

./5\. ¢ o (2.17)

Here we represented elements of A as vertices and elements of ¥ =
{{1,3},{2,5}} as edges connecting them. In the literature such contraction
diagrams are sometimes referred to as Feynman diagrams, see for example
[Jan97, Section 1.5].

Now, consider a finite set A of size n € N, a function f € L?((R%)4) and
a contraction « € JC(A). For convenience let us also define m := n — 2|«| and
write A \ « for the elements in A not contained in x. We can then contract f

with respect to x, which is the function

feZave) : / fza) TT 6a(zi) [T 6:;(z7)dza, (2.18)

icA\k {jj'}ex

where we identified variables according to the pairs in x. Here and through-
out the thesis, we will write z4 = (z;)ica € (R?)%, or simply z;_, if
A={1,...,n}.

Example 2.1.12. Consider the contraction x from (2.17) and f € L?((R%)%),
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then f, : RY — R with

k") — 7 <27 415" d .
fe () /(Rd)zf(h 22,21,°,22) dz12

The single free variable corresponds to the unmatched vertex in (2.17). The

remaining pairs have been identified and integrated, according to «.

However, there is no reason why f, should lie in L?((R%)4\*) since the
contraction operator (-), is unbounded and not necessarily well-defined
[Jan97, Remark 7.32]. For example, consider the function f(z1,z2) :=
Zfllzlzzze(o,l] that lies in L?((R)?) and the contraction x = {{1,2}}. Then

fKZ/Rf(z,z)dz:/:idz:oo.

To avoid this stepping stone, we restrict ourselves to functions f such that

any contracted version remains L2-integrable.

Definition 2.1.13 (Contractable functions). We say a function f € L?((R%)4) is
contractable if
| frell 12((rayarey < 00, Vk € K(A).

It is worth mentioning that functions of the form f = ®;c4 h;, cf. (2.13), are
contractable whenever h; € L?(R): First, note that for every x € K(A)

fo= 11 k() T1 (hj hjr) 12(re) /

icA\k {jj'yex

hence, by the Cauchy-Schwartz inequality

fellizqmayawy < TT Willizwey TT 10l 2eey 12yl rarey
icA\k {jj'}ex

n
= [T Ihillr2re) -
i=1
See also [Jan97, Lemma 7.31].

In Example 2.1.9, we derived the decomposition
L (h)Ti(hy) = L(l @ ) + E Li(h)h(h2)],  hy, by € L2(RY),

as for the classical It integral. This identity can also be viewed as definition
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of the Stratonovich integral L ®h). Building up on this idea, we define

Wiener-Stratonovich integrals as follows.

Definition 2.1.14 (Wiener-Stratonovich integral). Let A be a finite set of size
n € N,and f € L2((R?)4) be contractable, cf. Definition 2.1.13. Then the
Stratonovich integral with respect to f is defined as

°

L= [ fGm) [Tl = T Loag(f),
(R7)" i=1

kel(A)
with fy as in (2.18).
For example, the function f = h®@ h® h € L*((R%)3), with h € L*(RY), is

contractable and we have

I(f) = Li(h)* = L(f) + 3E[L (1) " Ta (k).
In particular, the following product rule holds:

Lemma 2.1.15 (Product formula for Stratonovich integral). Let m & N,
{A;}m | finite sets with n; = |A;| and f; € L2((RY)%), then

Iﬁinl(fl) = i|n\(f1 Q- ®fm),

where we used the multi-index notation |n| = ny + - - - 1y,

The proof of this product formula requires a slightly extended notion of con-
tractions. When considering finite sets { A;}" ;, we define the set of contrac-
tions between them

Ki(A1, ..., An) = {KGIC(AlLJ---UAm) D kN <g1> =Q Vléigm} ,

i.e. k does not contain any pairs connecting elements within the A;’s.

Example 2.1.16. Let A; = {1,2,3} and A, = {4,5}, and consider the contrac-

tions

The first two contractions lie in /C| (A1, Az), however, the third one only lies
in (A1 U Ay) because there is a pairing within A;.



34 CHAPTER 2. PRELIMINARIES

We can now state a generalisation of Wick’s theorem, referring the reader
to [Jan97, Lemma 7.33] for a proof.

Lemma 2.1.17. Let m € N, {A;}!", finite sets with n; = |A;| and f; €
L%((R4)A7), then

ﬁlni(fi) = ) Lnjo ((A®- @ fu)k),

i=1 ke |
where we wrote K| as a shorthand for K| (Aq,..., An).

Now we have all the ingredients to provide a proof of the product formula
for Stratonovich integrals.

Proof of Lemma 2.1.15. Let m € N, {A;}" finite sets with n; = |A;| and f; €
L%((R9)4). By Definition 2.1.14 of the Stratonovich integral, we can write

II f; ::fﬁ 2: ni— ZMJ((ﬁ)M)

i=11,eK(A;)) ( \
2.19
= ) Hln, 24 (fi)) -
KGEK(A;) i=
1<is<m

Now, we apply Lemma 2.1.17 for {A; \ ;}".; and {(f;)«}/"; which yields
HI —2|x;] ((fidx) = 2 Gi(((f)e ® @ (fu)en )z )/ (2.20)
i=1 ?E’CL

with K| = K (A1 \%1,...,Au \ k) and 7 = YI"; (n; — 2|x;|) — 2|K|. Note
that any tupel (¥, x1, ..., k,) can be mapped to its naturally induced contrac-

tionk =xUxy U---Ux, and we write

Gi(((f)e @+ @ ()i ) = Inj—2p (1 © -+ © fin), ) - (2.21)

In particular, one can check that the above mapping defines a bijection be-
tweenKC) (A1,..., Au) X K(A1) X -+ x K(Ap)and K(A1U- - -UA,). Lastly,
combining (2.19), (2.20) and (2.21) we have

‘Iﬁini(fi): Z I\n|,2‘,{‘((f1®---®fm)x):i\n|(f1®“‘®fm)/

KEK(A1U-UAy)

which finishes the proof. O
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We conclude the section with a Fubini-like theorem for the Stratonovich

integral, which is an immediate consequence of Definition 2.1.14 and (2.16).

Lemma 2.1.18 (Fubini-like for Stratonovich). Let A be a finite set of size n and
{fx} cre be a family of L>((R?)?) functions that are contractable, cf. Defini-
tion 2.1.13, such that also

Fi= /Rd, () dx € L2((R%)A)

is contractable. Then

/Rd, b fo) dx = 1,(F).

Remark 2.1.19. Throughout the section, we restricted ourselves to white noise on
R?. However, all results presented should hold generally with with RY being re-
placed by a o-finite non-atomic measure space (E, E,v), as for example considered in
[Jan971. In particular, this allows to also consider the time-space domain R, x R,

2.2 On rooted trees and the Butcher series

In this section, we will review how trees are used to index series expansions
of solutions to ODEs. In particular, the kind of expansion that we are in-
terested in goes under the name of Butcher series (or B-series for short)
[But63, HW74], which originates from numerical analysis. Since its intro-
duction, approaches of the same flavor were successfully applied to SDEs
[Gub10] and SPDEs [Hail3, Hail4].

2.2.1 Rooted trees

First, we introduce the central objects of this section: finite, rooted trees. We

denote the set of finite, rooted, unordered trees by 7, containing trees T

o G Y Y 22

where 1 denotes the empty tree. In the pictorial description, the bottom-
most node describes the root, whereas leaves are indicated by thick dots e.
The remaining inner vertices are represented by o. Given a tree T € 7, we
denote the set of vertices by V(1) and the set of edges by £(7). Moreover, we

partition V(1) into two categories:
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e The set of leaves, which we write as £(7) with cardinality ¢(t) = |£(7)].
e The set of inner vertices, denoted by Z(t). We also write i(t) = |Z(7)|.

We denote the total number of vertices by |t| = ¢(7) +i(T). The root of T
is denoted by o+, or simply o, and is considered an inner vertex in all cases
but one. The exception is the tree T = ¢, for which the single vertex, and root,
is considered to be an element of £(7). Lastly, for v € V(1) \ o the closest
vertex p(v) € V(7), in direction of the root, is called the parent of v. Every
vertex u satisfying p(u) = v is called a (direct) descendant of v.

As we will be working with unordered trees, the three trees below, for ex-
ample, will be considered identical:

G, %oV )

Trees in 7 can be constructed recursively as follows: Suppose 11, ..., T, € T,

we then construct the tree 7 := [1y --- T,| by connecting the trees 7, ..., T, €
T to a common vertex, which acts as the root of the new tree T. We use the
depiction
T T T
2.24
(o] = N (2.24)
and call [- - - | the grafting operator. For example,

=-, [l (1= o [(We= X

We observe that the empty tree 1 can be ignored in a grafting (unless it is
the only tree): [1 7+ T, = [71 - Tu]. In this notation, the space of finite,
unordered rooted trees can be obtained from the space of finite rooted trees
through the equivalence relation that identifies

(71 ] = [To(1) *+* To(m)] (2.25)

for every ¢ € S, (the group of permutations on n indices), and the same for

any subtree of a given tree.

Moreover, it will be useful to consider the following types of subsets of 7
For n € N the set of sub-n-ary trees

T<n:= {7 € T : any inner node in T has at most n descendants}  (2.26)
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and the set of n-ary trees

Tn:={t € T\ {1} : any inner node in T has exactly n descendants}
(2.27)
For example, all trees displayed in (2.22) lie in 7<3, but only the second, third
and last tree lie in 73. Note that we work with the conventions that the empty
tree belongs to 7, 7<,, but not 7, and that the “single node” tree T = « be-
longs to 7, (because by convention the root counts as a leaf and not as an
inner node).
Let us also introduce some algebraic quantities for general rooted trees,

which will come in handy, when dealing with related combinatorial factors:

e Symmetry factor. For any T € T we write s(7) for the symmetry factor,
counting the number symmetries that leave the unordered tree structure
unchanged. It is given by a recursive formula as follows: First, s(s) =
s(1) = 1. If T = [(;)" - - - (7,,)*"] for distinct ; # 1,i = 1,...,n, each one

appearing k; times, then
n
s(t) =[]kl s(m). (2.28)
i=1

This recursive formula is based on the fundamental fact that

L T | S
s(T)HS(TZ) Tkl ke K

o (1K) (k) (0 o))

counts the number of possibilities to arrange the trees 7; to form 7, or more

(2.29)

generally, the number of arrangements of |k| elements of n families, each
of size k;. Here k denotes the the multi-index (k1, ..., k).

Furthermore, the symmetry factor s(7) equals the size of the symmetry
group associated with 7, hence the name. The symmetry group is given by
the family of automorphisms ¢ : V(7) — V(7) such that

¢(0) =0 and {v,uf e &(t) <& {¢p(v),¢(u)}e&(r), (2.30)
see also [But08, p. 154].

¢ Tree factorial. For the empty tree 1 we define 1! := 1 and, inductively, for
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atree T = [y - - - T;] we define 7! as
= 7|n! ! (2.31)

where || = 1+ |11| + - - - |T,| is the total number of vertices of the tree 7.
It is easy to see that the tree factorial of a linear tree of n vertices, i.e. there
is no branching and #n vertices lie on a line, is equal to n!. Thus, the notion

of tree factorial generalises the usual notion of a factorial.

T h(™ (x) s(t) T || o)
1 X 1 1 0 1
. h(x) 1 1 1 1

WO (Oh(x)2 2 12 4 1

W (x)3h(x) 1 24 4 1

o—o—o—co—o<(( oéo—o—co<o—o
=
—~
=
~—
=
—
=
S~—
=
—~
=
~—
N
—_
Qo
=
W

Table 2.1: Examples of rooted trees and their corresponding quantities, up to
|| < 4. For the definition of the symmetry factor and the tree factorial, recall
(2.28) and (2.31). On the other hand, the elementary differential /(7 (x) will
be introduced below in (2.35) and the coefficient a at the end of this section.

Let us conclude the section by giving an example of how fruitful the intro-
duction of the tree factorial and symmetry factor are, when expressing combi-
natorics associated to rooted trees. Let T € 7, wesaye: V(1) — {1,...,|7|}

is an ascending labelling of T if

* ¢ is a bijection,
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e and ¢(v) > e(p(v)) for every v € V(1) \ 0. In other words, any path from
the root to a leaf is labelled in an ascending order.

In particular, given an ascending labelling ¢, the root is always labelled by
¢(0) = 1. We say that two ascending labellings ¢, f are equivalent ¢ ~ f, if
there exists an automorphism ¢ : V(t) — V(1) satisfying (2.30) such that

e(v) = f(¢(v)), VoeV(r).

For example, consider the following labellings:

465 6 5 4 576 265
2 2 4 4
1 1 1 1
The first three labellings are ascending, with the first two being in fact equiv-
alent. We denote the set of all ascending labellings (up to action of the
symmtry group by the equivalence relation ~) of a rooted tree T € 7T by

¢(7). It’s cardinality can be expressed conveniently in terms of its tree facto-
rial and symmetry factor.

Lemma 2.2.1. Forany T € T, we have

T!ls(t)’

The proof of the lemma can be found in [But08, Theorem 305A].

2.2.2 Associating trees to nested derivatives

In this section, we embed rooted trees into the analysis of ordinary differential
equations (ODEs). We are mainly interested in series representations of the
solutions to ODEs of the form

x=h(x), xp=a€cR, (2.32)

for some function /2 : R — R. At this point let us assume that both & and the

solution (x;)>0 admit locally a unique series expansion, given by their Taylor
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series. Hence, the integral representation of (2.32) reads

t oo _ n
Xt =a —|-/(; Z <xsn'a>h(”) (a) ds
"= (2.33)

U | oosk k " ,
:a—i—/o Zon!<kzlk!xé)> h" (a)ds,

where in the last step we replaced x; by its Taylor series. Here and throughout
the rest of the thesis, we write

M () = —
r=t or h (ﬂl) d”x

for the k' (or n'") derivative of a function. From (2.33), we deduce that it
suffices to control derivatives of x at time zero. Now we make the useful
observation, thanks to the information encoded in the differential equation
(2.32) and application of the chain rule, that

Xy = xﬁl) =h(x;),
%= =1 (x)x =W (x,)h(x,),
e W ()2 )
e = 1) (1, h(xy)? + 407 (e (e D)2+ (3,

Hence, derivatives of arbitrary order of the solution x can be expressed in
terms of higher-order derivatives of 1. However, it will be difficult to keep
track of the iterative application of the chain rule for higher order terms. At
this point, we use rooted trees as a guiding aid, that will even turn out more

fruitful than expected, see Lemma 2.2.2 below.

Let us begin by considering the tree ¢ containing a single vertex, which
represents the function /(x). Now, differentiating /1(x), there is only a single
function we can apply the derivative to (a single vertex), which yields

d / . / 2) ®

h(x) — ah(x) =Hh(x)x =h(x)h(x) =x represented as ¢ — &,
where we chose the only available vertex (representing an occurrence of /(x))
and attached a new vertex to it (taking the derivative). This increases the
degree (number of derivatives) of the original vertex, whereas the new leaf

represents an occurrence of ¥ = h(x) by the chain rule. Note that at this stage
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the colour of vertices in the tree may be ignored, as both leaves and inner

vertices play the same role.

Let us also formulate the remaining terms, up to order four, in terms of
rooted trees. The first non-trivial case is x(®) for which

W (x)h(x) = K" (x)h(x)? + K (x)%h(x) = x©)

is represented in terms of
1= N+ L

In words: Using the product rule we have to take the derivative of either term
in the product /' (x)h(x). Thus, we either attach a new vertex to « or to o in
I, corresponding to deriving '(x) or h(x), respectively. Lastly, for x*) we
represent

h®) (x)h(x)® + 41" (x)1 (x)h(x)? + K (x)3h(x)

in terms of .

NV A @34

Here we split the second term on the left-hand side into two seperate trees
on the right-hand side. Both trees represent the same product of derivatives,
because the number of vertices having a specific degree agrees. Similarly, it is
possible to follow a procedure using multi-indices instead of trees, in which
case the two terms are combined into a single one, see Faa di Bruno’s formula
[Fra78].

That the successive application of differential operators can be expressed
in terms of rooted trees, as presented above, was first observed by Cayley
[Cay57] and a century later refined by Merson [Mer57], with a focus on nu-
merical analysis. In fact, the relation between higher-order derivatives and
trees can be made more accurate by also expressing the occurring coefficients,
cf. (2.34), in terms of their corresponding trees [But63]. For this, we have to

introduce a last quantity:

¢ Tree (or elementary) differential. For a smooth function /&, we define, in-
ductively, its tree differential (also called elementary differential) h(") : R — R
as follows: For all a € R, for the empty tree 1 we define 1V (a) := a and
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for the tree s, h(*) (a) := h(a). Now, for T = [11 - - - T,] we define inductively

1 (a) := h" (a) [Th'%(a), forall a€R. (2.35)
j=1

Unravelling the recursive definition of the elementary differential using an

inductive argument, we can write

) = T W= (), (236)
veV(T)

where degT(v) counts the number of edges connected to v, that lead deeper
into the tree, away from the root (which is equivalent to the number of de-
scendants). More precisely,

deg, (v) := |{{o,u} € £(7) : p(v) # u}

4

with the convention that deg, (o) = deg(or).

Now, we have all the tools at hand to express higher-order derivatives of
the solution x of the ODE (2.32) in terms of rooted trees.

Lemma 2.2.2. Let h € C"(R), n € N, and let (xt);co+) solve the differential
equation (2.32) on [0, t*), for some t* > 0. Then

1 (T
W= YV a(hD(x) = ¥ M Vk<n+1,tel0,t),
= = Tls(T)
|T|=k |T|=k

where o(T) was defined in Lemma 2.2.1.

The identity was made precise in [But63], see also [But08, Theorem 311C].
We give a proof for completeness.

Proof. Let t* > 0 such that (xt)ic[os) solves the differential equation (2.32)
on [0,t*). First, consider T = e for which the claimed identity holds, since
Xt = h(x;) and s(s) = ¢! = 1. Now, assume the identity holds for any k < n,
n € N. Then, by the induction hypothesis

d

(n+1) _ _m 9
% TGET Ts(o) ar ) (2.37)

fe[=n
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Note that by definition of the elementary differential, (™) (x;) is a product of
7| derivatives (including 0"-order), cf. (2.36), and thus

d

dth()(xt)_hxt y Jp(degy( )+1)( 0TI h(degT(u))(xt)_

veV(T) ueV(t)\{v}

Hence, together with (2.37) and Lemma 2.2.1, we can write

xn+1 Z Z Z h jy(deg; (v)+ )(xt) H h(degT(”))(xt),

‘T|€7’ e€E(T) veV(T) ueV(t)\{v} (2.38)

where €(7) denotes the set of ascending labellings, which was introduced
above Lemma 2.2.1. In fact, each summand is an elementary differential for
atree T € T with n 4+ 1 nodes, where we added a new leaf neighbouring the
node v, cf. (2.36).

It is only left to rewrite the above sum in terms of trees of size n 4 1.
However, a tree of size n 4 1 can arise from various trees of size n, by grafting

a new vertex onto the tree, for example

I\/ arises from :\/ or &1.

To keep track of such multiplicites, let us define the index set over the sums
on the right-hand side of (2.38) as the set of labelled rooted trees (of size n)
with a marked vertex

LTM .= {(tr,0,¢) : v V(T), ¢ € €(7) for some T € T with |t| = n} ,
furthermore, we write the set of labelled trees of size n in terms of
LT = {(1,¢) : ¢ € &(1) for some T € T with |1| = n} .

Then the (simplified) grafting operator is the mapping from ﬁTr(:r)k into
LT via
(1,0,¢) = ™ A% 1, = (7,7). (2.39)

Here, 7’ is the tree arising from T by attaching a new leaf u to v, and f is
the labelling that extends ¢ with the additional component u +— n + 1. For

example,
n+le

MRV
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withn = 3.

In order to conclude the proof, we have to show that the grafting opera-
tor n', (2.39), defines a bijection between marked, labelled trees ETf:r)k and
labelled trees LT "1, Consider (7', §) € LT ") and write the labelled tree
where we removed the node with label n + 1 and the corresponding edge
(note that the node is necessarily a leaf) by

(2 1+ 1),y € LTk (2.40)
with p(f~'(n + 1)) denoting the parent of the node with label n + 1. We can
see that the generated tree (2.40) maps to (7/,f) under the grafting ~". This
also yields injectivity, because the grafting ~? only acts locally on a tree at
the marked node v.

Overall, we can perform a change of variable in the summation in (2.38)
from L’Tf:r)k to LTV which yields

x£n+1) _ Z Z h(T)(Xf) _ Z (n + 1)!h(T)(xt) )

TeT fee(r) TeT Tl S<T)
|T|=n+1 |T|=n+1
In the last step, we applied once more Lemma 2.2.1 since the elementary
differential does not depend on the chosen labelling. This concludes the
proof. O

2.2.3 The Butcher series

Using Lemma 2.2.2, the Taylor series of x; can be written (formally) in terms
of trees and their quantities introduced in (2.28), (2.31) and (2.35):

h(T) (a)

7l
O (2.41)

By(t,a) ==Y

TeT

This formal power series over rooted trees (2.41) was introduced by Butcher

[But63, Display (11)] and named B-series or Butcher series in subsequent

work by Hairer and Wanner [HW74]. As for the Taylor series, one expects

that the B-series agrees with the solution x;, for  small enough. The content of

the following lemma is that the new order of summation does not change the

value of the series and that the Butcher series indeed represents the solution
of the ODE.
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Lemma 2.2.3. Assume the solution (x¢)¢>o of the ODE (2.32) exists and is locally

analytic around zero with radius t*. Then, for all t € [0, t*)
xt = By(t,a) € R,
i.e. the solution x; is represented by its B-series (2.41) whenever it admits a power

series in t centred at zero.

Proof. Let t* € (0,00] such that (x¢);c[o+) has an analytic extension on the
complex plane C, i.e. t* is the radius of convergence. Then, for t € [0, t*)

o) tk
X = kz Exgk) ) (2.42)
—0

with the series converging absolutely [MH99, Theorem 3.2.7]. Now, due to
the absolute convergence of the series and Lemma 2.2.2, we can switch to a
summation over rooted trees which yields

s h(™ (xp)
Xp = tItl = B, (a,t).
' k;”;r T!s(7) wat)
|T|=k
This concludes the proof. O

For t sufficently small, analyticity of h implies analyticity of the solution
xt, which is then represented by the B-series (2.41).

Proposition 2.2.4. Let h : R — R be a function that is analytic on B(a,R), R €
(0, 00}, then the unique solution (x;)=o to the ODE (2.32) is locally described by the
B-series (2.41). More precisely,

x¢ = By(t,a), forall t € [0, %) ,  withM:= sup [|h(x)].
|[x—a|<R
A proof of the proposition can be found in [HNW93, pp. 46], see also [Gub10,
Theorem 5.1]. We repeat the argument here for completeness.

Proof. Uniqueness of the equation follows for example from [HNW93, Theo-
rem 1.7.4]. The second part of the statement is a consequence of the method
of majorants: Assuming that % is analytic on B(g, R), Cauchy’s inequality
[MH99, Theorem 2.4.7] yields for alln € N

i T (R — r)—l T g(”)(o) , (2.43)
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where ¢(r) := MR(R —r) 1 and M := SUP|y_q<r |1(X)]-

First, the differential equation

has the explicit solution

n:R<1—M1—%f>,

. . . R . . .
which is analytic on B(0, ﬁ), thus, admits a power series representation

around 0. On the other hand, by Lemma 2.2.2,

1 ® () (a)] gm0 1

— — < —

k! ’xo ‘ TGZT tls(t) T;. T!s(7) ko
|T|=k |T|=k

forall ke N,

because every product term in the elementary differential (2.35) can be esti-
mated using (2.43). This yields absolute convergence of the Taylor series for

X, since

SEARC SEAP0

£ en=E i<

k=1"" k=1""
for every t € [O,%). The statement of the proposition follows from
Lemma 2.2.3. O

Remark 2.2.5. Note that Proposition 2.2.4 is far from being optimal and may only
yield a sub-interval on which the solution (x;)>o is analytic. Consider for example
the differential equation

x=x>, x=1. (2.44)

The function h(x) = x> is entire, thus, Proposition 2.2.4 yields that the solution is

analytic on the interval [0, ) with

However, (2.44) has the explicit solution

1
V1=2t’

which is analytic on the interval [0, 1), that is strictly larger than the one derived

Xy = forall t€10,3), (2.45)
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from Proposition 2.2.4. Hence, x; agrees with its B-series Bj,(t,1) forany t € [0, %),
following Lemma 2.2.3.

2.2.4 A brief note on rough paths

It is worth mentioning that Butcher’s original work [But63, But72] influenced
fields and works far beyond the original scope. Butcher started in the field
of numerical analysis, namely building a general theory of Runge-Kutta
methods. However, the thorough study of the trees appearing unveiled a
finer structure in terms of a Hopf algebra formalism, which reached much
farther. For example, the same rooted trees emerged in non-commutative
geometry and also quantum field theory, where they were used for the
removal of subdivergences in Feynman diagrams. We refer to the survey
articles [Bro04, But18] for a detailed overview. Finally, rooted trees made
their debut in stochastic analysis in the seminal work [Gub10], in the context
of rough path theory.

From the point of view of probability theory, the theory of rough paths,
introduced in [Lyo98], allows for a deterministic analysis of stochastic dif-
ferential equation. Starting point is the replacement of the driving signal in
(2.32) with a (rough) stochastic process W = (W; )= € C*([0,00)), « € (0,1),
e.g. (fractional) Brownian motion. This yields the SDE

dXt = h(Xt) th , XO =a, (246)

with i a smooth function. Because the solution X should look like W on small
scales, one expects that

7 (Xs) ()

— s T _ o|(N+1D)a

Xi T; 50 Wy +0O(]t —s| )/ (2.47)
|T|<N

following the same steps as in the case of the ODE (2.32). Here, W(%) denotes
iterated stochastic integrals with respect to W, which replace the role of % in

the previous section. For example
W= [Caw, =w, - w d o_ [ 24
st r = ¥Vt s an Ws,t = dW,, dw,, (248)
S S S

see [Gub10, Display (10)] for their explicit definition.
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In order to proceed in a pathwise fashion, we have to interpret the
stochastic integrals in (2.48) for a fixed realisation (W;(w) )0, which is apri-
ori not possible. For simplicity, assume that W is given by a standard Brow-
nian motion, then the integrals (2.48) can be interpreted both in the Itd or
Stratonovich sense (and many more), giving rise to different solutions of the
SDE (2.46). This really is a manifestation of the fact that the “integral-map”
is continuous, in fact well-defined, only if W € C*([0,00)), & > % [You36].
Clearly, Brownian motion just about fails this property, allowing for different
interpretations of the stochastic integrals.

The idea of rough path theory is to lift the driving signal W to an element
W in an extended space (the so called rough path space equipped with a
suitable topology), by postulating the values of iterated integrals (2.48). In
other words, the sole probabilistic component is the choice of integration in
(2.48). Together with (2.47), this allows to construct the integral

/Ot h(Xs) AW,

as a limit of higher-order Riemann sums [Lyo98]>. Here N has to be chosen
large enough such that (N + 1)a > 1. Hence, in the case of Brownian motion
we have N = 2 and giving meaning to a single (non-trivial) iterated integral
suffices, cf. (2.48). Moreover, by setting up a fixed point problem on the rough
path space, uniqueness follows and the solution map W +— X can be proven
to be continuous, see for instance [Gub10, Theorem 8.8].

2.3 Wild expansion of SPDEs with additive noise

After having seen how tree expansions are useful to encode solutions of
ODEs and SDEs, we shall now proceed to the infinite dimensional setting.
Throughout this section we will focus on SPDEs with additive noise of the
form

1
Ottt = EAuE +mu, + h(”e) + B, uf(ol ) =0, (2.49)

where 1 is a real analytic functions, satisfying #(0) = 1’(0) = 0, and m € R.
At this point, consider a noise = of either the form

Bt x) = AepaxC(L,-)(x) or E(tx) =Aepa*n(x)do(t), (2.50)

2This was also explained beautifully in a course by Hendrik Weber on Singular SPDEs, see
https://drive.google.com/file/d/1s4XX--zGP7JfKgBxn-eoSZupqiM6QIFH/view.
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with A, > 0 a real pararneter.3

Here, x denotes convolution in the space-
variable. Thus, either E is given by a mollified space-time white noise or a
mollified white noise forcing at t = 0. We will write & = ¢ or & = Jp 77, when
distinguishing between the two cases. Let us also recall that P; = exp (5A) is

the heat semigroup on RY:

Pip(x) = prx p(x) ,
Ix|2 (2.51)

1
pe(x) = (Znt)% exp < 5 > L) (), V(t,x) € R X R? .

Similarly, the heat semigroup with non-trivial potential m is given by Pt(m) =
e™! P; with associated kernel pE‘“) (x) := e™ps(x).
Because 1 is a real analytic function satisfying #(0) = 1’(0) = 0, the mild

formulation of (2.49) reads

ue(t, x) c(t,x) +/ / pt S iugt'!y)nh(”)(O)dyds
(2.52)

where we introduced the tree notation

t
= / Pl (y — x)E(s,y) dy ds, (2.53)
0 JR4

which is the solution of the linearisation of the SPDE (2.49), with i = 0. Ex-
pression (2.53) should be interpreted as follows: We assign the time-space
variable (t,x) to the root, the time-space variable (s,y) as well as the weight
Ef(s,y) to the leaf and the kernel PETQ (x —y) to the connecting edge. Finally,
we integrate over the variables associated to all nodes except the root. In
other words, the edge represents a time-space convolution between the heat
kernel and the weight of the leaf, evaluated at the time-space variables as-

signed to the root.

The integral !, is the first step in an approximation of the solution of
ue. Viewing the right-hand side of (2.52) as a function of u,, we can per-
form an iterative expansion, such as a Picard iteration. However, due to the

non-linear nature of the equation, the stochastic integrals appearing become

3In some cases the scaling parameter A, is only well-defined on an interval (0, §), e.g. A¢ ~

( log %) 71/2. In the following, we will assume ¢ € (0, §), with the (arbitrary) choice § = 5
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overwhelming quickly, both in number and complexity.

Example 2.3.1. Consider the equation
1
Oy = EAug +mu, — (ug)3 +Z2%, u(0,-)=0, (2.54)

i.e. h(x) = —x3. Note that this is the non-linearity of the Allen-Cahn equation
(Chapter 3) or the dynamic ¢* model (1.20). Its mild formulation reads

ue(t,x) = lo(t,x) — /Ot /Rd pﬁ‘fl(y —x)(ue(s,y))®dy ds. (2.55)

Performing the next step in the Picard iteration, we insert (2.53) in place of u,
into the right-hand side of (2.55), which yields

Ie(t,x) — P « (18)3 (t,x). (2.56)

Building on the identity (2.53), we represent the cubic power in terms of a
branched tree as

Vel y) = (Ig(s,y))3 , (2.57)

where we have glued together three copies of the tree | at a common root. At
this point, we notice that we represent occurrences of Z¢ by « and kernels p(™
by straight edges, which are linked by vertices that correspond to space-time
convolutions (excluding the root). This motivates us to finally write

(2.56) =: Is(trx) - \ge(t/ X). (2.58)

Both terms lie in a finite inhomogeneous Wiener chaos and we are able to
control them with tools from stochastic analysis. Of course, we can continue
this expansion at will, for example the next iteration yields the expression

3
Is(t/x) _P(m) * (Is _Ys) (t/x)/

and by iterating the procedure we obtain a formal expression which is hoped
to represent the solution of (2.54) arbitrarily well.

Any such iterative procedure leads to a formal power expansion in the
noise variable Ef. In the following, we will use a recursive tree expansion,

often referred to as Wild expansion, instead of performing an iterative Picard
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expansion. This type of expansion was popularised in the context of stochas-
tic PDEs by the work [Hail3], and is attributed to the work of Wild [Wil51].

Definition 2.3.2 (Wild expansion). The Wild expansion of (2.52) is the formal
series over rooted trees

Y, XI, (2.59)
TeT\{1}

with XF, T € T \ {1}, defined recursively as follows:

e First, define X;(t, x) to be the solution of the linearised equation

L ] 1 L ] L ] — L ]
OX; = SAX;+m X+ 87, X:(0,-) =0. (2.60)

o Fort € T\ {1,} of the form T = [(1))"1 - - (7,)k"] for distinct ; € Ts,
i =1,...,n, each one appearing k; times, we define X{ to be the solution of
()

1 ,
AX = ZAXI+mX[ + — [T, XI(0,)=0. (261

where we used the multi-index notation |k| =Y.' 1 ki and k! = kq!- - - k,!.

In other words, every term X{ can be expressed as an iterated stochastic in-

egral over “lower order” terms:
t 1 “1 der” t

Cro LK () -
i = [ [ om0t Y

where the integral is to be interpreted in the sense of (2.16). We will make this

(XT(s,y)" dyds,  (2.62)

i=1

connection more precise in the next section. Note the discrepancy between

hﬂ‘kl‘()ﬁo) in (2.62) and the Taylor coefficient in (2.52), which is due to considering

unordered trees: The difference of the two coefficients

It k!
KU Kyl k!

counts the number of possibilities to graft the tree T from the given 7;’s, see
(2.29).

As we are interested in approximating the solution u, using this expan-
sion, it will be useful to introduce a truncated version which only considers
finitely many terms.
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Definition 2.3.3 (Truncated Wild expansion). We define the truncated Wild
expansion of order N to be

ul (tx) =Y XI(t,x), Y(t,x) € (0,00) x R?,

TeTN
with TN :={t e T\ {1} : || < N}

The truncated Wild expansion agrees in the limit with a formal Picard
iteration. Notably, it has the advantage of still being closely associated to the
original equation, allowing for (some) control on the imposed error. More
precisely, since every term X7 solves a PDE (2.61), their sum uY solves the
differential equation

1
ol = Sl +mu + PV Ny +RY + 2., ul(0,)=0,  (263)

where P%) is the N*"-order Taylor polynomial of & around zero
N 1,(m) m
N h"™ (0 ,
PV ) = Y 0y fx),
m=1 T T €TV =1

and RYN an error term. The error term RY is explicit and only depends on
trees in the “boundary” of TN

N A\ ki
RN := PN+ Y o (XT)
TeTN ' i=1
T=[(71)"1 ()]
==Y = IIx
m=1 ’ Ty T €TN i=1
[Tl"'Tm}gTN
In the second equality, we used that
UKD (0) & ok L BM(0) ml ke
Z k! H(XETZ) = Z m! Z FH(XETI)
teTN : i=1 m=1 : reTN S—
T=[(7)1-(T)*] T:[(Tﬁik\l;“(fn)k”}

-y Oy
e 7
o R
[T1~"'Dn]€TN

which is a consequence of (2.29). At this stage, we note that the choice of in-
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dex set TN is rather arbitrary and in general one may consider any sequence
of (increasing) subsets of trees that exhaust all of 7, as N — oco. Depending
on the structure of the equation, other choices might be more appropriate.
For example, when & is a monomial of degree n € N, it suffices to consider
trees in 7, (2.27), see also Chapter 3.

Remark 2.3.4. The concept of Wild expansions can be implemented more generally
to include multiplicative SPDEs or SPDEs with a non-linearity acting on Vu, in-
stead of u. In the latter case, the principal example is the KPZ equation (1.19), for
which (2.61) would instead read

1
Xy = iAXST +a(t)(VXD,VX2), XI(0,-)=0,
where T = [11 2] € T, with a(T) = L=, + 21424, € {1,2}. See also [Hail3],
where a truncated Wild expansion (in terms of ordered trees) was used to solve the

one-dimensional KPZ equation.

2.3.1 [Iterated stochastic integrals, trees and Wiener chaoses

Throughout this section, H will denote the Gaussian Hilbert space generated
by &, see Corollary 2.1.5 and Remark 2.1.19. Whenever we write stochastic
integrals with respect to &, such as (2.9), they are to be interpreted in the sense
of L2-isometries, cf. Lemma 2.1.8.

Our goal is to represent terms in the Wild expansion by iterated Wiener
integrals, indexed by trees, as for example in (2.53) and (2.57). With this in
mind, let us first define for any tree T € T \ {1,+} the Stratonovich integral

Te(t, x) —Ie )(K )
_/Rde (T)'yﬁ(r)) H E(dsv, dyv),

veLl(T)

(2.64)

cf. Definition 2.1.14, with

Kee(Sc(o) V(o) = K svne i) 470 Yz, (265)
D

t

where D; := [0,t] x R? and

K (syepo Yvone) = |1 Ps o~ Yu = Yp(u)) (2.66)
ueZ(t)\o
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].—[ Aee™ (Sp(”)_su)psp(urswsz (y“ - yP(“)) :
ueL(t)

We recall that p(u) denotes the unique parent of u. Note that we are not in-
tegrating over the root variable of the tree T, which is assigned to the point
(t,x), but only integrate over all other inner vertices of 7. In other words,
every edge in T corresponds to an occurrence of p(™ and every leaf corre-
sponds to a noise Ef, recall Example 2.3.1. Note that the condition Sp(u) = Su
is implicit in the definition of the heat kernel (2.51). At this stage, it is not
clear that the function Ki’é is contractable, cf. Definition 2.1.13, and thus if
the Stratonovich integral is well defined. We will verify this in Lemma 2.3.8

below.

Remark 2.3.5. In (2.49) we assume zero initial data. However, non-trivial intial
data ug may be included in the term E by replacing it in (2.64) with

do(dsy) uo(y) dyo + E(dsy, dys),

assuming u is regular enough.

The terms of the Wild expansion (2.62) are related to the Wiener—
Stratonovich integrals (2.64) via a combinatorial factor. For example, the for-

mulation (2.64) allows us to write

R GIOR S R T

3! 312!

The coefficients in the display above, and in the formulation of the Wild ex-
pansion (2.61), are a consequence of considering unordered trees: In classical
expansions, such as the Picard iteration, integrals are multiplied in different
orders but give rise to the same terms, cf. (2.23) or (2.25). It will be important
to obtain a precise expression for these coefficients, which we shall do now.
To this end, let us define recursively for T = [1; - - - T]

cr = h"(0)[Tex, (2.67)
i=1

with ce := 1. Then the following identity holds:

Lemma 2.3.6. Forany T € T \ {1}, we have for every ¢ € (0,3) and (t,x) €
(0,00) x R?

XE(t,x) = < [T]e(t,x),

s(7)
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with the Wild expansion term (2.62) on the left and the Wiener—Stratonovich integral
(2.64) on the right, represented by the planted tree [T].

Note that c; (2.67) defines an elementary differential (not necessarily as-
sociated to a function as in (2.35)). We note that an identity of similar nature
has been derived in [BCCH20], to determine coefficients of renormalisation
constants in the context of (subcritical) singular SPDEs.

At this point, we adapt the concept of contractions from Section 2.1.2 to
the kernels considered in (2.65). Unlike the stochastic integrals indexed by
the initial tree, the stochastic integral indexed by a contracted tree will lie in
the homogeneous Wiener chaos, whose order is given by the number of un-
contracted leaves. We will see below that one can recover the integral asso-
ciated to the original tree by summing over all integrals indexed by possible
contractions, in analogy to Definition 2.1.14. Let us now be more precise and
start with the definition of a contracted tree.

Definition 2.3.7. For any T € T we define a contraction to be a subset of (un-
ordered) pairs of leaves x C (© (ZT)) of the tree T, such that every v € L(7T) lies in at
most one element of k. We define the corresponding set of contractions by

K(t):= {K C <£(2T)> : K is a contraction ofr} . (2.68)

Moreover, we will denote a tree T = (V, E) that is being contracted according to a
contraction k by Ty:
T := (V,EUx),

and call this a xk-contracted tree or simply a contracted tree. We will also denote by
L () the set of leaves of T, namely, the subset of leaves L(T) which are not included
in the contraction x.

If all leaves of T are contracted via x, we will call x a complete contraction
and 7, a completely contracted tree. If this is not the case, we will often (but not
necessarily always) talk of partial contractions and partially contracted trees.

At this point, we see a clear advantage of using rooted trees to represent
stochastic integrals, as we can visualise contractions k¥ € () pictorially by
pairing leaves in the tree 7. For example, the possible contractions of the tree

\%{/ (2.69)
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are (up to symmetries)

A O O A

where we denoted the tree without any contraction with a subscript @ to
emphasize the empty contraction, and distinguish it from the Stratonovich
integral. Then, given a contraction x € K(T), we write the kernel K%} (2.65)
contracted with respect to « as

K& (S Vo) = /DWK)K?,’E(SL@)'}/L(T)) 7D
H E[Z(su, Yu) E(sur, Yur)] Yy () dsv() ,
{uu'}ex

where V(x) denotes the vertices included in the contraction x and

[1]
Il
™

(ssu (Sul) 5yu (yu’) 7 i

f
E [E(Su/yu) E(Su//yu/)] =
50(5u)50(5u’) (5]/11 (yu’) ,dif

[x1

I

>,
S
=

Now, to a contracted tree 7, we associate the Wiener—It6 integral
t
TK,E(tl X) = IZ(TK) (KT,;S) . (2.72)

To lighten notation, we will sometimes drop the coordinates ¢, x that indicate
the time-space coordinates of the root, if the explicit indication is not neces-
sary. With this definition, 7, . lies in the homogeneous Wiener chaos of order
o) = |£(w).

By Definition 2.1.14 of the Stratonovich integral, each stochastic integral

associated to a tree 7. has the decomposition

Te = Z Tice 1 (273)
xkeK(T)

with 7, defined in (2.72). Thus, in the example of the trees in (2.69) and
(2.70), we have

R O I I 3

where the right-hand side corresponds to the homogeneous stochastic inte-



2.3. WILD EXPANSION OF SPDES WITH ADDITIVE NOISE 57

grals indexed by the contracted trees in (2.70). Here we have taken into ac-
count multiplicities of homogeneous components due to equivalent contrac-

tions, e.g. the contractions

KA

are all different, however, correspond to the same stochastic integrals.

Up to this point, we have not given a justification that the stochastic inte-
grals (2.64) or (2.72) are indeed well defined, which we shall do now.

Lemma 2.3.8. Let T € T and T > 0. Then uniformly over all (t,x) € (0,T] x R*
and ¢ € (0, %)

AL

(47€2)%

L(T)
HKtrl,:eH%Z((Rde)L(TK)) < C ( > ’ fOT all x € IC<T) ’

where C = C(m, T,i(7), £(T)) is a finite positive constant, independent of €. In par-
ticular, the kernels K%*; are contractable, cf. Definition 2.1.13, and the Stratonovich
integral (2.64) is well defined as a sum of It0 integrals.

The proof of Lemma 2.3.8 can be found at the end of the section. We
stress that the bound obtained is far from being optimal: The divergence of
the e 2-terms, as ¢ — 0, is in general not compensated (even by the usual
choices of A, — 0 in the weak coupling limit, e.g. (1.31)). That the kernels
are indeed uniformly bounded in ¢ is left as a case by case analysis, which
strongly depends on the model at hand and the choice A, being made.

In view of Lemma 2.3.8, we are ready to prove Lemma 2.3.6.

Proof of Lemma 2.3.6. First, the identity holds for T = e since

Xt 1) = A [ Mg, aly— ) E(ds, dy) = [+t ).
t
Now, assume the claimed identity holds for any tree T satisfying |t| < N,
N e N. Lett = [(T1>k1 e <Tm)knl] with distinct t; € T’s,i = 1, ...,m, each one
appearing k; times, such that |7| = N + 1. Then, by (2.62) and the induction
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hypothesis

h(KD

. Y 1 ( Cu
Xg(t,X):/ Py = H( S [Tl Sy)> dyds

i=1

m

/ » pt S y—x)] ] ([%] dyds (2.74)

i=1

where we used (2.67) and (2.28) in the second equality. Because every kernel

K [Ty} is contractable by Lemma 2.3.8, we introduce
sy = s,y ki 2 d\L(T)
K ::®<K’_,> € L2((R x RY)£M), (2.75)

where we recall the ®-notation from (2.13). Thus, we can use the product

identity for the Stratonovich integral, Lemma 2.1.15, to write
n S
[T ([we(s,y)" =T (K2) = =ls,y),
i=1

where used that {(7) = k14(11) + - - - + kul(T ). Together with Lemma 2.1.18,
this finally allows to rewrite (2.74) in terms of

= ([ [ - o) ayas)

= @ [T]e(t/ X) ’

where we used that KE’T’}‘S is contractable, by another application of

Lemma 2.3.8. t

XI(t, x)

Finally, we pay our debt and state a proof of Lemma 2.3.8. While being
heavy notationally, the proof is elementary and best explained in a picture.

Consider for example the kernel KtTKx ¢ associated to the (contracted) tree

TK: f’//

then we can represent the L?-norm of the kernel diagrammatically in terms
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of

K12, (2.76)

((RxR?)E(w)) — ’
(t,x)

where both time-space points associated to the respective roots equal (¢, x).
See Section 3.2 for a detailed exposition of this fact. Again, identifications
of time-space points are represented by pairwise contractions (purple edges).
Black edges are interpreted as the convolution kernels consisting of p(™)’s, cf.
(2.71). To give a brief (diagrammatic) summary of the proof: We will extract
the kernels associated to black edges which are connected to purple edges

using a crude “L!-L*-estimate”:

N

Lo H ) L1

The first term on the right-hand side is bounded since we considered a mol-

(t,x)

lified noise Ef. Whereas the second term can be explicitly estimated by “inte-
grating out” all remaining kernels using the time-space points associated to

inner nodes.

Proof of Lemma 2.3.8. Let us first consider the case & = ¢, and assume m > 0.
Explicitly writing out (2.71), we have

ME T
H sl,(suf)é‘yu(yu) (2.77)
{uu'}ex
[T Aeem&opg o au— Ypw) Wi dsvie) 9570000 Yz (e
ueLl(t)
</I(r)\o H pspu s (Y = Yp(u))
D, ueZ(t
2 2m(t—sy) )

/[0 V) {M,I}ex/\g ¢ Ps )45 ur) —25u+2¢2 (Yp(u) = Yp(w) ) s, (Sur) dSyr

IT 2 e‘“<f‘5")pspws,,+gz (Yu = Vo)) dsz(x\0 AYz()\0/
ueL ()
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where we separated out the space-time points assosciated to leaves contained
in x and applied the semigroup property of the heat-kernel when integrating
out the spatial variables vy, and used the fact that s;(,) < t.

Now, the second line of the right-hand side of (2.77) can be upper

bounded as follows

/ " I AEeZm(t_S“)Ps 5yt ~25u-262 (Yp(u) = Yp(w) )05, (5ur) ASy ()
(0] {uu'}ex
x| x|
2 t 2
g Ag _ / eZm(t—s) ds g Ag dieth , (278)
(47’[82)j J0 (47[82)5 2m

where we used that py (%) < psi02(0) < ppe2(0) in the first inequality.

Hence,
Ktrr,:fs(sﬁ(rx)l yE(TK))

21, \
< : diem /IDI<T)\° H psp,, su yp(u)) (2-79)

(471e2)7 2m £ ueZ(t)\o

IT 2 €m(t75“)Psp(u>—su+sz (Yu = Yp(u)) dSz(2)\0 Wz(2)\0 -
ueL(t)

This yields an upper bound of the L2-norm of the kernel, since
IKE 17,

((RxRA)£(w))

_ X 2
B /D,L(T") K e(S(w) Ye(n)” d8e(n) W (ry)

2|x|
A2 1
(2o L (o L e
((4mz)§2m ) D) DfZ(T>\nue¥)\op vt s = V()

2
[T Aee™™pg v (Wu = Ypu) dszione dyz(r)\o) dsg(z) e
ueL ()

2Jx]
A2 A2 p2m(t—su)
< . 7€2mt / e ds
(fnc ) e L) ame

2
< /Dz(r)\a IT pi s yp<u>)dsz<r>\odl/z(r>\o>f

t ueZ(t)\o

where we applied (2.79) in the first inequality. In the second inequality,
we once more integrated over spatial variables associated to £(7), while

keeping in mind the semigroup property of the heat kernel, and again used
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Psie2(x) < pa2(0). Overall, repeating the same steps as in (2.78), we have

HK e” ((RxRA)£(w))
/\3: 1 2mt i
< —e
(47e2)2 2m (2.80)
2
X (LI(T)\D p ps (u) Su yp(u))dSI(T)\o dyI(T)\U) 4
t ue

since 2|x| 4+ | £(7c)| = ¢(7). The integral inside the square-bracket can now be
evaluated by integrating over spatial variables from leaves towards the root
(note that every inner node has exactly one edge (heat kernel) connecting it

to its parent):

/DI(T)\” H psp () s“ yp(u)) dSI(T)\u dyI(T)\O

t ueZ(t

s 1\ (2.81)
S /[o,qzm\o ueg)\oe W dsz(r)\e S (me ) :
Lastly, combining (2.80) and (2.81) yields
21 AR 2(i(1)—1)
K% e” (RxRA)Em)) S ((471582)‘;21116th) (memt> )
When considering m < 0, we use the estimate fo >Suem(sv<">*s“) ds, <t

which yields

| 2o\ 2(i(7)—1)+¢
K3 xs” ((RxR4)E(w)) < (47_[;2)% -1+ (T),

following the same lines of the proof above.

Lastly, let us comment on the case when & = ép#, in which all time-
variables associated to leaves are evaluated at 0. Then the equivalent estimate
to (2.78) reads

/[O . [T A2E™pg v, —2sir2e o) — Yot )0(su)d0(su) dsyp

) {uu'}ex

22 ; Jrc| 22 x|
< € - / eZm(t—s)(so(s) ds < € - eth ,
(47te2)2 Jo (471€?)2
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which eventually yields, for m > 0,

(1)
A2 ezw) (o)1)

bx |12
IR el mx ey < <(4n£2)‘§

In the case m < 0, the exponential factor can be neglected. This concludes the

proof. O

2.3.2 From the Wild expansion to a Butcher series

This sections main result is to establish a link between the Wild expansion,
cf. Definition 2.3.2, and a corresponding Butcher series (2.41). First we need

to introduce an operator on trees.

Definition 2.3.9. Let n € N. We call the map
T:T\{1} =T, T(t)=r1, (2.82)

the trimming operator, where 7 (T) is the tree that is spanned by the inner nodes of
T, i.e. T “cuts off” all the leaves and their attached edges.

To lighten later notation, we have also used the chromatic notation by
which 7 = 7 (1), for example

=70 =1, F(¥)=-, and 7(%s)=1

The reader should have the following pictorial description of .7 in mind

XTI <3/G N l\/ (2.83)

where we again coloured leaves in the tree on the right-hand side in black,

according to our convention.
Having the definition of trimmed trees at hand, we can recover the coeffi-
cients of the Butcher series, with non-linearity /1, by summing over all suitable

coefficients of Wild expansion terms.

Lemma 2.3.10. Let o € T, then
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with c. defined in (2.67). Recall (2.28) and (2.35) for the definition of the symmetry
factor s(T) and the elementary differential h(*), respectively.

To the author’s best knowledge the identity in Lemma 2.3.10 was not ob-
served before. However, it is not entirely surprising: The fundamental build-
ing block in the construction of terms in the Wild expansion is the lollipop L.
Hence, the expansion can be viewed as a power series expansion in terms of
!, and not the noise Z¢ = ». The corresponding combinatorial factor, associ-
ated to a Wild term X7, should thus be related to the trimmed tree 7 (1) = 7.

Proof of Lemma 2.3.10. The statement is true for ¢ = 1 € T, since 7 1(1) =
{} with h®)(1) = KW (1) = 1 = ce and s(s) = s(1). Moreover, for ¢ = » the
pre-image 7 ~1(+) consists of trees of the form

="' =[], neN.

r & Cle] & h(ﬂ)(o) L B h(')(l)
yZ(T) G (oI R i

Now we proceed by induction. Assume that the statement is true for all trees
0 € T\ {1} with |¢] < n, for some given n € N, and let ¢ € T be a tree
with || = n + 1, of the form ¢ = [(¢7)¥1 - - - (0,)*] for distinct o; € T\ {1},
i = 1,..,n, each one appearing k; times. Just as above, trees in the pre-image
7 ~1(0) must be of the form

LTk
= N =[n g M), m= KK+,

for some 7; € T\ {1,+}, j = 1,...,|k|, where we recall that |k| = Y, k;.
Because we consider unordered trees, we may assume that the trees 74, . . ., T,
satisfy .7 (7;) = o1, the trees Ty 11, . . ., Ty, 1k, satisfy 7 (7;) = 02 and so on. At

this point it will be useful to write the grafting operator in terms of

m—\k|] [.m—\k|

T=[n - Tk| * [T T ) [T Tk

:;fl...fn.vl

where the right-hand side is to be interpreted as gluing together all grafted

(2.84)

trees at one common root (without introducing new edges). Note that
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T(Ti) = [af ‘. In particular, we have
s(t) = (m—|k[)!'s(T1)---s(Tn), (2.85)

because 7; # 1) whenever .7 (7;) # 7 (7). As a consequence of (2.84) and

(2.85), we can write

© ||
Z Cr — Z I’l(m)(O)Cmi‘kl 1 H .
TeT S(T) m=|k| =[1 T‘k"m_‘kHET S(T) i=1 l
=7 (1)=0 =7 (1)=0
(2.86)
_ i ) (0) ¢kl v 1 ﬁo
i (= KDY e e (T

where 7y, ..., T, play the role of T .4k 41, - -, Ty 4.4k, - NOW, we have

1

ki s(f1) -+ s(fk) K cz
Hcfj _ Z k! ( l) = ( k,) i]
j=1 '

. (2.87)
- Y e _< y o )ki_ R (1) "
o e €T =1 s(%j) o s(t) s(07) ’
7 (%) =0; 7 (t)=0;

where the second equality is a consequence of the size of the pre-image
[---]71(T;) € (T)k being equal to

cf. (2.29). The last equality holds by application of the induction hypothesis.

Then, (2.86) together with the chain of identities in (2.87) yields

ki
ce & hm)ch M g ()
L s b e Ui\ S ) (2.88)
=7 (1)=0
Thus, together with

) h(m)(o) k|

— pkD ey = UKD
(m—|k|)!c' WV (ce) = HIV(T),
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(2.88) implies
c " ook @
L = oMo m) =T,
=7 (1)=0

where we used the definition of the symmetry factor (2.28) and the elemen-
tary differential (2.35). This concludes the proof. O

Let us state a useful property of the trimming operation, namely it is a
bijection between finite families of n-ary and sub-n-ary trees: For arbitrary
N € N, let us define

N = ni(1) <
T, {teT: i(t) (2.89)
<

TS ={t€ T It

The next lemma summarises this and other properties of .7.
Lemma 2.3.11. The following holds for any n € N.
(i) The map 7 is a bijection from T, to T2, for every N € N.

(i) Let T € Ty \{e}and r,..., Ty € Ty suchthat T = [ty --- T,], then
T=[1 - T

In other words, trimming via 7 and grafting via [...] commute.

Proof. By definition of 7,)°, its image under .7 is a subset of ’72\,71 On the
other hand, for any ¢ € T2, we can constructa T € T.N? such that 7 (1) =
T = o as follows: To each node that has n — k descendants, for k € {1,...,n},
we append exactly k lollipops {, so that in the new tree that node has exactly
n outgoing edges. The constructed tree T lies in 7", since i(t) = |o| < N
and every inner node of T has exactly n descendants. Moreover, it satisfies
7 (1) = 0. This concludes the proof of the first part of the statement.

In order to prove (ii), let T € 7, \ {¢} and 7, ..., T, € T, such that T =
[71 -+ Tu]. Now, because .7 does not act on the root of 7, see Definition 2.3.9,

we necessarily have
T=7(0)=[7(n) - T(w))=[1 - .

In order to avoid confusion, let us discuss explicitly the case where 7; = « and

thus 7; = 1, for some i € {1,...,n}. Without loss of generality, let us assume
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that 7, = «. Then, by convention of |[...], we have
T=[n - T=M01- - T

This identity propagates to T = [11] if additionally 7; = «foralli € {3,...,n}.
Moreover, in the most extreme case T = '\L/., this reduces further to T =
«=[1] = [1"] = [+"]. O

The bijection property of .7 for n-ary trees allows us to link each term in
the Wild expansion to a corresponding term in the Butcher expansion of the
ODE x = h(x), whenever h is a monomial.

Corollary 2.3.12. Let h be a monomial of degree n € N, then the terms of the Wild
expansion for the SPDE (2.49) satisfy the following identity: For any T € T,

XI(t,x) = [Tle(t,x), Vee (0,1), (tx) € (0,00) x R,

with the symmetry factor s(t) and elementary differential h™) defined in (2.28) and
(2.35), respectively.

Proof. Leto € Ty, then there exists a unique T € T, suchthat 7 (1) =t =0,
by Lemma 2.3.11. Therefore, the statement of Lemma 2.3.10 simplifies to

h(”)(l)_ Z Cv Cr
s(o) = s(t) s(n)’
T(t)=c

because ¢y = 0 for every T/ ¢ 7T, since h(’”)(O) = 0 whenever m # n, cf.
(2.67). The statement of the corollary is now a consequence of Lemma 2.3.6.
O

2.3.3 A brief note on regularity structures

In Section 2.2.4, we saw that finitely many iterated integrals suffice to express
the solution of a SDE in a pathwise sense. This idea was pushed further
to a multi-parameter setting in [Hail3] and lead to Martin Hairer’s theory
of regularity structures [Hail4], which has been expanded and further
developed in [CH16, BCCH20, BHZ19]. In this section, we aim to give a
condensed summary of the theory and its limitation to (scaling) subcritical

SPDEs. For more details and a general overview, we point the reader to
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[FH20, CW17, CZ21, Zam21].

Consider a SPDE of the form (2.49) that is subcritical, recall Table 1.4. The
basic idea of the theory of regularity structures is an expansion as we per-
formed in Definition 2.3.2. Subcriticality of the equation suggests that u, ~ ! ¢
on small scales. In particular, all other terms in the expansion are of higher
regularity. This is both a curse and blessing for subcritical equations. On the
one hand, the gain in regularity suggests that finitely many terms in the ex-
pansion suffice to give sense to (2.49). On the other hand, we will encounter
objects of regularity « > 1, which require “recentering” to make sense in this
context. In particular, the latter is accountable for a lot of the complexity in
regularity structures [CW17].

The expansion in regularity structures is expressed in terms of abstract
symbols T = (7). .7, where T denotes an index set such as rooted trees. Usu-
ally 7 holds a larger class of objects, including abstract monomials X* for
the “recentering”.* To every point (¢, x) one then associates a local expansion
I,
tions/distributions. For example,

a so called model, which maps abstract symbols in T to actual func-

II0) = P () = P™wgi(tx) and  ILYXF() = (D2 —%)".

t,x

(€)

t,x

In the context of rough paths, the model I1; ; corresponds to the iterated in-
tegrals \w§> . Now, in order to describe the solution of the given SPDE up to
regularity v > 0, it suffices to look at all terms in the expansion below this

regularity threshold (finitely many), i.e.

u(ol) = L Felt,0)(T17) (92) +0007),
ITT\va

where |7|;, measures how the associated distribution vanishes or blows up
when evaluated on small scales, with q)o‘) a scaled test function as in (1.21).
Here, F; are the coefficients in the expansion, some of which depend non-
trivially on (t,x), to correct the “recentering”. Note that in the case of the
Wild expansion with vanishing initial data, Definition 2.3.2, no such re-
centering was implemented and the associated coefficients are constant, cf.
Lemma 2.3.6.

4n the literature, these abstract symbols are often coloured in blue. We will do the same in
order to distinguish them from iterated integrals introduced in (2.64).
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Finally, taking the small e-limit in the space of models leads to a (random)
model IT; ; and the family of (modelled) distributions

ﬁt,x = Z FT(t/ x) (ﬁtpﬂ') ’
\glfzv
which locally describes the solution of the SPDE at hand. Notably, ﬂt,x en-
codes, how to interpret ill-defined products in the formulation of (2.49). We
stress that in most cases the small e-limit of fIt,x only exists after suitable
renormalisation of the model.

The remainder of the procedure resembles rough path theory, in the sense
that it is performed deterministically, for a fixed realisation of the model
IT; (w). Namely, the celebrated reconstruction theorem states that there ex-
ists a unique distribution RF which is locally described by ﬁt,x, i.e.

RF(p) — Fia(9™)] ST,
2 %

X t,x ~

uniformly over ¢, A € (0,1] and locally uniformly in (¢, x).

In summary, the theory of regularity structures provides a small-scale
analysis of subcritical SPDEs, locally in time. For this, only finitely many
terms in the expansion are necessary. It is a general theory that makes sense
of ill-defined SPDEs and allows to systematically renormalise such equations.
On the other hand, considering a critical equation, infinitely many expansion-
terms will have the same regularity as ., which does not allow for pathwise
techniques as sketched above.



Chapter 3

The Allen—Cahn equation with
critical initial datum

We consider the 2D Allen—Cahn equation

atu:%Au+mu—u3, u(0,") =179, (3.1)
A > 0and m € R, with initial condition given by space white noise 77 on
R2. The SPDE is scaling critical and there exists no solution theory, due
to the irregularity of the noise.
In this chapter, based on the work [GRZ23], we approach the SPDE (3.1)
by studying its weak coupling limit and establish non-trivial Gaussian
fluctuations. The result builds on treating an infinite Wild expansion of
the equation, cf. Section 2.3, and on the introduction of certain combi-
natorial “cycle removal” estimates, which allow to control the inflicted
error in the expansion. To the author’s best knowledge, this is the first
time an infinite expansion has been treated successfully for a non-linear
critical SPDE.

The weakly coupled version of (3.1) is given in terms of
1 3
Oty = EAuE +mu, —ul, ue(0,:) =17, (3.2)
with e € (0, 3) and initial condition
A

Ne :=Aep2xn, with A;:= ,
log ;

69
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which approximates space white noise, as ¢ — 0. Here A > 0 is a coupling
constant that we will later on require to be sufficiently small. Also recall that

p denotes the heat kernel

1 2
pe(x) = 5.7 &P <—‘32Ci|}> Ljge0) (1) forall (t,x) € R x R?.

Note that p,. x  corresponds to a mollified white noise on scales ¢, since
pe(s) =e?pi(-/e).

Because the initial condition vanishes under the considered scaling, one
expects 1, to converge to the trivial zero-solution. Hence, we should multiply
the solution by the same factor the initial data vanishes, to study non-trivial
fluctuations around the zero-limit. Therefore, we define

Ue(t,x) := y/log L - ue(t, x), (3.3)

which solves the equation
1 - A

Our main result is the following.

Theorem 3.0.1 ([GRZ23]). There exists a Ag, > 0 such that for A€ (0, Atin),
m € Rand T € (0,00) satisfying

/\fin

mT < log—, (3.4)
A
wherem := m V 0, we have
limE [‘L{g(t,x) -0y - v(t,x)ﬂ =0 with 03 1= ————,
e—0 (1 + é;\z
T
for all (t,x) € (0,T] x R% Here, v denotes the solution of the linear equation
1
0/v = EAzH—mv, v(0,-) =1. (3.5)

As a consequence of our main result, we see that the limiting statistics
of the mollified SPDE (3.2) are given in terms of the linearised equation
(3.5), where the non-linearity was dropped. However, the non-linearity is
relevant and affects the size of the limiting fluctuations o3, which are strictly
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weaker than the fluctuations of the limit when dropping the non-linearity in
(3.2), see also (3.10) and the discussion below. Furthermore, it is interesting
to note that, despite the restriction A < Agn due to technical reasons, the
limit in Theorem 3.0.1 is well-defined for arbitrary A > 0. In particular, for
A= /log %, we formally recover the strong coupling regime, which suggests
fluctuations of order O(1).

The 2D Allen—Cahn equation (3.1) falls into the regime of scaling critical-
ity. Recalling (1.25), we have that u® (t, x) := A~%u(A2t, Ax) solves

o = Lau® 4 22mu® 20, (0, ) Laty. (G

For « € (—1,0) the factor in front of the non-linearity vanishes as A — 0,
which corresponds to the (scaling) subcritical regime. For « = —1 we are in
the critical regime. Together with the choice d = 2, « = —1 also keeps the
initial condition scale invariant. In fact, we may reformulate (3.1) as a SPDE
with additive forcing

01U = %Au+mu—u3+5017, u(0,-) =0. (3.7)

The noise &7 lies in C™3~ (R, x R?) when d = 2, cf. Table 1.3. Notably,
this agrees with the regularity of space-time white noise in d = 4, for which
the additive equation (the dynamic ¢j-model (1.20)) is known to be scaling
critical, cf. (1.27).

We should mention that that the Allen—-Cahn equation is only locally
well-posed for initial data in C"‘_(Rd), for o > —%, and ill-posed otherwise
[COW22]. In particular, it is not possible to make sense of (3.1) pathwise,
and only stochastic cancellations make the regime a < —3 applicable. Up
to this point in time, the study of (scaling) critical SPDEs remains difficult
as there is no general toolbox available for their treatment, in contrast to
subcritical equations, cf. Section 2.3.3. Instead, critical SPDEs have only been
treated individually, by exploiting certain characteristics of the equation
at hand, as we presented in Section 1.3. We believe that our approach in
analysing the full expansion for the critical Allen—-Cahn equation, may be
a first step towards analysing infinite expansions of critical singular SPDEs
more generally.
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Besides regarding (3.1) as a toy model for a critical singular SPDE, our
interest in the dynamics is motivated by the paper [HLR23], where (3.1) was
considered in d > 2 with a weak rescaling of the initial datum (in the sub-

critical regime), namely
1e(0,-) = Ae?poxy with a € (—1,0). (3.8)

This yields initial conditions u,(0,-) € C*~(RY), uniformly in¢ € (0, 3), and

as a result, one observes!

~

e i Mu(t,x) = A-o(t,x), inL3(P), (3:9)

where the right-hand side is simply described by the solution of linearised
equation of (3.1), without seeing any influence of the non-linearity. However,
we stress that the work [HLR23] focuses instead on a non-trivial limit aris-
ing at large times, the so called Bargmann—Fock field. The fronts formed by
the dynamics of the Allen-Cahn equation are known to evolve according to
mean-curvature flow, see for example [BK91, ESS92]. Thus, [HLR23] yields
a natural construction of initial data for mean curvature flows, constructed
from “absolute chaos” (white noise). In contrast, Theorem 3.0.1 in the present
paper studies (3.1) at the critical value x = —1 (in d = 2) with a weak cou-
pling constant and non-trivial influence of the non-linearity can already be
observed on scales of order one. In particular, when comparing our result

with (3.9), we observe a dampening effect of the non-linearity, because
A
1+ 3242

However, in the case m = 1, we are only able to treat the problem at small

0y = <A, forall A > 0. (3.10)

times, and the large time behaviour in the flavour of [HLR23] seems not to
be covered by our approach, due to technical restrictions.

Remark 3.0.2. Note that for m < 0, Theorem 3.0.1 covers arbitrary large time-
horizons T, for all A€ (0, )A\ﬁn), and our methods should allow for an extension to
slowly growing time horizon Tg, as e — 0.

The explicit value o3 appears from the study of a Wild expansion of u,,

see Definition 2.3.2, and arises in terms of a Butcher series (2.41), which in

In [HLR23] the initial condition is stated for A = 1, we added the additional factor to
allow for comparison to our result. They also consider a wider class of mollifiers.
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turn allows us to link it to the solution of an ordinary differential equation.
More precisely, after performing an expansion of U (¢, x) in terms of iterated
integrals (represented by a certain class of rooted trees), we can identify a
power series in A such that

log%
Ue(t, x) ~ A Z apA" v(t, x),
n=0

where the approximation is to be understood in a L?(IP)-sense. The sum in-
side the parenthesis agrees miraculously with the Taylor expansion of the
solution of the ordinary differential equation y = —> with y(0) = 1, where

the variable 32—)7‘5 plays the role of time. Thus, for A small enough,

10%% 1
lim Y a,A%" = ——— (3.11)

- — 7
8*)011:0 /1+%

with the right-hand side being the solution of the aforementioned ODE. As
we could see in Chapter 2, the concept of Wild expansions can be imple-
mented more generally for SPDEs. However, to the author’s best knowledge,
this is the first time that the (full) Butcher series is used to study and identify
the limit of a (non-linear) singular SPDE.

Let us close with some general remarks on Theorem 3.0.1.

Remark 3.0.3. The fluctuation coefficient o can also be identified as the solution of
the ODE

as a function of A. However, this ODE does not appear naturally in our analysis.
Generally, it would be interesting to link the original SPDE directly to the ODE that
determines the fluctuation coefficient.

Remark 3.0.4. In Theorem 3.0.1 we impose A to be chosen small enough, since we
require the power series in (3.11) to converge absolutely. However, we expect the
result to hold for arbitrary choices of A since oy is well defined on all of R and does
not explode.

Remark 3.0.5. For d > 3, we could have considered critical initial data of the form
(3.8) with « = —1. In this case, the equivalent statement of Theorem 3.0.1 should



74 CHAPTER 3. THE CRITICAL ALLEN-CAHN EQUATION

read
lim E “8_%+1u8(t,x) — oy(d) -v(t,x)ﬂ ~0,

e—0

with R
A

()

The statement should follow almost verbatim from our arguments.

Structure of the chapter

The remainder of this chapter is structured as follows. In Section 3.1, we
present the main steps of the proof of Theorem 3.0.1, while assuming the
chapter’s key ingredient (Proposition 3.1.2). Section 3.2 introduces the notion
of v-cycles and related estimates, which are required for the the control of
second moment estimates for terms in the Wild expansion. Lastly, we provide
a proof of Proposition 3.1.2 in Section 3.3.

3.1 Proof steps for the main result

In Chapter 2, we introduced the Wild expansion and set the stage for iterative
expansions of additive singular SPDEs. There, we learned that, on a formal
level, the solution of (3.2) can be represented in terms of the Wild expansion
(Definition 2.3.2) as

ue =) X, (3.12)

T€T3

where it suffices to consider ternary trees 73 (2.27) only, due to the cubic non-
linearity, cf. Example 2.3.1. The linchpin of our argument, to conclude The-
orem 3.0.1, is a precise control of the Wild expansion (3.12). Our asymptotic
analysis builds on a precise understanding of the decomposition of the com-
ponents of the Wild expansion into its homogeneous chaos terms, cf. (2.73).
The goal of this detailed study will be to show that that only terms in the first
chaos (and not all of them) contribute to the Gaussian limit in Theorem 3.0.1.
The key result in this direction is presented in the upcoming Section 3.1.1.
The proof of Theorem 3.0.1 is then carried out in Section 3.1.2.

Chapter 2 provides all the elements which allow us to discuss the proof
of Theorem 3.0.1, without entering into technical details. These are deferred
to later sections and require the introduction of additional tools.
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3.1.1 From the Wild expansion to single-tree estimates

Let us write the truncated Wild expansion, cut off atalevel N € N, as

X X:,

o
TETsN/

with 75N *© introduced in (2.89). Here we slighlty deviated from the formula-
tion in Definition 2.3.3, however, the idea remains the same and unlike the

full Wild expansion, ué\’

is well defined as it is a finite sum. The structure of
the Allen-Cahn equation, and in particular the fact that the non-linearity —u?
is monotone in u, allows to circumvent direct treatment of the infinite part of
the series. More precisely, in analogy to (2.63) and the discussion below, we

have that u) solves
1
ol = EAMQI +mull — WP +RY, uN0,") =1, (3.13)
where the error term RY depends only on trees at the “boundary” of 75N “:

RV= Y XIXPXP. (3.14)
,T2,T3 67—3N’°

(11 2 1] %EN’O

Utilising a maximum principle in combination with more structural esti-
mates, which we will describe in detail below, we are able to control the error

of the approximation as follows.

Proposition 3.1.1. Let A > 0 and T > 0 satisfy
AenT <« 1 (3.15)
10v/C”’

withm = mV 0and C € (0,00) the constant defined in (3.82). Then uniformly
over all (t,x) € (0,T] xR% e € (0,4 A 3) and N < log 1

\/EH (t,x) — ue(t, x)

with Cy = Co(T,m, A) € (0,00) the constant defined in (3.31).

_ G (Veiem®
L2(P) ~ log ! €

The proof of this proposition is deferred to Section 3.1.2. In order for this
estimate to help us prove Theorem 3.0.1, we would like the right-hand side of
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(3.16) to vanish as ¢ — 0. This forces us to choose a cut-off level N = N that
explodes as ¢ — 0, and a suitably small coupling constant A. In particular,

we fix the cut-off level N; given by
N = |logl], (3.17)

and choose A € (0, Agy,) for some Ag, small enough, which we fix later on.
Given the error estimate above, the next task is to identify the convergence of

the truncated sequence u = ¥ o X{. This convergence is very delicate,

e
in particular because the number of terms in the sum now grows with e. The
next proposition contains the key estimate that allows us to overcome this

issue. For this, let us fix now and throughout this chapter h(y) := —1°.

Proposition 3.1.2. Let T > 0and A > 0, then uniformly over any e € (0, A 1)
and T € T;°, with N, = |log 1|, and uniformly over all (t,x) € [0, T] x R?, we
have

Ao\ |7l
. W (1) (3A2) .
H Viog - xzte, 0 - 5 <2n> et
Mt 4 | log (t +€2)| + logt  Aemt
2log 1 4t +e2)’

where T is the trimmed tree T (T) defined in (2.82) and C is the finite constant
defined in (3.82).

L2(P)

(1)
_ 9

52 omt |7l
= otls(T) (CA%)

The above result both identifies the limit of |/log % - X¢ and gives a quan-
titative result on its rate of convergence. The proof of Proposition 3.1.2 is
at the heart of this chapter and can be found at the end of Section 3.3. It
builds on all the results that are derived on the way. We highlight that the
bound we obtain is uniform over all trees T € 73 with || = O(log 1). This
is rather remarkable: As |T| grows, every tree consists of a growing number
of components living in distinct homogeneous chaoses and it requires pre-
cise estimates to bound all of them at once. In particular, the right-hand side
is summable over T and decays for ¢ — 0, a fact that is necessary to make
rigorously sense of the following approximations:

R (1) 32\ 1T
( ><271> e tPt+52’7(x)
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s W) BAR I
~ A T;:g T5(0) <E> P"n(x), as ¢—0.

The series in the expression equals

» o BO(1) 372\ [ ~ (3A2
R = [ — —_— .].
/\TEZ% T!S(T)(ZTL’) % Ay(Zn)' (3-18)
by Lemma 2.2.3, with
1

y(0) == \/ﬁ (3.19)

being the solution of the differential equation y = —y?, y(0) = 1. The above

limiting behaviour is the content of the following proposition, which is the
final step towards the proof of Theorem 3.0.1.

Proposition 3.1.3. Let A > 0and T > 0 satisfy

Ae™T < (3.20)

1
v2C’
with m = mV 0 and C be the positive constant defined in (3.82). Then for all
(t,x) € (0,T] x R?

lim H \/lo?%ué\fs(t, x) — o3 Py (x)

e—0

L2(P)

where o3 as in (3.18).

We will provide the proof of Proposition 3.1.3 at the end of the section.
Before we pass to the proof of Theorem 3.0.1, let us explain the structure that
underlies our main estimate, contained in Proposition 3.1.2. In Chapter 2, we
saw that each Wiener integral X7 lies in an inhomogeneous Wiener chaos and
can be decomposed into its homogeneous chaos components. These projec-
tions are realised in terms of all possible pairwise contractions of noises, cf.
Definition 2.1.14 or the discussion below (2.73). An example of a possible
contraction, appearing in the study of (3.2), is shown in the left-most element
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of the following display:

(3.21)

In this display, each inner node can be associated to a unique contraction.
A crucial observation will be that only homogeneous chaos configurations
consisting of precisely such contractions (i.e. internal contractions can be ex-
tracted from all inner nodes, possibly in a nested manner) contribute in the
limit ¢ — 0. This will be the content of Section 3.2. Once the configurations
with the dominant contribution have been identified, the next step is to deter-
mine their limit. Let us describe the relevant structure based on the example
diagram (3.21). In the left-most tree the contraction among the two leaves
neighbouring 4 (which creates the loop 4 — 4) will produce the weight, cf.
(2.66),

ms 2 ms.
22 [ (™ palz =) dz = A2y, ) (0),

by using the Chapman-Kolmogorov equations. Similarly, the loop 3 — 3
will have a weight A2¢2™ s Pa(s,+22)(0). Next, moving to the contraction that
creates the path 2 — 4 — 2, we see it also produces the weight

A2 /(Rz)z €2y (2= Y2) P, (Va — ¥2)e™ Py 2 (2 — ya) dz dys

= /\§€2m 2 P2(s,+¢2) (0),

which we represent by the loop 2 — 2. For the same reason, the contraction
1 — 3 — 1 produces the weight A2e?™s1 Pa(s,+e2)(0), represented by the loop
1 — 1in the right-most tree. Some crucial observations, that can be made in
light of this example are the following.

¢ The condition that every inner node is associated to a contraction, leads

to a nested contraction structure with only one leaf (one noise) that is not
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contracted.

* Successively separating the weights from contracted trees and integrating
out the spatial dependency, leads to a diagram indexed by the trimmed tree

(1) = 7 (2.82). To each of the trimmed trees’ vertices v we assign a
weight AZe?™ % py( 1 21(0) = 4n(sv+€2)e2msv.

* The temporal variables {s,: v € V(7)} will inherit the ordering imposed
by the trimmed tree 7. In the above example: s; > 55,53 and s, > s4.
The integration of the total weight [T ey () Aze*™* Pa(s,+¢2)(0) under the
constraints of T leads to the factor (T!)*l% in the Butcher series (3.18).
Here the numerical factor 3 is due to the fact that there are (;) = 3 ways to

contract the noises of a trident.

Veritying the above observations rigorously for arbitrary trees will be the
bulk of this chapter. To do so, we will formally introduce pairings and the
notion of v-cycles in Section 3.2. In Section 3.3 we will then finally prove
Proposition 3.1.2.

3.1.2 Proof of Theorem 3.0.1

We are now ready to prove our main result, given the estimates in Proposi-
tion 3.1.1 and Proposition 3.1.3, the proofs of which are postponed to further
below in the section.

Proof of Theorem 3.0.1. We define Ag, := ﬁ, where C is the positive con-
stant defined in (3.82). Let A € (0, ;\fin) and T > 0 such that (3.4) is satisfied,
which equivalently reads

Ae™T <« — | (3.22)

By the triangle inequality, for ¢ € (0, A 3) and (t,x) € (0, T] x R?

[Ue(t, x) — 03 Pt(m)ﬂ(x)HLZ(]P) S \/]OE L2(P)

+ H\/@ ule(t,x) — a3 pt(‘“)q(x)

The second term on the right-hand side vanishes as ¢ — 0 by Proposi-
tion 3.1.3, since (3.22) implies (3.20). On the other hand, by Proposition 3.1.1,

ue(t, x) — ule(t, x)

L2(PP)
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the first term is upper bounded by

\/log%

The polynomial blow-up on the right-hand side must be compensated, and

Co (VCAemT)™

ue(t, ) — ug (8, ) L2(P) S log €
€

here we will crucially use that N; ~ log 1, so that we have a compensating
effect coming from the term (ﬁﬁeﬁT)Ng. More precisely, by choice of T in
(3.22), we have

—log (VCAe™ ) > 1og10 > 1,

thus, foralle € (0,4 A %)
(\/E}A\eﬁT)NS < exp (log (VCAe™T) (log L — 1)) < 1060810,
Hence, we obtain that

Vios |

which vanishes in the limit ¢ — 0. This concludes the proof. O

< 10 Coe(loglO)fl

et 2) =t (0 )| s ) log ¢
€

7

In the remainder of this section we prove that the truncated Wild ex-
pansion u indeed approximates the solution u, (Proposition 3.1.1) and that
ul(t,x) is close to 03P (x) in L2(IP) (Proposition 3.1.3). The proof of Propo-
sition 3.1.2 will be given at the end of Section 3.3.

Proof of Proposition 3.1.1. Let T > 0, (t,x) € (0,T] x RZand ¢ € (0,+ A 1).
From (3.2) and (3.13), we obtain that the difference wN = uN — u, solves the

equation

1
ol = Sawl +mawl — (W) +ul +RY, wl(0,)=0,  (32)

3

with RY defined in (3.14). Defining VN (t,x) := (lg\,)ﬂ, we can write (3.23)

e
as

1
0wl = EAw?’ijw?]—VgN-wé\]—l—Ry, wN(0,-) =0.

The Feynman-Kac formula [KS91, Theorem 5.7.6] then allows to represent
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w,' as

wl (t, x) /RN (t —s,W;) exp ms—/ V(s r,Wr)dr> ds] ,

where W is a two dimensional Brownian path and Ey is the expectation with
respect to it when the path starts from x € R2. Using the fact that VY > 0,

3

which is due to the monotonicity of the mapping u — u°, we obtain that

| ul (t, x)—ue(t, x) ‘

/ \RN — s, Ws)| exp ms—/ VN(s r,Wy)dr> ds]

.t
< E, /ems‘Ry(t—s,Ws)‘ds].
0

Writing the latter in terms of the heat kernel we conclude that

t
[u (%)~ el )| < [ [ P = %) [RY(s,9) | dy ds.

Taking the L?(IP)-norm, we arrive at the bound that we will be working with:

. t
g’ (£, 2) = we(t, )| 2 < e"”/o IRE (5,0) [l 2(p) ds , (3.24)

where we have used that RY is spatially homogeneous. To continue, we use
the definition of RY from (3.14), the triangle inequality and Holder’s inequal-
ity, to obtain

IR (5,00l 2ey < ), N(XOX2XE)(s,0) 12 (3.25)
Tl,...,T3€7—3N'°
[ T3]¢7§N’°

< X IXA G0 @) 1XE (6, 0) sy 1 X (5,0) sy

[t 1 ) € TN°

At this point we use a hypercontractivity estimate, which we recall from

Proposition 2.1.7:

. ) .
X (s, y)llepy <572 | X8 (s, ) 2wy
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To bound the L?(IP)-norm, we will make use of Proposition 3.1.2 to obtain

T ¢(T, m) ‘h(T (1)] 22 s |7l Aems
< _ .
1Xe (8, 9) Iz ) < ol TS (C A2e2™) Wk (3.26)
€

with ¢(T,m) := 2™ T 4 4. The verification of this bound is deferred to the
bottom of this proof. Now, assuming (3.26) is true, from the identity ¢(7;) =
2|7;| + 1 (which holds since T € 7T3) we obtain

. 11 (T, m) (B[ ao ey ful Ae™
X3(s, < sl &l CA22ms) " (327
H S( y)HLG(]P) logl TZ'S(T) ( ) 2m ( )
Combining (3.24) with (3.25) and (3.27), we conclude that
Viog £ llu (8, x) — ue(t, )| 2(p)
<\/10g1~em/ ||R*(s,0) HLZ]P ds
5AE(T
< (Vore( { S ds}- (3.28)
8 lo S—|—€2 2
S OO | NG
X Yo 11 ' SCAZeZ“”) T
T3€ No i=1 o S )

[T1 T T3] €7§N°

At this point, we notice that the time integral appearing in the last estimate
blows up polynomially in ¢, since

/OOO (S;gz)gds = [—z(s+82)—%r:°° _2 (3.29)

On the other hand, for any {7;}3_, such that [1; T T3] & 73" we have that

N < i([Tl T T3]) = i(Tl) +i(T2) +i(T3) +1= |T1| + |T2| + |T2| +1.

Moreover, by assumption A is sufficiently small to satisfy 5v/C Ae™t < %



3.1. PROOF STEPS FOR THE MAIN RESULT 83

Therefore, we can estimate the sum in the last line of (3.28) as follows:

Yl { 1) (1)) (SCﬁzem)m}

7!s(T)

< (VChemY Y ﬁ{'“ 1)| (5v/Che mf)‘ '} (3.30)

[ T3]657} °

a mn N 1
< (VCAe™) A 10vCem)

In the last step of (3.30), we completed the remaining sum to a Butcher series:

YO {|h<ﬂ><1>| (svC W)T,}

) T!s(T
Ty T3€75N’° i=1 ! ( 1)
LR A

N

3
’h(T’)( )| Aemt
(Z tls(T) (5ﬁ ¢ ) )

[o]
e

mt 1
( (Sf)\e )> 12 S\f/\emt)%’

where ¥ is the solution to the ODE i = ¥° with positive initial condition
7(0) = 1. The solution of this ODE is %({) = (1 —2¢)~!/2 and so the associ-
ated Butcher series converges for { < 1/2, i.e. if (3.15) holds in the present
case. See also Lemma 2.2.3 and Remark 2.2.5.

Hence, by putting together (3.28), (3.29) and (3.30), we obtain

Jog 16, — (e, ) oy < ST A) (VERTT

log 1 5 €
with s
Am T A =
Co(T,m A) = © VOAE(Tm) ) (331)
4 \V1-10V/CAenT

This concludes the proof of the proposition, up to the proof of (3.26). The lat-
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ter bound follows simply from the triangle inequality and Proposition 3.1.2:
1 (%) | 2
_ ) (312)"
S otls(t) \ 27
)]
T!s(7)

t,x
o) 2e2™ T 44 Aemt

Jont VT

€

(C ;\ZeZEt)

where we made use of the fact that | 7| < log % and the crude estimate

emlt 4| log (t +€2)| + (/logl  p2lmlt 1
< 24— < AT 43
1 ~ ~ 7
2 log ¢ 2 log2 2,/log2

which is a consequence of ¢ € (0, 1 A 1) and the uniform estimate

log(t+)| o log(t+e)] | loglt+ed)
oct<t  2logi o<ici_e 2 logl 1ecier 2logl (3.33)
1 )
<14 M <2
2 log%

Now the statement follows, since

1

o\ |7l Ao\ 17l 1
3A2 3A2 A2 om 2
<27‘[> Is(t/x) 12(p) = (27‘() </\§ez t/Rz pt+€2(y)2dy)
o1 (3 e
\/@ 2 47t(t +€2)

_ (C;tzezmt)\ﬂ Aemt
h \/log% 2Vt + €2 ’

with C being the constant from (3.82). Thus, together with (3.32), we obtain

(1)‘(Cizezﬁt)hl Aem! .
2Vt 4 €2

[ X (8, )| 2y <

with &(T,m) = e2™T + 4. This completes the proof. O

Proof of Proposition 3.1.3. For h(y) = —y°, we introduce the truncated Butcher
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series
K(D) (1)
T!s(7)

h((1)

Bj,(¢,1) = Z gt = Z WCM/ (3.34)

TeTgS
where the second equality is a consequence of Lemma 2.3.11. Then, Proposi-
tion 3.1.3 will follow if we can show that the following two limits hold true
with ¢; = 32

: 1, N _Ane(r. mt _

lim H\/loggus (t,x) — ABj,(Z3,1) €™ Pyt (x) ) =0 (3.35)
: Aper. mt _ . plm) _

lim HABh(éA,l)e Py an(x) — o3 P (x) e (3.36)

The limit (3.35) follows from Proposition 3.1.2, provided (3.20) holds: We can
bound fore € (0, + A 3)

| /og L ule(t,x) = AB;(€3,1) €™ Py an(x)

L2(P)
~ (D)
< ¥ [ ogixrt ) - AL Weklmip ) (3.37)
TeTNe? Tls(7) L2(P)
)3 |h“>(1)!(cxzezmt)hesz+llog(t+82)|+ log g Aemt
=11 s(7) T! 2log 1 VAt +er)’
<3

where we used (3.34). Now, (3.35) will follow, if we can show that the series
on the right-hand side is summable, that is if

HO )

s () < oo (3.38)

L

T€7'<3

This is the Butcher series associated to the ODE ¥ = #° with initial condition
7(0) = 1, which converges as long as (3.20) holds. See also the discussion
in the proof of Proposition 3.1.1. Hence, (3.37), and thus (3.35), vanishes for
arbitrary fixed t € (0, T], because the second-to-last ratio on the right-hand
side in (3.37) vanishes in the limit ¢ — 0.

To complete the proof of the proposition we must now check (3.36). Here
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we observe that

| AB}(G3 1) e P (x) = o3 P (x)

< AB§(E,1) — 0

L2(IP)

) ||emtpt+8277(x) HLZ(]P)
+03 [ Pracan(x) = B0 () 2 -

The second term is converging to 0 by the continuity properties of the heat
semigroup. Instead, for the first term we observe that Bj({,1) is an ap-
proximation to the Butcher series associated to the solution y({) of the ODE
y = —3,y(0) = 1, which is given by y({) = (1 +2¢)~'/2. This solution is
analytic for |{| < 1/2 and the associated Butcher series converges, see the
discussion in Section 2.2.3. Thus, recalling Lemma 2.2.3 and the explicit form
of o (3.18), we have that lim,_,g |)A\sz(§;\, 1) — o3| = 0, as long as % < % ,
which is implied by (3.20). This concludes the proof. O

3.2 Paired trees and their structure

In Section 3.1.1, in particular around (3.21) and the discussion thereafter, we
outlined the structure underlying the main estimate contained in Proposi-
tion 3.1.2. Namely, only certain terms in the first chaos contribute to the
Gaussian limit in Theorem 3.0.1. In this section, we introduce the notion of
pairings and present estimates on the integration kernels associated to the
Wild expansion terms X;. This will allow us to analyse X! rigorously and
identify its limiting contribution in Section 3.3.

As a first step towards the analysis of components in the Wild expansion
(3.12), we can identify each term X with a term in a Butcher series, which is
a direct consequence of Corollary 2.3.12.

Lemma 3.2.1. For every term in the Wild expansion (3.12) indexed by T € T3, the
following identity holds:

T h(T)(l) 1 2
XI(t,x) = S0) [T]e(t,x), Vee (0,5), (tx) € (0,00) xR,
with h(y) = —vy>. Here [T]; denotes the stochastic integral introduced in (2.64)

(with respect to & = don) and T = T () is the trimmed version of T (2.82).

Recall from (2.73) that an iterated stochastic Stratonovich integral [7]. can
be represented in terms of Itd integrals [T], ., by summing over all contrac-
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tions of the associated tree’s leaves (2.68):

[Tle =Y [Tlae- (3.39)

ke (T)

Here, each contracted tree [1]¢, ¥ € K(7), is associated to a stochastic integral
lying in a homogeneous Wiener chaos. With [t],, as in (2.72), for E = ¢y, such
that

s thx)

_/ () Yv(0) o2 dsviey 17 (dy i) s
with D; = [0, ] x R? and

Ki (v yv(o) (3.40)
_Kﬁ( vy ) L1 do(so) [T do(yu—vuw),

vel(T) {uu'}ex

where IZET’}‘ . is the kernel defined in (2.66) with respect to [7]. For convenience,
we also included all arising Dirac-d’s in the kernel I?E’T?K .- We will write both
[T]xe and [7i]e for the Ito stochastic integral, when considering the planted

tree [T].

3.2.1 Pairings between trees and L?(IP) estimates

We want to extend the notion of contractions from a single tree to a pair of
trees. This will be necessary in order to encode second moments of stochas-
tic iterated integrals. Recalling Lemma 2.1.15 and (2.73), we see that second
moments of [7], can be expressed as the sum over all possible pairwise con-
tractions over the (uncontracted) leaves of two copies of the tree, connected
to the same root with time-space variables (¢, x). In other words, we look at
the stochastic integral [T, T]¢(t, x) corresponding to the tree |7, T] with root

variable (t, x).

Example 3.2.2. Let us compute the second moment of the stochastic integral
[7]e(t, x) = Ye(t, x), represented by

E[[t]e(t,x)?] = E[[t, 7]e(t, x)] = E[[\/ ], (¢ x)]
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:6@ +9Q<>?, (3.41)

similar to (2.76). In other words, the computation of the second moment of
an integral [T], gives rise to completely contracted trees [T, 7], in accordance
with the definition of (2.68). We also note that this computation is consistent
if we decomposed [7]¢(f, x) into its homogeneous Wiener chaos components

\KD 2 + ]E‘ 3\?
(tx)

(£,x)

where we also used the orthogonality between different homogeneous com-

first:
2
E[[7](t,x)*] = E ,

ponents.

Let us introduce a notation that will allow us to encode contractions be-
tween glued together trees, in a way that distinguishes them from the con-
tractions of Definition 2.3.7. This will be useful to encode covariances be-
tween [T]¢(t,x) and [T']¢(¢, x).

Definition 3.2.3. For two rooted trees T, T € T define the set of pairings among
the union of leaves as

Y(t, ") :=={y e K([t,7]) : +isacomplete contraction } .

We also define the subsets of pairings which complete a given pair of contractions
(r,x") € K(t) x K(T') by

V(te, 1) = {yeV(r,7) kUK’ Cv

and all remaining pairs in vy connect T to '} .

We will write [T, T'|,, to denote the tree [T, T'| where all leaves are contracted accord-
ing toy € Y(t, 7).

The pictorial representations in (3.41) shows all possible elements (up to
symmetries) of Y (7, T) for that example. Note that V(7 7,,) gives rise to
a completely contracted tree and, therefore, Y(7, 7,,) = @, if the number of
uncontracted leaves in 7, and 7;, differ. This is in harmony with the fact that

homogeneous chaoses are orthogonal with respect to one another. We can
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now express covariances between contracted trees as follows:

E[[teeltlve| = ¥ (17 (3.42)

YEV (T, 7))

Moreover, it is clear that Y (7, 7.,) allows to partition Y (7, ') as

V(r,7) = | | V(e 7o), (3.43)

(k) eK(T)xK(T)

where | | denotes a disjoint union. This is clear since, if we want to find all
pairwise contractions of [T, T'], we can first identify the contractions that are
internal to each 7, T’ and then identify the contractions that connect the leaves
of one tree to those of the other. This partitioning then allows us to express

covariances in terms of

B[] = ¥ ¥ B[]

ke(t) K e(T!)

= Z Z Z [T, ']

ke (t) K eK(t) vV (T, 1))

= Z [ T, T/]fy,g 7
yed(t,1')
where we used (3.42) in the second step, and (3.43) in the last. Finally, the
partitioning (3.43) allows us to recover the internal contractions associated to

a given pairing. This motivates the following definition.

Definition 3.2.4. Forany 7,7 € T3, let 5711 : Y(T,7T') — K(1) x K(') be the

map that for any v € Y(t, T') identifies the unique pair s () := (x1(7),x2(7))
such that

/

Y € y(TKl(’y)/TKZ('y)) .

In other words, the map s identifies the subset of edges in 7y that only connect within

T and T, respectively.

3.2.2 1-cycles and their removal

Let us now define the notion of a 1-cycle. To this end, we consider a tree T with
a contraction x and denote the corresponding contracted tree by . Suppose
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that 7, contains a component of the form

T
(s2,y2)
T T3

(s1,91) (3.44)
e = (so,v0) ™
where we observe a cycle consisting of an inner vertex (s1,y1) connected to
two leaves that are themselves connected to one another by a purple edge
(part of k). We call such a cycle, that is a cycle in 7, which contains only one
inner vertex of 7, a 1-cycle. Let us remark that in the above picture, (s, 12)
denotes the coordinates of the basis of the sub-tree 7y and (so, yo) denotes the
coordinates of the parent of the inner vertex with coordinates (s1,1). A more
formal definition is the following.

Definition 3.2.5. Given a tree T and a contraction k € K (), we call a 1-cycle a
connected component of T, which consists of two leaves, which are connected by an
element of x, and the inner vertex, which is the parent of these leaves, as well as the
three edges that connect these three vertices. We call the inner vertex of the cycle the
basis of the 1-cycle.

Given a contracted tree 7, with a 1-cycle C, we write (7 \ C)z for the con-
tracted tree that is obtained by “removing” the cycle C from 7. That is, the
graph that remains after removing all edges and nodes that belong to C and
replacing the remaining two edges which used to connect to the basis of the
1-cycle by a new, single edge which connects the only remaining descendant
of the basis we have removed to its parent. The contraction « is the one in-
duced naturally on 7\ C by « after the removal of the element that connects
the leaves of C. The removal is simply described by the following picture:

51
(SZIyZ) T T 71 T T-
2 3 1 2 3
(s1,11) (s2,2) (3.45)
= (s0,y0) & — (T\O)r = soy0) %

Observe that if T € T3, then also 7\ C € 73. An important lemma is the
following, which records the effect of the 1-cycle on the associated stochastic

integrals.

Lemma 3.2.6. Consider a rooted tree T be of the form T = [11---T,), T; € Ts.
Let C be a 1-cycle in a contracted tree T, with the coordinates of its root being
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(t,x) € (0,00) x R% Denote by (s1,y1) the coordinates of its basis, by (so, o)
the coordinates of the parent of (s1,y1) and by (s2,y2) the coordinates of the only
descendant of (s1,y1) that does not belong to C. Denote also by (r, z) the coordinates
of the two identified leaves of the 1-cycle C (where we recall that the time coordinate
r will coincide with 0)%. Then

t % AN
/0 /(RZ)ZK?KJSS(SV, yV) d]/1 dzdr = Qe (Sl)]l{52<51<50}K%§€(Sv\c,yv\c) ,
(3.46)
where

Pelsr) = 2221 py 0 (0), (3.47)

T := 7\ C and & the contraction induced on T by the removal of C from .

Proof. We start by performing the integration over the spatial coordinate z
of the part of the kernel K% (sy,yy) that depends on the variables (r,z).
This corresponds to the following integral (recall form (3.40) that the kernel
Ithsz (sy,yy) contains the factor dy(r)):

2
/\? /RZ (em51p51+£2<z — ]/1)) dz = /\geZmﬁ P2(51+€2)<O) — Qe(sl) . (3.48)

Next, we integrate the remaining part of the kernel over y;. This reduces
to the Chapman-Kolmogorov identity (refer also to the picture in (3.44) for
guidance):
(m)( _ )(m)( —y0) d _(m)< — 1)
R2 Psi=s,\Y2 = Y1) Psy—s,\Y1 — Y0) AY1 = Pso—5,\Y2 — Y0) -
Combining the results of the two integrations above with the remaining com-

ponents of the kernel I?%fs (sy,yy), yields the expression on the right-hand
side of (3.46). O

As it turns out, 1-cycles play an important role in our analysis. In partic-
ular, it will be a crucial ingredient to understand the small-e behaviour of the

2Sometimes it may be more intuitive to think of purple contraction edges as heat kernels
pe2, while all black edges (even the ones connected to leaves) represent p(™). In this case,
each leaf (even contracted) corresponds an unique time-space point. However, in order to
stay coherent with the kernel representation from Chapter 2, we will write them as actual
identification (Dirac-d’s) of time-space points.
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integral

t AZ t est
/Qg(s)ds:—g/ ds, te(0,0),e€(0,1),
0

47 Jo s+

which we shall summarise in the following lemma.

Lemma 3.2.7. Let m € Rand t € (0,00), then

1 t ,2ms
1/ ¢ 2ds—l
210gg 0 S+¢

it 4 | log (t + 2)]
2log !

<

4

for every e € (0, %), withm = m V0. In particular, for every t € (0, 0)

lim /Ot?g(s)ds = A : (3.49)

e—0 27

Proof. First expanding the exponential, we write

ds.

/t est -1 t S 00 (Zm)ksk_l
0

ds —
s + €2 ° os—l—ezkgl k!

Thus, we obtain

t ,2ms 00 t k k—1
e™ms —1 |2m|* s

dS < / _— dS < €2|m|t.
/0 s+ ¢e2 = k:zl 0 k! =

In addition, we have that

t 2
1 1/ 1 Cds 1| = ]10g(t+1£)|
2log s Jo s+¢ 2log ¢

so that the statement follows from the triangle inequality. O

We will see that the contracted trees in the Wild expansion that contribute
to the limiting fluctuations, are exactly those whose contraction creates only
1-cycles (which may also emerge in an iterative way, see the second exam-
ple below). To get an idea of this phenomenon, let us look at the following

examples.

Example 3.2.8. Consider the contracted tree .\K Using Lemma 3.2.6 (or in
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this case even a by-hand computation) we find that

\K(t,x) = / pg?g(]/— x) le(sry) ?e(s) dde ’

[0,1] /R

where inside the integral (s,y) are the time-space coordinates associated
to the basis of the trident. We can next compute the spatial integral via

Chapman-Kolmogorov as

Lo pm =0 1) dy =2 /(W Py — x) €™ p, e (z — y) (dz) dy
= A" / Prie2(z n(dz) = 3.(t, x)

Therefore, we obtain

¢ t est
\K(t,x) = Is(t,x)/o Qe(s) ds = Is(trx) )‘3/0 mds’

and hence, by Lemma 3.2.7, we find

V=2
(tx) = 2 Le(t,0) - (140(1)),  forall £ € (0,00),

where the 0(1) is with respect to ¢ — 0.

Example 3.2.9. This example demonstrates the iterative appearance of 1-

cycles. Consider the contracted tree

S%S(t,x) ,

where we have tagged some vertices for reference in the following integrals.
In particular, the coordinates of vertex i will be (s;, ;). Extracting first the

1-cycle with base vertex 2, we have that

’ % // Q (s2) yl,y3,51,83)n(dys)dyldsld52d83,

{52 S3<Sl<t}

using Lemma 3.2.6. Now, applying once more Lemma 3.2.6, or just via the
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previous example, this amounts to

Lt x) /Ot |2 s dsa st = 1(”)218(“) (1+0(1).

2\271

Thus, the contribution of this diagram is of the same order as in the previ-
ous example (albeit with a different constant) and will also contribute to the
limiting Gaussian fluctuations. Following the same steps as above, we can

determine similarly the contribution of the contracted tree

\%7£(t,x) = 1(32)215(“) (1+0(1)).

2\27T

3.2.3 Existence of v-cycles in paired trees

Contrary to the above two examples, where only 1-cycles appeared, the next
example will demonstrate a different cycle structure, which will lead to lower

order contributions.

Example 3.2.10. Let us look at the order of magnitude of the term Y@,g. Its
second moment has the diagrammatic representation in terms of the com-

pletely contracted tree

E

Yocte

where the factor 6 counts the number of different pairings. Denoting by
(s1,y1) and (s2,y2) the time-space coordinates of the bases of the left and
right tridents, respectively, we can explicitly write the integral corresponding
to the above diagram as

m s1+s 3 (m
68 /D2 Pul (1 — %) (™2 p L a(yr — y2)) puz (y2 — x) dy1 2 ds1 2

and then using the estimate

(" p e (1 —y2))? < (27 (s1 452 +267))
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together with Chapman-Kolmogorov, we can bound this by
(m) . m (s1+s2) . (m) .
Pros, (1 —x)e Psi+spr2e (V1 = ¥2) Pis, (v2 — %)
Df (27(s1 452 + 282))2
6A° 1
< e omt /
(27_[)26 pZ(t-i-gZ)(O) 0,12 (51 + s, +2€2)2
6A°

2\ 6m
< Wlog(l + 5te72) e Py (0).

6 4mt
6A.e

dyq2ds2

d51 d52

Since A¢ = O((log 1)~%), we can conclude that

b |yiog? Lautrn] < £

T logy

In the last example there was no 1-cycle appearing. Instead, the con-
tracted tree that emerged from the diagrammatic representation of the second
moment, presented cycles containing more than one inner vertex, with every
edge of the cycle incident to at least one leaf. We will call such cycles v-cycles.
The emergence of v-cycle and the quantitative estimate of their contribution
play a crucial role. The key observation is that contracted trees which do
not consist of 1-cycles only, will have their second moment represented by a
paired tree which necessarily contains a v-cycle. Such trees will turn out to
have a lower order contribution.

Let us start with the formal definition of a v-cycle.

Definition 3.2.11. For a given contracted tree Ty, a subgraph C = (V¢,E¢) C 7
is a v-cycle if it is a cycle in T, (viewed as a graph) in which every edge is incident
to at least one leaf of the tree T. We define the length of a v-cycle to be the number of
inner nodes of T contained in C and we also denote by I and L the collection of the
inner vertices and leaves of T, respectively, that belong to C. We will call a v-cycle of
length m € N a m-cycle for short.

Note that a 1-cycle (Definition 3.2.5) is simply a special case of an m-cycle
with m = 1. A pictorial example of a v-cycle is the one that appears in the

following component of a contracted tree:

T3 Ty

Tnn
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Consider a v-cycle of length m and denote its inner vertices by vy, ..., vy,
where we will always keep the convention that in such an encoding we start
from the left-most inner vertex of the cycle, in the graph picture of the tree.
Let us also denote the time coordinates of vy, ..., v, by s, ..., 5, respectively,
and introduce the kernel

m
®
e m<51/' e /Sm) ::/\gm Hem(sk+sk+l)psk+sk+1+2£2 (0)

k=1
Im_[ /\gem(sk+5k+l) (3-50)
e 27t (sg A Spy +2€2)
with the convention that s,,.1 = si;. We notice that the above kernel is

invariant under cyclic permutation of sy, sy, ..., Si.

The following lemma establishes the existence of a v-cycle in a completely
contracted tree of the form [, 7'].

Lemma 3.2.12. Let 7, 7" € T3 . Then, for every pairing v € Y(t,T'), the paired
tree [T, '], contains a v-cycle.

First, we introduce some notation. For T € 7<3, we partition the subset of
inner nodes neighouring leaves in £(7) as follows: Let

® Vr(7) be the subset of inner nodes v € Z(7) thatis a basis of a trident, i.e.
there exist exactly three uy, up, u3 € L(7) such that p(u;) = v.

* V. »(7) be the subset of inner nodes v € Z(7) that is a basis of a cherry, i.e.
there exist exactly two uy, up € £(7) such that p(u;) = v.

* V(1) be the subset of inner nodes v € Z(7) that is a basis of a lollipop, i.e.
there exist exactly one u € £(7) such that p(u) = v. In the following, we
will call elements in V;(7) dead-ends.

Proof of Lemma 3.2.12. Let us start by noting that if [, T'] does not contain any
dead-ends, then the paired tree [T, T'], contains a v-cycle. To see this, notice
first that every leaf of [7, 7’| belongs either to a cherry or to a trident. Now,
consider an arbitrary leaf, call it vy, and let v; be the unique leaf in [7, T'],
which is connected to vy via y. If v; is inside the same cherry or trident
component as vy, then we have already identified a v-cycle, which in this case
is of length 1. If not, then let v; be a different leaf inside the same cherry or

trident component as that of v1, and denote by v3 the leaf which is connected
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to vy via 4. Again, if v, and v3 fall inside the same component (which in
this case would necessarily be a trident), then a v-cycle comprising of leaves
03,03 and the corresponding base point of the trident is identified. If not,
then continue the procedure. Since there is only a finite number of leaves, we
will either encounter somewhere in the process a v-cycle of length 1, or the
path will return to a component previously visited, thus identifying a v-cycle.

Diagrammatically, we have the following representation:

where sub-trees 01, 07, 03 may be identical to just a single leaf, i.e. », and even
though we did not include them, there are y-links emanating from the leaves
of these trees.

We will next reduce the case that [7, 7] contains dead-ends to a situation
of no dead-ends. Dead-ends present a problem: When tracing contractions
in 7y, we may hit a dead-end and thus are not able to continue to complete
a v-cycle. What we will show is that by eliminating paths that start from a
dead-end, the resulting sub-graph is one that consists of only cherries and
tridents linked through . Thus, by the previous argument, a v-cycle exists
within this sub-graph.

Let us start by picking an arbitrary dead-end of [, T/]. Call vy its associ-
ated leaf and suppose it connects to another leaf of [t, 7’|, which we call v.

Now remove this connection as follows:

(%1 2 03 04

oY 1Y 4

o) [

where we again understand that, despite not shown, there are y-links em-
anating from trees oy, 02,03,04. Moreover, we agree that neither o7 nor o,
equals ¢ (they might be @, though), so that this part of the tree corresponds to
a dead-end, while 03, 04 might be comprising a e.

In the resulting (contracted) tree on the right-hand side, we distinguish

three cases:

(i) Neither of 03 and oy are single leaves. In this case we have eliminated two

dead-ends, while not affecting the number of cherries and tridents.
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(ii) Only one of the 03 and 0y is a ». In this case, we have eliminated a dead-end
in the left part of the tree, while we have also created a new dead-end in
the right part, corresponding to either o3 or ¢y, whichever happens to be
the «. In this case, we have also reduced by one the number of cherries (by
eliminating the cherry that was present in the right part of the sub-tree)

but, nevertheless, we have not reduced the number of tridents.

(iii) Both o3 and oy are e. In this case, in the right part of the tree we had, before
the elimination, a trident. Thus, after the elimination we reduced both the
number of dead-ends and tridents by one, while the number of cherries
actually increased by one.

As we will prove in Lemma 3.2.13 below, the total number of tridents in [T, T’]
is strictly larger than the number of dead-ends. In all three cases above, the
elimination procedure preserves this inequality. Indeed, in (i) the number of
dead-ends is reduced by 2 while the number of tridents remains the same,
in (ii) both the number of tridents and dead-ends remain the same (the num-
ber of cherries is reduced by one but this has no effect) and in (iii) both the
number of tridents and dead-ends is reduced by 1 (the number of cherries
increases by 1). Thus, continuing to eliminate dead-ends, we necessarily end
up with a sub-tree of [T, T'],, which will only contain cherries and tridents.
We can now return to the beginning of the proof and the situation of a (sub-
ternary) tree that consists of only tridents and cherries, which necessarily con-

tains a v-cycle. O

Lemma 3.2.13. Let T € T3\ {o}, then | WVi(7)| < V(7)) — 1.

Proof. Clearly the statement is true for T = V. Any larger tree in 73 can be
constructed from /" by successively gluing tridents /" onto leaves. Now,
there are three possibilities for a trident to be glued onto an existing tree in
T € T3, as described in the table below.

Pre-gluing Post-gluing [Vi| [V

N2 \%/ +0 40
[%51 %]
vV ) +1 41

o o




3.2. PAIRED TREES AND THEIR STRUCTURE 99

Here, 01,00 € T3\ {} are placeholders for corresponding sub-trees. In all
three cases the claimed inequality remains true as we can only create a new

dead-end by creating a trident at the same time. O

3.24 Removal of v-cycles of arbitrary length

The estimates in this section provide a quantitative control on v-cycles, given
in Lemmas 3.2.15 and 3.2.16 below. An important procedure that we will
follow, is to spatially decouple v-cycles from the rest of the kernel encoded
by the tree. We will be performing such decoupling estimates sequentially
until we exhaust all v-cycles, including the v-cycles that will emerge through
this process. We call this cycle remouval, defined in the following in the instance
of a single cycle removal.

Definition 3.2.14 (Cycle removal). For any contracted tree T, witht € T \ {1, }
and any v-cycle C in T, we define the contracted tree (T \ C)i obtained from T,
through the following procedure:

(i) Remove from T, all the edges and vertices that belong to C.

(ii) Ifvis an inner node that belongs to C, we also remove all other edges connected
to v. Moreover, for any descendant u of v, other than the one contained in C,
we replace {u,v} by {u, w}, where w is the closest ancestor of u not contained
in C. If w does not exist, we simply remove the edge.

The result of this procedure is a tree T \ C with the contraction X consisting of the
remaining edges in « after the above two steps.

For example, consider the following component of a tree

T3 Ty

Tnn

In this example there are three v-cycles: one whose contraction-edges consists
of only the blue edges, one whose « edges consists of the top blue edge and
the red one and, finally, one whose x edges consists of the red one and the
two blue ones below the red. The process of removing the blue v-cycle is
depicted below. The middle step shows the component after removing the
leaves and edges that are part of the v-cycle. The rightmost tree is the final
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outcome after also replacing the edges incident to the inner vertices of the
v-cycle by a single edge.

13Ty
™ T 03 T4
344 — — 1T

T T2

The following lemma provides the central estimate that quantifies the contri-

butions coming from v-cycles.

Lemma 3.2.15. Let T be of the form T = [11 -+ - Ty), T € T3, and x € (7). Let
C be a m-cycle in T, with inner vertices denoted by vy, ..., vy, associated to time-
space coordinates (Sy,, Yo, ), s (Sv,, Yo,, ). Recall the kernel I?tTKxg (sy,yy) from (3.40)
associated to a contracted tree. Then

/Rz 1 /Cc Toe (sv,yv) dsc. dyy, (3.51)

®m ~
< e (Svll s Svm) { H ]lsaK@)Ssvésp(v) } Kf?’;g(SV\CI yV\C) 7

vele

where T = T\ C, K is the contraction induced by k on T. The node p(v) denotes the
parent of a vertex v, in T, and 9, (v) denotes the unique descendant of v which is not

part of C. The kernel "\, " was defined in (3.50).

Proof. The proof follows the steps of the computation in Example 3.2.10 by
crucially applying Chapman-Kolmogorov to the integration over the space
variables associated to the leaves of the v-cycle, combined with a uniform
bound over the space variables on the resulting product of heat kernels. In

particular, we have

/( [T Ace™ve Psy e (Yo = Yp(w)) [T do(yu—yuw) dye,

weﬁc {uu'}exn&e

m

_ 32m m(so, +50,, 1)

_)‘s He %k Pk psvk+svk+1+2£2(yvk+1_yvk)
k=1

m
2m m(sy, +5 )
< /\e He G psvk+svk+l+282(0)
k=1

R/ (O

where we omitted integration over the time variables associated to leaves
on the left-hand side, as s, = 0 for all w € L due to the Dirac-J at zero.
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Inserting the above into the left-hand side of (3.51) we obtain the desired
estimate. It is useful to have a pictorial representation of the estimate we

have just performed:

T3 Ty T3 T4

T T

3Ty

N

112
_

o
e  ((Sop)k=1,..3)

with the equality depicting the application of Chapman-Kolmogorov and the
inequality representing the application of the uniform bound

m m

ll_ll e o) Pso, +50,, , +262 (Yo = Vo) < ﬂ em(skarsvk“)Pskarska +2:2(0) -
The blue cycle appearing in the right-hand side represents the kernel
_'\/e_®m((svk) k=1,..m), which is spatially decoupled from the rest of the tree
integrations. The small purple nodes indicate the remaining spatial integrals
associated to inner nodes of the extracted cycle. By another application of
Chapman-Kolmogorov, when integrating over the mentioned spatial vari-

ables associated to the small purple nodes, we obtain

T3 Ty
T3 T4 _ T
1T a

This concludes the proof. O

The following lemma is crucial as it demonstrates that v-cycles of length
larger than one have a vanishing contribution, as ¢ — 0, and in fact, the

contribution is smaller the larger the cycle.

Lemma 3.2.16. The following bound holds for any m > 1

m i\ 2m
\e (s1,...,sm) ds; . < Mlog (1+4%), (3.52)

[0,)m " 2"
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where we recall that m = m V0.

Proof. In the case m = 1, the bound follows from (3.48), since

tQ ) t e2ms A2€2ﬁt { ; 3.53
= < £ =) . .
/0 cls)ds = Ac /o 47(s + €2) ds < =5 log(1+3) (3:53)

Thus, we assume m > 2 for the remainder of the proof. First, note that since
a% + b% > 2ab, we have

$1+ s + 26 > 2\/(51 +€2)(sm+€2) > \/(51 + 2€2) (s, + 2€2) .

Therefore,
®
[0,£) TN (51 5m) St
/\gm / - em(sk+5k+1)
f e Sl,”"
e [0 m k=1 Sk + Skt1 + 2€2 " -
\/Sl + 2¢2 \/Sm —+ 2¢2 1 Sk + Ski1 + 2¢2 1,...m s

where we additionally used that e™% < e™!. Furthermore, for 2 < k <

m, using the change of variables r = sk,ls-kmsz together with the identity
© 1 _
Jo s dr = 71, we have that
/ 1 /t/ sk_1+2€2) 1
\/Sk—|—2€25k l+Sk+2€2 \/Sk 1+2€2 \[
S —F— (3.55)

v/ Sk—1 + 282

Applying (3.55) (m — 1)-times to (3.54), starting from k = m and going down
to k = 2, yields

®
/e m(51/-~-/5m) dsi,.m

[O,t]m
mt Zm
< (Aee / 1 ds;
NG —|—2£2 \V/s1 + 22
()\e mt)Zm

=Wlog(1+ﬁ)/

which concludes the proof. O
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Next we want to define an iterative process of extracting cycles from a
paired tree and record this process via a mapping to an element of the per-
mutation group. We will call this the cycle extraction map and define it below.
To define such algorithm, it will be convenient to label vertices of trees. For a
given tree T € T3, we fix a representative ordered version of it and label the
inner vertices of [1, 7] (excluding the root) with the numbers {1, ...,2i(7)}
in arbitrary order. Once we have labeled all inner nodes, we label its leaves
with the integers {2i(7) +1,...,4i(7) 4+ 2}. It will be convenient to define an
ordering among all sequences of labels.

Definition 3.2.17 (Lexicographic ordering). For two vectors V = (v1,...,v4) €
N% and U = (uy, ..., ugp) € N¥ with d and d' not necessarily equal, we say that V
precedes U in lexicographic order and write V < U if

o cither there existsa k < d A d' such that v, = uy forz < k—1and v < uy,
e ord < d and v, = u, forz < d.

The lexicographic order extends naturally to a total order on the set of
v-cycles of a tree. Let C be a v-cycle, represented by the path-vector

Ve := (vil,v]-l,vjz,viz,..., UZ'm,U]'mel,U]'Zm) , with v;, € Ic, Vj, S ﬁc, (356)

with consecutive vertices in the vector being connected by an edge in the v-
cycle. Here i is the minimal label in Z;, and o the leaf with minimal label
neighbouring v;,. This imposes a direction the path-vector is represented in.

Now, let C’ be a second v-cycle represented by the vector V¢, then
c=<c if Ve < Ve lexicographically. (3.57)

In this setting we can introduce the cycle extraction map I1,, for any 7 € 7.

Definition 3.2.18 (Cycle extraction map). Forany T € T3 and v € Y(7,7), we
will define inductively a sequence of v-cycles extracted from [T, T]., as follows:

(i) Start by defining v := [T, 7], and v := -y and denote by C; the minimal
v-cycle in oy (whose existence is guaranteed by Lemma 3.2.12) with respect
to the lexicographic order. Define 0» := oy \ C1 and on o, the contraction vy,
induced by 71 after the cycle removal of C1, according to Definition 3.2.14.

(ii) Assume that we have defined the contracted trees (0’1')%., fori =1,..k as
well as the v-cycles Cy, ..., Cx_1 belonging respectively to (01) 4y, . (Tk—1), ;-
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Then proceed by defining Cy to be the minimal v-cycle belonging to oy,
with respect to the lexicographic order. Further, define the contracted graph
(Ok41)yess := (0% \ Cx) 9, via the cycle removal as in Definition 3.2.14.

(iii) Stopat K(t,7) :=kifoyq = Q

Definition 3.2.19 (Permutation extraction map). Let T € T3 and i(7) denote the
number of inner nodes of T. We define as follows the permutation extraction map

HT: y(T, T) — SZZ(T) 7

with S, denoting the symmetric group of n elements. First, for any v € Y(T,7T)

consider the sequence of v-cycles (Ck)kKiTl’”’) constructed from [T, T],, via the cycle

extraction map from Definition 3.2.18. For any Cj belonging to this sequence let

V) oes U be the vertices in L¢,, listed in the same order as in (3.56). We then map
1 my
every cycle to a permutation cycle

Cors Ci= (117 i) -+ ify)) € Sae),

(k) +(k) (k)

where we used the cycle notation (i} iy’ - - - z,%) ) for the permutation 0= i)

j+1
The permutation extraction map Ul (7y) is then defined as the permutation @ € Sy

with cycle decomposition

K0 )
n= 1 (i) - im)
k=1

To clarify the tools we have introduced so far, let us discuss an example.

Example 3.2.20. Consider the following paired tree

where we marked the minimal v-cycle (w.r.t. lexicographic ordering) in blue, which
will be removed in the first iteration of the cycle extraction. For the sake of clarity

we ommited the labels of leaves in the diagaram above, and merely represent the



3.2. PAIRED TREES AND THEIR STRUCTURE 105

corresponding v-cycles by their inner nodes. This yields

where once more we marked the new minimal v-cycle in blue. The final iteration then
yields

(03)4s = Q and Cp = (2).

Ovwerall, for the above example, the permutation extraction map I1; yields

v (134)(2) € S4. (3.58)

Some remarks on the permutation extraction map are due. First, we note
that the mapping is well defined. This is because once a minimal v-cycle
is to be extracted, the integers indexing its inner nodes are removed from
the permutation and the new tree has inner nodes indexed by the remaining
integers. A second observation is that it is not bijective. To see that the map is
not injective, consider the tree from Example 3.2.20, however, now with the

pairing

where again we marked the minimal v-cycles in blue. Then Il; maps the
above pairing also to the permutation (3.58). Moreover, the map is not sur-

jective: For example consider a paired tree [7, T] containing the component

2 3
1 T

and a permutation T € S, containing the permutation cycle (1 2 3). Then
there exists no pairing ¢y € Y(t,7) such that Il () = , since it is not pos-
sible to construct a v-cycle according to this permutation cycle. Let us try to
construct a corresponding v-cycle and see that this fails. Necessarily, ¥ would
contain an edge contracting a leaf connected to v, and v3, respectively. More-
over, we can only connect a single leaf neighbouring either v, or v3 to the

isolated leave neighbouring v1, say we choose a leaf at v;. Then the pairing vy
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would contain the following edges (in purple):

1 T o

Now, it is not possible to close a v-cycle with v3, while also crossing vy, v;.
Either we create a 1-cycle at v3 or pair one of the leaves neighbouring v3 with
the remaining leave at v, which will create the v-cycle of length two that
only contains v, and v3. This is illustrated as follows, where we marked the

smaller cycles in blue

T D ) T

Note that this construction does not depend on the specific leaves we chose.

In particular, the roles of v; and v3 can be reversed.

The main result of this section is an upper bound on the integral repre-
sented by a paired tree obtained via the permutation cycle sequence extracted
by the map Il;. This upper bound will turn out to be sharp when IT(y) = Id,
meaning that only cycles of length one are extracted. Before we state the re-
sult, let us introduce the following notation for the time-simplex induced by

a tree. For a tree T € 7 we define
D.(t) :=={s €0, t]I(T)\" : ifp(u) = v, thens, >s,}, (3.59)

with the usual convention that s, = ¢.

Lemma 3.2.21. Let T € T3 and i(T) be the number of internal nodes of T. For
T € Syi(r) With permutation cycle decomposition {é\l}lK:(T) and v € TI-1(w), we
have

[0, el ) SAE( ) Frelor)dsz) ™™ pagin)0),
[
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where T :=Z([t,7]) \ 0 and

K(m) ~
Ci
Fre(s) = [] VY (siv € Tp), (3.60)

i

—~

Il
—_

with e o defined in (3.50). Here I denotes all those inner vertices whose labels
lie in the permutation cycle C. In the case & = 1d, the inequality can be replaced with
an equality.

Proof. Let T € Syi(r) and 1y € 117 1(%). The proof works by extracting cycles
successively from [, T] and using Lemma 3.2.15 to obtain a bound on [T, T},
in terms of these cycles. We write V = V([7,7]) \o and Z = Z([7,7]) \ 0.
Starting with the extraction of the minimal v-cycle C; in [T, T]v, we have

~

[0 7De) < e K, (mema) (3.61)

— L], .
/[0 t}Icl € (SU,U € IC1) H ]1531,7(v)<sv<sp-[(v)

’UEICI

dszc1 dsv\(;1 dyv\cl ,

where Rg[’; \C)s denotes the kernel corresponding to the fully contracted tree
([t, 7]\ C1)y = (01)5, following the notation in Definition 3.2.14. We can then
proceed iteratively by extracting the v-cycles via the cycle extraction map
from Definition 3.2.18, until we reach the tree Q In this way we obtain the

upper bound, using Lemma 3.2.15,

T, et x) < St ) (3.62)
K(t,7) o|Ze |
X / H g e i (S'(); (S IC,) H 15004 (v)gsvgspm (v) dSI,
047 7 vele, i i
K(7,7)

with the sequence of v-cycles (Ci),_;"" and the sequence of reduced trees
(Ui)f:(;’ﬂ from the cycle extraction map. Note that K(7, ) equals the num-
ber of permutation cycles K(m). In order to avoid confusion, we added a
subindex p,, to the parent map p (and also to the descendent map ?,,), mak-

ing clear with respect to which tree the map is to be interpreted. Now, by
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application of Lemma 3.2.22 below, the inequality (3.62) reads

K(t)

[T/ T]%ﬁ(t/ x) g Qe(trx) /@ H e ®|Ici|(SU}U € Ici) dSI

() =1

_ y2,2mt

= Age P2(t+e2)(0) (/Q[m] t) Yre(sz) dsI) ’
which yields the desired uppper bound. If © = Id, then the inequality in
the first line becomes an equality as we are successively removing 1-cycles
and apply the identity in Lemma 3.2.6, rather than the upper bound in
Lemma 3.2.15. The proof is complete. O

Lemma 3.2.22. Let t > 0, T € T3 and write T := Z([t,7|) \ 0. Then for every
pairing v € Y (7, T), we have

K(z7)
oA ﬂl Q {805,1(0) < 50 < Spy ()} = D (t), (3.63)
1= ve C;

where (Ce )K" denotes the sequence of v-cycles and (0;)X ™) the sequence of re-
duced trees, constructed from [T, T, via the cycle extraction map (Definition 3.2.18).

The set D 7 (t) was defined in (3.59).

Proof. Let v € T be arbitrary. Then there exists ani = 1,.. ., K(t,7) such
that v € Z, and we define u; := 0, ,(v), w1 := pg,(v). Notably, there exists
a unique “ancestral” path (uy,...,Um, 0, Wy, ..., w1) in the tree [T, T] with
uj,w; € 1,j=2.

If s7 € D7 7(t), then

Ogsaaw(v) = Si, <o <K8y, KSuKSy , -0 <5w1 :Sp[,i(v) <t,

which implies in particular that s, ) < so < 5p, (0)-
On the other hand, note that p(v) = pj;1)(v) = wyy, which lies in Z¢, for
somei =1,...,K(t,7). Thus, if s7 lies in the left-hand side of (3.63), then

¢ either the parent of v has not been removed by the cycle extraction map in

an earlier iteration, i.e. i > i, in which case
S0 S Spy,(v) = Sw,y = Sp(v) s

e or the parent of v has been removed in an a previous iteration, i.e. i’ < i,
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then

As the choice of v was arbitrary, this concludes the proof. ]

3.3 Contributing and non-contributing trees

This section is dedicated to the proof of Proposition 3.1.2, for a single fixed
tree T € 73. Obtaining this result requires a precise quantitative control over
the limiting behavior of contracted and paired trees. Such control will build
on a systematic application of the bounds and ideas that we have introduced
in Section 3.2, and in particular in Lemma 3.2.21.

In the previous section we analysed paired trees and found that it was
possible to identify v-cycles and remove them iteratively to obtain an upper
bound (or an exact estimate) on the integral associated to such a tree. In this
section we start instead with an arbitrary contracted ternary tree [t],. Our
objective is to obtain a bound (or an exact estimate) on the second moment
of the Wiener-Ito stochastic integral associated to such contracted tree. To
obtain these estimates, we must sum over all possible pairings 7 of [t, T]
which complete the contraction «, and for each such pairing we can follow
the procedure described in the previous section. One of the key points of this
section is therefore to keep track of all the combinatorial factors that appear
when counting pairings and contractions associated to arbitrarily large trees.

The remainder of this section will be split into two main parts. First, we
study those contracted trees that do not vanish in the limit ¢ — 0 and identify
them using properties of the underlying graph 7,. We also determine their
precise contribution and the size of the set of all such contractions. In the
second part, we will instead state and prove a uniform upper bound for the

rate of convergence of contracted trees that vanish as ¢ — 0.

3.3.1 Contributing contractions

We start by studying those contracted trees that contribute to the fluctuations
in the limit ¢ — 0, and for which an exact estimate of the contribution is

necessary. For this reason, let us define contributing contractions as follows.

Definition 3.3.1. For any tree T € T3 and contraction k € K(t), we say that
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contributes if there exist (t,x) € (0,00) x R? such that

limsup (log 1) - E[|[t]ex(t, x)[] > 0. (3.64)

e—0

We denote the set of all contributing contractions by

C(7) := {x such that T, contributes} C IC(T).

Identifying contributing contractions

Before determining the precise contribution of contracted trees, we show that
the abstract condition in (3.64) can be replaced by a condition on the underly-
ing graph structure of the contracted tree. More precisely, we will see that the
estimates of Section 3.2.4 imply that contracted trees contribute if and only
if the corresponding integrals lie in the first homogeneous Wiener chaos and

we can iteratively remove 1-cycles from them.
Lemma 3.3.2. Let T € T3, then C(T), see Definition 3.3.1, satisfies:
i) C(t) ={x € K(7) : Iy € V(7 &) with I1(y) = Id}.

(ii) If x € C(7), then T has a single uncontracted leaf. That is, [T| lies in the
first Wiener—Ito chaos and is therefore Gaussian.

The property of being contributing, associated to a contracted tree [T], is
defined using the second moment condition (3.64). We can express (3.64)
by summing [7, 7], over all pairings in v € Y(7, T), recall (3.42). The
paired tree obtained, once we fix an element of ) (7, ), can be treated via
Lemma 3.2.21. In particular, it turns out that for contributing trees 7, and
v € V(7 ) the cycle extraction map satisfies Il (y) = Id. As a conse-
quence, we can determine precisely the limiting behavior of such a paired
trees through the last statement of Lemma 3.2.21, which is the key ingredient

in the proof of Lemma 3.3.2 and the content of the following lemma.

Lemma 3.3.3. Let T € T3 and & € Sy;r). Then for every v € I1;'(n) and all
(t,x) € (0,00) x R?

. NGRS .
A2 {rll(éi) } Pét)(()) ifrn=1d,

0 otherwise .

; 1y, —
lim (log ¢) - [T, T]oe(t, %)
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If the above limit vanishes, we say 7y is a non-contributing pairing, and call it a

contributing pairing otherwise.

The proof of Lemma 3.3.3 uses the following identity.
Lemma 3.3.4. Let T € T3 and T = 7 (7) be the trimmed tree as in (2.82), then

AEEZm Sy 1 /\2 t est 7]
——d === / ——d =: t),
/@m(ﬂ vel;(lr) dn(s, +&8) O T <47T 0 s+ e S) [7le(t)
(3.65)

with the tree-time-simplex D7) (t) introduced in (3.59).

This, on the other hand, is a consequence of the fact that the integrand on
the left-hand side in (3.65) is a symmetric function in the variables sz;) =

Sy(1)-

Lemma 3.3.5. For a tree T € T of the form T = |1y --- T, such that T :=
Z(7) \ 01 # @ and any symmetric function ¥ : R — R, we have that

1
Y(s7)dsy = —— / Y(s7)dsr,
/@T(t) (s2) dsz ol Jogr (sz)dsz

with the domain D (t) defined in (3.59) and T = 7 (T) denoting the trimmed tree
defined in (2.82).

Proof. We prove the statement by induction over i(7) > 2. Note that the case
i(t) = 11is excluded as the single inner node must necessarily be the root.
If i(T) = 2, then T must be of the form 7 = [+ -+ o] and Z = {v}
(denoting the root of */*). Then

t
/ Y(s7) dszz/ Y (sy) dsy,
D.(t) 0

which is the desired statement since .7 (*/*)! = 1. Now assume that the

statement holds true for any tree T/ = [1] ---T,] such that i(7") < N, for
some N > 2, and write Z' := Z(7') \ o/ with o/ := 0. Let T € T be of the
form 7 = [t e - - o], s0 that T = [7/]. Then

t
/ T(SI) dSI = / / ‘F(So/,SI/) dSI/ dSo/
@T(f) 0 :DT/(SO/)

1 /t/
= —FF ‘Y(S/S/)dS/dS/
7 ’ A 7 o s
Tll Ce Tn’! 0 [0,50/11/
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where we used the induction hypothesis and the fact that ¥ (s, -): R — R
is a symmetric function. Using the symmetry of the function ¥, we further
see that the identification of variable s,» as the maximum variable is irrelevant
with regards to the integration, and the assignment of any of the variables s
as being the maximum would result in the same value. Thus, the above is

equal to
1

/@T(t) (s7) dsz Tt Joue (s7)dsz,

and the statement follows now for 7 because v'! = |7/| - 7{!---7/,! = |Z|-

7{!- - - 7),!. Furthermore, we notice that

Y(s ds:/ Y(sr()dsri ,

./m(t) (sz)dsz o) (7)) dSz(x)

meaning that the additional occurrences of « in the grafting of T do not affect
the integral. Finally, consider the case T € 7 such that i(7) = N + 1, with
T=[1 -+ Txe - o,k >2and 1; # ». Again the extra occurrences of « in the
grafting of T do not affect the value of the integral. Moreover, the integration

domain D+ (t) can be written as a disjoint union of sub-tree-simplices:

‘I’(sz)dszz/ / Y(sz)dszig) - dsz(q) -
/QT(f) Dy () D (1) ) )

The statement follows from the induction hypothesis, since the restriction of

Y to a subset of variables remains a symmetric function. O

Proof of Lemma 3.3.3. Consider T € T3, & € Sy;(r) and v € IT;'(x). Then for
all (t,x) € (0,00) x R?, Lemma 3.2.21 implies

(log%) [T Ty e(t x) < A? {/@ Pre(s) dSI} ezmtpz(t+52)(0) ,
iad|

7,7 (t)

where we remind that Z := Z([t, 7]) \ 0. Extending the domain of integration
from D, 1 (t) to [0, t]%, the right-hand side can be factorised

(log ¢) - [T, Tlye(t x)

K(t,7)

R T

< A? { /[O fo ¥ (50 € Ie)) dsz,, } e pyiren) (0),
i=1 A

where (Cl-)fiq”) denotes the sequence of v-cycles constructed from [7, 7], via
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the cycle extraction map (Definition 3.2.18). For each of the integrals we have

/\2 t ,2ms .
:ﬁ Os€+752ds lf’Icl‘:l,
Ze.
/[o gl °F REICTE Le,) dsz,,
7 i Ao it Z\IC[\ .
< ( 28‘170,')‘71 log (1—i—€i2) if ’ICZ-‘ > 2,

where for the case |Z¢,| > 2 we used Lemma 3.2.16. Note that the right-hand
side in the second case vanishes in the limit ¢ — 0, since A, ~ (log %)*1/ 2. In
particular, if © # Id at least one v-cycle C; must satisfy |Z¢,| > 2, which yields
that [7, T],¢(t, x) vanishes as ¢ — 0.

On the other hand, if © = Id all the v-cycles C; are 1-cycles and we can
replace all inequalities with equalities to obtain

(log %) [T, Tt x)

N 1 m
A2 {/@ ® H e ’ (s0) dSI} ¢ tPZ(tJreZ)(O)
[t]

veL

22 Agest,u 2 -
! /’:)[T](t) UGI;([T)‘HT(SU%—EZ)dSI(T) e P4 (0) -

Hence, we deduce from Lemma 3.3.4 and Lemma 3.2.7 that

2o\ 1) 2
) A 1 [ A? m
lim (log 1) - [T, T],.(t x) = A? { (27_[> } pgt )(0)'

e—0 T!

which concludes the proof. ]

Finally, we are ready to show that contributing contractions can be iden-
tified as those that have a single uncontracted leaf and allow for an iterative

removal of 1-cycles.

Proof of Lemma 3.3.2. Let us start by recalling from (3.42) that for any tree T €
73 and any contraction x € (1)

(log¢) - Ef[tlze(t )] = ) (log)-[t,Tlpelt,x).
YEV (T, T)

Therefore, to prove the first statement of the lemma, it suffices to prove that

lim(log 1) - [7,7]y.(t,x) >0,
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for all (t,x) € (0,00) x R? if and only if I1;(y) = Id, which is implied by
Lemma 3.3.3.

For the second statement we instead proceed by induction over the num-
ber of inner nodes i(T). We can check that the statement is true for i(7) = 0,
i.e. T =9 since |Y(7,7)| = 1 and

limsup (log 1) - E[|!, | (t,x)] >
e—0
Now, let m € N and assume that the statement holds for all T € 73 satisfying
i(t) < m. Choose T € T3 with i(t) = m+ 1 and let k € C(7). By the first
point of the present Lemma 3.3.2, which we have just proven, we know there
exists a v € V(1 &) NTI71(Id). In particular, let C; be the first 1-cycle that
is extracted by the permutation-extraction map applied to the pairing -, and
write oo = ([7, 7]\ C1),, = [T, T]y,, with T := 7\ C;, assuming without loss

of generality that we have removed the cycle from the left tree.

Then via (3.61), we deduce that

vt

[T, e, %) < /D e, K22
t

(e, (Vi)
b e o1
/O £ : (SU;U < Icl) { I—I ]1507(v)<5v<5p(v)} (366)

UGIcl
dSICl dsV\C] dyV\Cl 4

where we again used V = V([1, 7]) \ 0. Note that the product in the expres-
sion above only consists of a single term, because C; is a 1-cycle. Dropping

the time-constraint encoded by ]ls07 (0)<50<5p ()7 WE therefore obtain

[T, T]ye(t, x) < [T, T)ype(t, x {/ e sv,v € Icl)dszc } . (3.67)

Taking the lim sup over ¢ — 0 after multiplying both sides with (log 1) yields

0 < limsup (log 1) [t, T],(t, x)

e—0
. (3.68)
< ~— limsup (log 1) [, 7], (t, x) .
e—0

Here, the first inequality holds since ¥ € C(7), while the second inequal-
ity is a consequence of (3.67) and Lemma 3.2.7. In particular, the limit on
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the right-hand side must be positive. Next, by Definition 3.2.4 there exists

(k1(72),%2(72)) such that 2 € V(% (1,)s Ta(10)), With k2(72) = x. Via an
application of the Cauchy-Schwartz inequality we then obtain

12, Thae <E |[Elaraye [Thee] < (B[ [F12 ] )% E[[2.]):. (69

Together with (3.68), this implies «;1(2) € C(%). By the induction assump-
tion, %, (,,) (note that i() = m) has a single uncontracted leaf, which implies
that also 7, has a single uncontracted leaf. This concludes the desired re-
sult. O

Lemma 3.3.2, together with the identity from Lemma 3.3.3, implies that if
k € C(7) then [T]¢ is (and converges to) a mean-zero Gaussian with limiting

fluctuation

A /Ao Tl
‘ A [ A2 m
ﬁaW%iﬂmm“@an=ﬂ<mJ 70

In the next subsection, we will see that a stronger statement holds true, as we

will be able to identify [T], . with 1. up to a multiplicative factor.

Determining contributions

In the previous section, we identified contributing pairings (and contractions)
to be the ones mapped by I1; to the identity permutation, i.e. the algorithm
defined in Definition 3.2.18 only extracts cycles of length one. Precisely this
fact will turn out to be useful, when determining the following identity for
contributing contracted trees.

Lemma 3.3.6. For every T € T3,k € C(7), e € (0,3) and (t,x) € (0,00) x R? we
have that

1 (A2t ¢2ms

I7|
hettn) = (55 [ Srads) Lt = [l

Note that the right-hand side of the identity in the lemma above does not
depend on the particular contraction x € C(71).

Proof. Fix T € T3 and let x € C(t). Choose v € I171(Id) N Y (7, ), which
exists by Lemma 3.3.2(i). Since y € I1;!(Id), the cycle-extraction map (Def-
inition 3.2.18) associates to 7y a sequence of 1-cycles (Cz-)l-zz (f ). In order to dis-
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tinguish between the two trees generating [7, 7], let us write [17, ] := [T, T].
Now, let (C/ )l( ") be the subset of cycles whose bases belong to the tree 77. In
other words, (C/) Z( 1) contains all cycles in (C; )12 (1) such that Zp. C Z(7). This
yields an iterative rule of removing 1-cycles from [11],, which is identical to

[T]«. In particular, each C; corresponds to a unique inner node v; of 7.

Recall that for v € Z(1) we write p(v) € Z([t]) for the parent of v and
also recall the representation of the stochastic integrals with respect to (3.40),

which allows us to write
[Tlie(t, x) = /D o Kfﬁmg(svm/yvm) dsy () dyyope 1(dye) ,

where we denote by (s, y,) the space-time point associated to the single un-
contracted leaf in T, cf. Lemma 3.3.2. We apply Lemma 3.2.6 with respect to
the 1-cycle C;, which yields

! ®1
[Tlie(t,x) = /Dvm\c; {/0 e (Svl)n{sax(vl)ésylésp(vl)} dsy,
t

~

Kf%f,g(swr)\q,}/wr)\q) dsy(eper Yy euey) 1(dye) -

Now, by applying Lemma 3.2.6 successively another i(7) — 1 times with re-
spect to each of the 1-cycles (C; )i(:Tz) , we obtain

®
Kg t x {/Ot s (50)1{50K<v)<5v<5p(v)} dSI(T)}

veI

X Age™! /R L Pre(ye —x) (dye) -

The stochastic integral in the second line equals ! ¢(t,x), whereas the time

integral in the brackets can be written as

®
/ E (SU)]I{SDK(D) gsvésp(v)} dSI(T)
[Ot veI
)\2 2m sy
= ds ,
/@[T Uel;[ 47(s, + €2) ~ *®

arguing along the same lines as in Lemma 3.2.22. Together with Lemma 3.3.4,
this concludes the proof. O
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Counting contributing contractions

In Lemma 3.3.6, we saw that the limit of a contributing contracted tree [7T] is
independent of the chosen contraction in C(7). Hence, in order to conclude

the limit of X7, it is only left to determine the size of C(7).
Lemma 3.3.7. Let T € T3, then |C(7)| = 31(7).
In order to prove Lemma 3.3.7, we first need the following result.

Lemma 3.3.8. Let T € T3 and x € C(T), then every trident in T, has an internal
contraction. More precisely, for every v € V() there exists an edge {u,u'} € x
such that v = p(u) = p(u'). The set Vey(T) was introduced below the statement of
Lemma 3.2.12.

Proof. Let T € T3, x € C(7) and consider |7, 7], for the unique vy € Y(7, %),
see Lemma 3.3.2(ii). For any v € V. (7), we write uq(v), u2(v), uz(v) € L(1)
for the three leaves it is connected to (indexing them with 1 to 3 from left to
right).

Now, assume there exists a v € V\V(T) without an internal contraction,
ie {uj(v),uj(v)} ¢ xforl <i,j<3:

, (3.70)

for some 71,2, € T3. Note that possibly one of the leaves could be un-
contracted, which is indicated in the example above by the dotted purple
line. It is an immediate consequence that I1 () # Id, since otherwise
{ui(v),uj(v)} € x C y for some 1 < i,j < 3. However, this implies that

lin% (log%) [T, T]ye(tx) =0, V(tx) € (0,00) x R?,
£—

by Lemma 3.3.3, thus, contradicting the assumption x € C(7). This finishes
the proof. O

Proof of Lemma 3.3.7. We prove the statement by induction over the number
of inner nodes i(7), starting with i(7) = 0, i.e. T = . In this case, |C(7)| =
IK(t)| = |Y(7,7)] = 1 and the claim holds. Now assume the statement
holds true for any T € 73 satisfying i(T) < m.
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Let T € T3 withi(1) = m+1and v € V(7). We denote its neighbouring
leaves by u(v), u2(v), uz(v) € L£(7) (indexing them with 1 to 3 from left to

right): )
\%1/2 , (3.71)

for some 73, 2 € 73. Again note that possibly one of the leaves could be
uncontracted. Using Lemma 3.3.8, we can partition C(7) into three sets
C1,2(7), C13(7), Co3(7) with

Cij(1) == {x € C(1) : {ui(v),uj(v)} € x} .

For any contraction ¥ € C(t) we define the tree resulting from 7, after re-
moving the 1-cycle C with Z; = {v}:

?;z = (T \ C)k P (372)

using the cycle removal from Definition 3.2.14. Because v and thus T (up
to labelling of one leaf via u;(v)) do not depend on the choice of x € C(7),
(3.72) defines a map &, : C(t) — K(T) with &,(x) := &. Moreover, we have
K = R (x) € C(T) since

0 < limsup (log 1) ']E[’[T]K,s(t/x”Z]

e—0

;\2 2. 1 A 2
< (5= | limsup (log 1) - E[|[#lse( )],

2 e—0

following the same lines as in (3.68). In fact, for any choice 1 < i < j < 3,
the map Ry|c,;(r) maps onto C(7) and defines a bijection. To see this, con-
sider an arbitrary contraction ¥ € C(T) (with the labeling of T induced by
7) and define x := ¥ U {u;(v),u;(v)}. For example we have the following

reconstruction of a contraction in C 3(7) using the inverse (&|c,,(r)) *:

[’/L'\]f: wc\ﬂfly“? — fvul%z :[T]K~ (3.73)

On the other hand, for the same ¥ we can also reconstruct the following two
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contractions in C12(7) and Cy3(7) , respectively:

uq . Uz =w d uq us
an
" LS v 1w

In particular, for each set C;;(T) there exists a unique x € C;;(7) such that
Ry(x) = K. As a consequence all three sets C; j(7) have the same cardinal-
ity, which agrees with |C(T)|. Lastly, applying the induction hypothesis to
|C(7)|, yields

C(T)| = |C12(T)| + [C13(T)| + Co3(7)| = 3|C(T)| = 3"

This concludes the proof. O

3.3.2 Non-contributing trees

Up to now, we have identified contributing pairings (and contractions) to
be the ones that lie in the pre-image I1;!(Id), when considering a fixed tree
T € T3 . Moreover, we determined their exact contribution. Now, it is only
left to control the overall contribution of the remaining contractions, which
we will prove to have no contribution. We summarise this sections main

finding in the following lemma:

Lemma 3.3.9. Let T > 0, then uniformly over any e € (0,1 A1), T € TN®, for
N = |log 1], x € R? and uniformly for all t € [0, T|, we have

N i1 A
1 1 662+2nA262mt /\emt
1
H L, /log ltle(t ) e S 1T'< 7r ) Vit )
k¢C(T) 4logz : (t+¢2)

where T denotes the trimmed tree 7 (T) as in (2.82). In particular, for a fixed T € T3

and t > 0, the right-hand side vanishes in the small-e limit.

For the proof of Lemma 3.3.9 we need the following two lemmas. The

first is an upper bound of a “symmetrised” integral over v-cycles.

Lemma 3.3.10. Let T > 0. Then uniformly over any ¢ € (0, % A 3), t € [0, T] and
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7€ T%°, N, = |log 1|, we have

3 ,mt)4i(T) )
/ Yre(sz) dsI> < 1 : 1' i (/\zzZi(z)_1 22 t2m)i()
TESyi(ry \{Id} t log - (1?2 4m

where T = Z([t,7]) \ o, and T = 7(7) denotes the trimmed tree (2.82). The
function Yy ¢ was defined in (3.60).

The next result guarantees that the number of pairings v of a tree [7, 7],
which correspond to a permutation © € Sy;(;), grows at most exponentially

in the number of inner nodes of a tree.
Lemma 3.3.11. Let T € Tz and T € Sy;(r, then |I17(m)| < 62(7).

Having both Lemma 3.3.10 and 3.3.11 at hand, we can now prove
Lemma 3.3.9. The proofs of Lemma 3.3.10 and 3.3.11 are instead deferred

to the end of this section.

Proof of Lemma 3.3.9. Consider T > 0,¢ € (0,+ A %) and (t,x) € [0,T] x R%.
By representing second moments of contracted trees in terms of paired trees,
cf. (3.42), we have

Z \/logg Tlie(t, x)

k¢ C(t

=logi ) )} [0Th(tx)
L2(P) k' ¢C(T) YEV (T, Tr)

clog! N T [t
TEESZi(-[)\{Id} ’}’EH;1 (TC)

where we used additionally Lemma 3.3.3 to identify non-contributing pair-
ings as precisely the ones that do not map onto Id under I1;, and the fact
that

3y € V(1 w) st limsup (logl) [t,7],e(t,x) >0 <  «x« €C(1),

e—0

which is a consequence of the Cauchy-Schwartz inequality, cf. (3.69), and
Lemma 3.3.2. Thus, Lemmas 3.2.21 and 3.3.11 imply

ZF thx

k¢ C(t

L2(IP)

<(ogh) e ¥ (f

Wre(sz) dsz) @™ o) (0).
€Sy \{1d} 7Pt
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By application of Lemma 3.3.10, this can be further upper bounded by

) 1 (;\eﬁt)élz‘(r) )
2 £2i(T 2(242m)i(T) ,2mt
A: 6 ( )(T!)z 4772i(1)-1 I Pz(t+s2)(0)

1 1 622 A 262 2i(7) j202mt
~ 4logl (1) T 4(t+¢2)°

Recalling the fact that i(7) = ||, the result follows by taking the square
root. ]

Now we pass to the proof of Lemma 3.3.10, which is a quantitative version
of Lemma 3.3.3. Instead of extending the integration domain from D, () to
the box [0, t]Z{=™)\e, as it was done in the proof of the latter lemma, we will
make use of the fact that summation over all permutations inn € S, \ {Id}

has a symmetrising effect that allows for a more precise control of the integral.

Lemma 3.3.12. Fix ¢ € (0, ) and n € N. Consider for any © € S, the function
Y introduced in (3.60). Then the function ¥, : [0,00)" — R defined by

Ye(s1,..-50) 1= Z Yre(S1,---,54),
nes, \{Id}

is symmetric in the variables sq,- - - ,sy.

Proof. It suffices to consider the function ¢, given by

vssn) = DT e

mES, i

since the term corresponding to the identity partition is symmetric itself.
Now, for ¢ € S, if we indicate s; = (Sc(i))?:y we have

1

T;U (i) T So(n(i)) T 26 ng ZH Si + Sono-1(i) T 267
ng 11_1 S; +5n + 2¢2 - ¢€(S) !

by performing an index change and using the fact that {ono™! : n € S,} =
S;. This concludes the proof. O

Having additionally the symmetrising effect of summing over all permu-

tations (apart from the identity), we can prove the desired upper bound.
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Proof of Lemma 3.3.10. Fix T > 0, t € [0,T] and define n := 2i(7). Using
Lemma 3.3.5 and the definition of ¥, in Lemma 3.3.12, we find that

= 1
Ye(sz)dsy = —— Yre(sz)dsz, _
/D[T,T](t) e\°T ya (T!)Z EESWZ\{IC‘} [O,t}I me\°L A (3 74)

since ¥ is symmetric by Lemma 3.3.12. Recall from (3.60) that ¥, is a prod-

uct over cycles in the permutation 7, which allows us to factorise the integral

K(m) 5
Ci ~
/[Ot]ITn,s(SI)dSI: H/[Ot}a_'\ P—e ®| ‘(SU}UECZ‘)dSa,
! i=1 715

with K(r) denoting the number of cycles in the permutation n. Applying
Lemma 3.2.16 to each term in the product yields

K(m) (A em)z|c7|
‘Y € d < 8/\7
/[O,t]I ne(sz)dsz 111 ( G

A eﬁt 2n 1
-G (Gl 8)
(Ageﬁt>2n

omn

log (1 + ;))

K(m)

< M, (HK®,

where we introduced
1 t
Mc(t) := | —log (1+2) | -

Therefore, we obtain the following upper bound to (3.74):

T n! (Age™t)n km]  Me(t)"
< T oo - . .
A[T’T](t) Y, (SZ) dsz < (T!)Z on (ESn |:M€(t) ] o ) (3.75)

Here we used the identity

Es, [Me(H™)] = DM
nes,\{Id}

with the expectation taken with respect to the uniform distribution on S,
which has probability mass function ;. Hence, we have reduced the problem
to studying the generating function of a discrete random variable, namely

the total number of cycles in a uniformly at random chosen permutation. Its
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distribution is a well studied object and we have the explicit identity

Es, [Me ()] = (” + Me(t) - 1>

n

at hand, see e.g. [Uell7, Display (5.14)]. Thus, we can rewrite (3.75) as

1 (Ae™H) ((n + Mc(t) — 1)!

(t)? (2log 1)\ (Me(£) = 1)! _Me(f)"> . (3.76)

/ ?S(SI) dSI <
Q[T,T](t)

Now, we expand the difference on the right-hand side using a telescopic sum
which leads to

n —1)! n-1 oon=1
( TZ\Z/\I/fY)l)! D — Me(t)" = Zst(t)] T[T (Me(t) +k). (3.77)

j=1 k=j+1

Note that for every k =0,...,n -1

19 14+ L 1 2
Me(t) +k _ 7 og (1+ %) +k+ <1(1+ |log(t + ¢ )|+7r(k+1))

2logy 2log ; h 2 log !
2
<lexp |108(t+8)|—|—17c(k—|—1) ’
T 2log
thus, together with (3.76) and (3.77)
/ Felor)der (3.78)
D[T,T](t)
A mt\2n n—1 ) '—|—Z”:_1 k+1
ST 1;)2 (;\: ) =Y jexp ((n_l)llog(t+18 )| 7r] k_]H(l ))
rremlog e = 2log 2 log !

11 (Aemt)2nnd log(t + ¢ = k41
S 1(-(')2(2 nzl Z]exp((n—l)' ;g(l 1)|+”221 T
oge \T: ™= 0g k= 2 1log :

The terms in the exponent can be estimated uniformly over ¢ and t € [0, T].
For the first term, recall (3.33). Moreover, since n < 2N, = 2[log %J,

k  nn+1)
o 1
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Combining the two estimates with (3.78) yields
1 1 (Ae™Hn(n—1)
log 1 (T!)Z 2 -1 2

€
1 1 (j\eﬁt)zn p(2+2m)n

= log% (T!)2 4 i1 ’

e(2+n)n

/ ¥, (s7) dsz <
©[T,T](t)

2n

where we used n(n —1) < e < €™ in the last step. This concludes the

proof. O

Proof of Lemma 3.3.11. For convenience let us write n = 2i(7). Our aim is to
obtain an upper bound on the total number of parings v that give rise to a
given permutation © € S, via the map Il (-y) from Definition 3.2.19. It will
be convenient to represent ® as a product of permutation cycles & = HZK:(T) Ci,
for some K(n) € {1,---,n}. Here we slightly abuse the notation C;, which
is already used in Definition 3.2.19. Indeed, while the decomposition of a
permutation into a product of cycles is unique, the order in which these cycles
are chosen is arbitrary. This is not the case in Definition 3.2.19, as for example
the cycle Cyis necessarily a cycle among bases of tridents or cherries (because
it is the first cycle we extract from a paired tree). In our setting, since we start
from an arbitrary permutation ©, we assume nothing further on C; other than
that they are cycles that decompose ©. Then we provide the desired upper
bound via the steps that follow.

(i) By Lemma 3.2.12 we know that any pairing v in I1;! (1) must contain a
v-cycle that alternates between leaves and inner nodes of [7, T]. This is
because the first v-cycle we extract must be a v-cycle in the paired tree
[T, 7], (later ones belong instead to trees that are derived from [7, 7],
by extracting v-cycles). Therefore, there must exist a cycle CAil that only
runs through inner vertices in Va, U Vyr =: W), with V4, and Wy
denoting the sets of cherries and tridents in [T, T|, respectively, recall the
definition from below Lemma 3.2.12.

Indeed, if no such cycle exists, then the given permutation cannot arise
from any paired tree [T, 7], using the extraction algorithm IT; and the
pre-image is the empty set, so that our upper bound holds true. See the
discussion below Example 3.2.20 for an example of this kind.

(ii) Since CAil C Vo, UV, to construct a v-cycle corresponding to CAil we
must choose for every vertex v with label in C;, an (outgoing) leaf that
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(iii)

(iv)

v)

connects to the next vertex of the v-cycle and an (incoming) leaf that
connects to the previous vertex of the v-cycle. Here, which leaf is out-
going and which leaf is incoming matters, leading to at most 2(3) = 6
choices for every vertex (for nodes in Vx> we have six choices, for nodes
in V- only two). Thus, there are at most 6|CA"1‘ ways to construct a v-
cycle through inner nodes labelled by @] .

Now proceed iteratively. For j > 1, we define the set W0) C Z([t,7]) \ 0

as follows: An inner node v lies in W), if and only if

e there exist at least two distinct paths from v to leaves in L([7, 7)),
which only run through descendants of v (away from the root), that
have been previously extracted, i.e. they lie in U;{;ll I@ik,

e and v has not been extracted previously, i.e. v ¢ U{{;ll Z;
'k

The set W) describes the nodes that became “admissible” after extract-
ing the cycles {CA,-}Z-e (i1, sy}, MEANING that the inner nodes of the next
cycle that we extract must belong to W),

Proceed by choosing a cycle (?i,- with nodes in W) and counting all
possible choices to create a v-cycle with the corresponding nodes as

inner nodes.

We are done once all cycles have been removed, or we cannot find a
cycle that runs through vertices in WU). In the latter case, we again
found a permutation that cannot be obtained as image of the map Il

(so the pre-image is empty and the bound trivially true).

In this way, we count all possible pairings that lead to . Overall, either the

pre-image is empty and the stated bound is trivially true, or it is bounded by

6251(11[) ICil — gn ,

which is the desired bound and concludes the proof.
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3.3.3 Proof of Proposition 3.1.2

Proof of Proposition 3.1.2. Fixany T >0,e € (0,1 A3)and T € 7§N€’°. Then by
Lemma 3.2.1 and identity (3.39), we can write

X = s(7) [t = s(7) KE%T)[T]“
h((1)
S(T) {KG;(:T)[T]K,S +K¢§T)[T]K,£} ‘

Thus, by the triangle inequality and the fact that 3I7I = Yxec(r) 1, see
Lemma 3.3.7, we have for every (t,x) € (0, T] x R?

7|
(1) (3A%) &
\/1o XI(t,x) — Ae™ip x
H gs 1s(7) (27.[ t+e277( ) .

1 12 7|
\/ log 1 - [T]ie(t, x) — g (271> Ae™ Py, an(x)

(3.79)

L2(PP)

s(7)

L2(P)

The second term on the right-hand side can be directly estimated as

Y. \/log8 )y e (t, x)

kgC(T

L2(PP)

3.80
1 1 <682+2n;\ze2mt> 7] Jemt (3.:80)

! n i(t+e2)’

<
T!,/4log%

where we used Lemma 3.3.9. For the first term, we obtain

1 iz |7l
Viog L [ehee(t ) - 2 (Zn> Aem P, ()
xkeC(1) ’ L2(P)

1 (332\" 1 gtems \
== <2n> <2log1/o P ds> —1| Ae™ P 2n(x)
‘ L2(P)

Ary e |t a
2,2m 41 2|m| ¢ 2 mf
<Tl <9A e ) Mt 4 log (t+€2)|  Ae .81)

2 2log 1 drt(t+€2)’
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where in the first equality we applied Lemma 3.3.6 and Lemma 3.3.7, together
with the identity {, (¢, x) = A(log %)*%etht 121 (x). In the last step, we more-
over applied Corollary 3.3.14, proven below, which yields

7]
1 b p2ms . L2 ow (f 4 g2

1/ . ;ds | —1) <1 (3e2mty I ‘Hogl( +¢)|
Zlogg 0 s+e 210gg

4

< (362ﬁt+1> Il 2™t + | log (£ + €%)]
2log !

where used additionally the bound |7| < 3el! in the last inequality. 3
Now, combining (3.79), (3.80) and (3.81) yields

N 7]
(1) [ 3A2 .
\/log% - X7 (tx) — - s((T§ (27_[ ) /\etht+€zi7(x)
L2(P)

PRLIC P ( (9> el 4 log (t+ )| 1

= otls(T) 2 Nz

2logl VT

1 62121 Il > ;\emt
e ) Jans
2/log 1 & 4(t +¢%)

PRLSIOTRy e ING M+ |log (t+ ) +y/log ¢ fem!
< — e ,
T!s(7) 2log ! VA(t+¢€2)

with C being a new constant given by

24271 24277
c.=% S <9e> v <6e ) . (3.82)

T 27 7T

This concludes the proof. O

Remark 3.3.13. The constant C (3.82) restricts the range of A in Theorem 3.0.1,
however, we stress that it is not optimal. We refrained from giving a sharper estimate,
since the choice A is restricted by the nature of our approach (radius of convergence
of the power series). Because we do not expect a phase transition in A, we chose a
tidier proof over optimising the constant.

Let us mention that a smaller C can be obtained by sharpening the estimates
below (3.76) and in (3.33). In particular, for the limiting result to hold, we don't re-

3The estimates in the display above vastly overestimate the quantity on the left-hand side.
However, we will see below that the main restriction will come in fact from the term (3.80).
Thus, the crude upper bounds here do not play a role.
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quire estimates uniformly in e € (0, % A 3), but can restrict ourselves to an arbitrary

small interval (0,6).

We finish by providing the last ingredient of the proof above, which is a
consequence of Lemma 3.2.7 and Taylor’s approximation theorem.

Corollary 3.3.14. Let m € R, T > O0and k € N, then

k
t p2ms L S2|m|t 2
1 1/ e Cds) 1 <k(362mt)k 1e —|—|10g1(t+£)|’
2log s Jo s+¢ 2log ¢

foreveryt € [0, T)and e € (0, % A %).

Proof. Using a first order Taylor expansion of the monomial of order k around

1, we have
k
t ,2ms
! 1/ ¢ sds | —1
Zlogg 0 s+e¢
(3.83)
1 t est
R ] o iy
x€[Lbe(H)V1] 2logz Jo s+¢
with
()= g [ s <o (14 LBULAN
O tog L s+ ¥ S 2og !

In particular, we find that
| oy i\ K1
sup KT 20w (4 | og(t+1s )l < RAl-Dmigh-1
xe[Lbe(H)V1] 2log ¢

where we used (3.33) in the last step. The statement follows now by upper

bounding the last term in (3.83) via Lemma 3.2.7. O



Chapter 4

Central limit theorems for the
2D random directed polymer

The directed random polymer model is given by an exponentially tilt
of the simple random walk measure Py. We restate the definition from
the introduction: For a fixed realisation of the disorder w, the directed
polymer measure of length N and disorder strength f > 0 is defined
using the following change of measure

N

ﬁN(dS) = WQXP (Z(,B“Jn,sn - A(ﬁ))) Py(dS),

n=1

where A(B) is a positive constant, which we will fix below. The (point-
to-plane) partition function is given by

N
ZgN(0,0,N,*) := En lexp (Z(,Bwn,gn — A(ﬁ)))} ,

n=1

making PI‘S", ~ @ probability measure. Here, x denotes the free boundary
condition of the endpoint Sy to take arbitrary values in Z?. The notation
for the partition function might seem overloaded at this point, but will
become clear below.

The aim of this chapter, based on the article [Gab23], is to prove an in-
variance principle for the 2D-DRPM, in the full subcritical intermediate
disorder regime. More precisely, the distribution of diffusively rescaled
polymer paths converges in probability to the Wiener measure, when
taking the weak disorder limit. Previosuly, analogous results were only
obtained for d # 2.

129
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Throughout this chapter we assume that w = (wy,z) (;, 2)enxz¢ 1S a collection
of i.i.d. real random variables with law P (independent of Py), satisfying

E[wn,.z] =0, E[w%,z] =1,
A(B) := log E[eP“r:] < co VB > 0 small enough.

For technical reasons, we also require a concentration inequality for the law
IP. More precisely, we assume the existence of v > 1 and Cy, C; € (0, o) such
that for every n € IN and convex, 1-Lipschitz f : R" — R we have

P(f(wi,..., wn) — Mf| > 1) < Crexp (—Z) , 1)

where (w;)1<j<y, is a subset of the family of random variables introduced
above and M risa median of f(ws,...,wy,). Condition (4.1) guarantees con-
trol on the negative tail of the environment and, for example, is satisfied
whenever w is bounded or Gaussian. See [Led01] for an even wider class
of potential laws and more details. We also refer to Remark 4.2.5 for a discus-

sion and possible approach to weaken this assumption.

Results and comparison to the literature

We will consider the DRPM in two space-dimensions and study the asymp-
totic behaviour of paths under the measure P/ in the large N limit. The ran-
dom measure is supported on the space {(S,), € (Z?)N*1}, more precisely,
its support is given by the subset () 5 of nearest neighbour paths starting
at the origin. Naturally, the space C[0,1] := C([0, 1], R?) equipped with the
supremum-norm is considered as common reference space for the paths. For
this, we introduce the mapping @ = 7y : Qon — C[0, 1] given by

1
XN = 7(S) = —= (Sywy + (IN = IN)) (S 41— Speny)) . (42
; (S)t \/N( i)+ ( EN])(Spinj+1 — Spiny)) (4.2)
which embeds discrete nearest-neighbour paths )y in the space of con-
tinuous functions, by linearly interpolating between integer points and
rescaling space-time diffusively. Furthermore, we equip C[0,1] with the

Borel 7-algebra F, implying measurability of the projection maps 7.

The chapter’s main contribution is an invariance principle for rescaled
polymer paths in the weak disorder limit, recall (1.9). This is the large N limit
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when scaling = By ~ B/ (log N)~1, with B € (0,1). To be more precise,

we consider

;B\ al 2 log N
BN := ———, where Ry:= Py(S,=2)"====+0(1) 4.3)
VR n;l ZGEZZ ! 4
denotes the replica overlap of the simple random walk. The chapter’s main
result then states that the quenched polymer paths T;Py \ converge to the
law of Brownian motion in IP-probability, in the full intermediate subcritical

regime.

Theorem 4.0.1 ([Gab23]). Let B € (0,1) and By be as in (4.3). Then

ﬁ#P(ﬁ‘)N,N i> P(%W € - ), as N — oo, in IP-probability,
where P denotes the Wiener measure on C[0,1]. We wrote Tty for the push-forward
operation under T, cf. (4.2).

Despite the random polymer converging to a stochastic process (which
is independent of the disorder) on a large scales, the disorder influences the
behaviour of the polymer on small scales. On the microscopic level, the dis-
order prevails and we can deduce a local limit theorem. This allows to com-
pare the microscopic polymer transition probabilities to the ones of Brown-
ian motion, weighted by random multiplicative factors which depend on the
rescaled transition space-time points.

Proposition 4.0.2 ([Gab23]). Let B € (0,1), By as in (4.3), (z]-);?zl =
(zj(N));-‘:1 € 7% and (mj);‘zl = (mj(N));-‘:1 € NN such that the following lim-
its exist

Al{im %::xj and I\l}im %::tje(o,l) with 0 <t <--- < <1,
—00 —00

and Py (S, vy = zj(N)) > 0. Then,

Nk
( 2 > /Lé)N N(Sm1 Z1 s Sy = Zk) @4
L k
d Y YT () .
; Hl oY () L YT () | 1| P%(t]—tﬂ)( i = Xj1),
j= =

where in s are i.i.d. centred Gaussians with variance log(1 — 32)*1. We used the

shorthand notation : e¥ := e¥~2E’] for the Wick exponential.



132 CHAPTER 4. CLTS FOR THE SUBCRITICAL 2D-DRPM

The local limit theorem above reinforces the picture, that the considered
intermediate disorder regime is indeed the region where effects of disorder

start to emerge in a non-trivial way.

Remark 4.0.3. We excluded the case t, = 1 from Proposition 4.0.2, since it would

Y~ (1,x)

only give rise to a single factor : e .. However, the proof can be repeated almost

verbatim to include this case.

Let us give a short overview on the literature of diffusivity of directed
random polymers. For the two dimensional case with By scaled as in (4.3), it
was proven in [CSZ17b] that the diffusively rescaled field

{zﬁN,N(o, |V/Nx|,[tN],%) : t >0, x € RZ}

converges to the solution of the stochastic heat equation with additive space-
time white noise. However, to the author’s best knowledge, there are no
results on diffusivity of the polymer paths in this case. Subcritical scalings
B3, < Ry!ind = 2 were considered by Feng [Fen12], who proved diffusivity
of the polymer endpoint. However, under such rescaling the partition func-
tion’s variance vanishes in the large N limit, which essentially brings us to
the situation of setting E = 0. Theorem 4.0.1, on the other hand, considers a
critical scaling under which the partition function converges to a non-trivial
random variable and a transition (in B) of the polymer path behaviour is ex-
pected. Our result not only covers the diffusivity of the polymer endpoint,
but fully determines the behaviour of the limiting polymer paths in the inter-
mediate subcritical regime.

In dimension d > 3, diffusivity of the directed random polymer in the
weak disorder regime was first proven to hold with probability one in [IS88],
for sufficiently small disorder strength. The works [Bol89, Kif97] simplified
and extended the original result further. First invariance principles were de-
duced in [AZ96, SZ96] where, for f > 0 small enough, almost sure conver-
gence to the law of Brownian motion with dimension-dependent diffusion
matrix was achieved. Later, it was extended to the full weak disorder regime
by Comets and Yoshida [CY06] in the sense of a functional central limit the-
orem, which holds in probability. Theorem 4.0.1 can be viewed as the analo-
gous resultind = 2.

Recently, Junk [Jun23, Jun21] gave an alternative proof of determining
the limit of the polymer endpoint distribution (for bounded bond disorder)

ind > 3, by introducing a comparison principle for partition functions of
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distinct parameters 8. This allows them to transform the polymer endpoint
distribution into the one of the simple random walk with a multiplicative
error, which converges to one.

For d = 1, it was shown that transition probabilities of the discrete poly-
mer measure admit a random limit when space-time is scaled diffusively
[AKQ14b]. Because every B > 0 lies in the strong disorder regime, they also
relied on an intermediate disorder scaling: By ~ BN —1/4 In [AKQ14a], the
same authors constructed the corresponding continuum polymer measure.
In contrast to d > 3, the limiting distribution of polymer paths is singular
with respect to the Wiener measure, while maintaining the same basic prop-
erties as Brownian motion.

An analogous result was also shown for the continuum disordered
pinning model in [CSZ14]. The advances, both for the pinning model and
the (1 4 1)-dimensional directed polymer, then motivated to provide a
general skeleton for the study of weak disorder scaling limits of discrete
systems, see [CSZ17a].

Naturally, one would like to strengthen the invariance principle in The-
orem 4.0.1 to IP-a.s. convergence, similar to the results in d > 3 (with B\
small enough) [AZ96, SZ96]. However, these results exploit the fact that
the sequence of partition functions (Zg y)n forms a martingale. In the two-
dimensional case, this property is lost due to the rescaling § = Bn, which is
why we do not expect our methods to yield an almost sure invariance princi-
ple.

Lastly, let us mention that the statement of the local limit theorem (Propo-
sition 4.0.2) is reminiscent of the construction in [AKQ14a], where the limit-
ing field of partition functions was used to construct the continuum directed
polymer in (1 4 1)-dimension. Because in d = 1 the random (macroscopic)
field induced by the limiting partition functions is continuous in its time and
space points, the constructed polymer measure is the correct limiting object.
However, for d = 2 this is not the case anymore and leads to different be-
haviour of the polymer paths, both on a microscopic and macroscopic level.
This (rough) structure of the partition function requires substantial work, in

order to treat the limiting polymer measure.

Remark 4.0.4. Theorem 4.0.1 should hold for a larger class of symmetric random
walks which satisfy a local limit theorem in the sense of [CSZ17b, Hypothesis 2.4]
and their replica overlap fulfills Ry — oo, as a slowly varying function.
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Remark 4.0.5. Instead of studying discrete polymers, we could have similarly
worked with polymers in the continuous space-time domain [0,1] x R?, ¢f. (1.16),
with disorder strength B, = B\\/27'L'/ loge~1. The corresponding version of Theo-
rem 4.0.1 then reads: For every B € (0,1)

P%S,S 4 p, ase — 0 in P-probability. (4.5)
Since all properties of the DRPM'’s partition function also hold in the continuum, see
[CSZ17b, CSZ20], the proof of the above fact should follow along the same lines.

4.1 Background and outline of the proof

Let us motivate the choice of the weak disorder scaling fn. A second mo-
ment calculation of the partition function, see for example [IS88], provides

the following heuristic: First, we write

N N

IE'[Zﬁ,N(O/ 0’ N, *)2] — E%{)IZ |: H e()\(zﬁ)—Z)\(ﬁ))ﬂsn:SQ} — E%Z |: H(]- + 0—2]15,,:51’ )}
n=1 n=1

al 2k 2 k

Lo v sl

k=0 1<n<---<n <N i

i nj

Ls, =s } ’ (4.6)

where S and S’ are two independent random walks of length N and ¢ is given
by

o =0(B) == Ver@-24p) 1. (4.7)

Note that A(28) — 2A(B) ~ B for small B > 0 and therefore
limg_,g B/0(B) = 1[CSZ20, Equation (2.15)]. Next, we upper bound the sums
in (4.6) by ignoring the ordering of n;’s, which yields

N N kK N
E[Zsn(0,0,N 2 < Y o (1 ¥ Pu(Sy =2)?) = ) (PRw)", 48)
k=0 n=1zc7? k=0
recalling the replica overlap Ry (4.3). Now, considering the fact that
o(B) ~ P for small B > 0, (4.8) suggests that the correct rescaling is given
by B = Bn := B/+/Rn, whenever B € (0,1), such that (4.8) converges in
the large N limit. Indeed, it was proven in [CSZ17b] that under By the
partition function ZﬁN,N(O/ 0, N, x) converges to a non-trivial (random) limit,
whenever B € (0,1). See also (4.14) below. Moreover, they noticed the
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existence of a transition on the finer scale B, with B. = 1 denoting the critical

point where the L2-norm of the partition function explodes.

Theorem 4.0.1 is not a straightforward consequence of the positivity of
the limiting partition function, but requires precise estimates that quantify
the correlation structure of the limiting field. The first step towards Theo-
rem 4.0.1 is to show convergence of finite-dimensional distributions to the

ones of Brownian motion.

Proposition 4.1.1. Let B € (0,1) and By be as in (4.3), then for any 0 < t <
.. < tr <1 we have

_ d : ”
Py N (X, X)) €0) = P(%(Wt],...,wtk) € ), inIP-probability,

where P denotes the Wiener measure on C[0,1]. We wrote Tty for the push-forward

operation under T, cf. (4.2).

The proof of the Proposition 4.1.1 will be given in Section 4.5. We begin
by observing that for my,...,my € Nand zy, ...,z € Z?

(EJN,N(Sml =2Z1,.. -/Smk = Zk)

1 [ o, i (Brwns,—A(BN)
— EN e nfm]-_1+1 on
Z/SN,N (O, 0, N, *) ﬂ

]lsmj:z/- Sm];] - Zj1:| 7
where mg = zp = 0, myy1 = N and zx41 = *. For our purposes, it will be
convenient to rewrite the above expression in terms of partition functions,

conditioned on both the start and end point, i.e.

(ﬁUNrN(Sml = Z1,-- -/Smk = Zk) (4.9)
1 k+1

(0,0,N, ) HzﬁNfN(mfflejfl | 17,25) Gy, (2 — Zj1) -
4 7 7 ]:

= Zoun

Here, we introduced the point-to-point partition functions

ZpN(mi_,zj-1 | mj, z;)
m;

Yol +1(BNwns, —A(BN))

= Eyn |€ U Sm];l = Z]'_l, Smj = Z]'

and the shorthand g,(z), denoting the transition probability Px(S, = z) of
the simple-random walk.



136 CHAPTER 4. CLTS FOR THE SUBCRITICAL 2D-DRPM

Remark 4.1.2. The point-to-point partition function Zg, n(0,0 | N, z) also takes
the disorder at the endpoint into consideration. However, it is more natural to
compare the product of point-to-plane partition functions to point-to-point partition
functions of the form

ZﬁN,N(O/O | N,z) = En [eZnN;ll(ﬁNwﬂ,sn —A(BN)) So=0, Sy =z|, (4.10)

not taking the endpoint-disorder into account. The distinction in notation may be
very subtle, but so is the difference between them. In fact, the difference between
(4.10) and Zg, (0,0 | N, z) vanishes in L*(IP):

%N (0,0 | N,2) = Zg (0,0 | N, 2) 72y
= ||Zg\,n(0,0 | le)||%2(P)E[(eﬁNWN,z—/\(ﬁN) —1)?]
= 11Z N (0,0 | N, 2)|[F2py (PPN 72AEN) — 1),

where we used the independence property of the disorder in the first equality. Be-
cause the first term on the right-hand side is uniformly bounded in N and A(2pN) —
2M(BN) ~ B3, the L*-difference vanishes. We will refer to both Zg, n(0,0 | N, z)
and Zg, N (0,0 | N, z) as point-to-point partition functions, whenever the meaning

is clear from the context.

With a slight abuse of notation, we will write for0 <s <t <1
%/gN,N(SN, y | tN, Z) ,

instead of Zg, N([sN|,y | [{N],z). Similarly, for the point-to-plane partition
function. Furthermore, for future reference, we introduce the plane-to-point

partition function, which is defined as
Z,BN,N(ﬁ/il *x, M, Z) = EN [eznm;% (ﬁwn,Sn 7/\(.3)) ‘Sm — Z:| . (411)

One can think of it as the partition function of a polymer starting in (1, z)
and evolving backwards in time. We will refer to both “point-to-plane” and

“plane-to-point” as “point-to-plane”, whenever the context is clear.

Having representation (4.9) at hand, we see the necessity to understand
the limiting behaviour of point-to-point partition functions, in order to anal-
yse the finite-dimensional distributions of the polymer measure. To do so, we
first prove a local limit theorem (Proposition 4.2.1), which allows to approxi-
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mate point-to-point partition functions by the product of two point-to-plane

partition functions:
ZpuN(0,0| N, z) = Zg, n(0,0, 5, %) Zs  n(5, %, N, z) + ey, (4.12)

with ¢y vanishing in L2(IP). Factorisations of this nature were considered
previously in d > 3 [Sin95, Var06, CNN22, LZ22]. During completion of
this work, Nakajima and Nakashima [NN23] proved independently a result
similar to Proposition 4.2.1 in the continuum, see also Remark 4.2.3.

We want to put particular emphasis on [Sin95]. Their proof of the local
limit theorem (4.12) in d > 3 uses the fact that polynomial chaos components
(4.21) can be factorised, using a single random walk transition probability
which is of order gy (z) [Sin95, Theorem 2]. Our proof of Lemma 4.2.6 resem-
bles this approach. Additionally, they explain how a central limit theorem
for the end-point distribution can be obtained from the above factorisation
[Sin95, Theorem 4]. It is interesting to note, that [Sin95] only considers p’s
satisfying

0(B)’Re < 1, (4.13)

where R, := limy_,0 Ry, which is only finite in dimension d > 3. Formally
generalising the condition with respect to the weak disorder limitin d = 2,
(4.13) instead reads ¢(Bn)?Ry < 1, which is equivalent to our assumption
B < 1duetoc(By) ~ Bn.

As a consequence of (4.12), the limiting distribution of point-to-point par-
tition functions can be deduced from the corresponding point-to-plane parti-
tion functions approximating them. In [CSZ17b, Theorem 2.12] it was proved
that finite families of partition functions of the 2D-DRPM converge jointly to
a multivariate log-normal distribution. More precisely, consider the collec-
tion of space-time points ((1;,z;))1<i<x = ((1;(N),zi(N)))1<i<k such that for
everyl < i,j <k

Ran,-/RN —1, as N — oo,

and  lim Ry, 17—z /RN = ij €[0,1]  exists,
Novoo HTMIVIZTE] ’
then

(Zp N (11,2, No%)) e — eVl ) 1<icks (4.14)



138 CHAPTER 4. CLTS FOR THE SUBCRITICAL 2D-DRPM

where (Y;)1<;<k is a multivariate Gaussian with

1- By
E[Y]=0 and E[YY]= loglilgz’] V1<ij<k (4.15)
Notably, the result holds for space-time points ((1;,z;))1<i<x with positive
macroscopic distance, in which case the corresponding tuple (Y;)1<;<x con-

sists of independent Gaussians because ; ; = 1;;.

Remark 4.1.3. The correlation structure in (4.15) is precisely the reason for the
different behaviour of the limiting polymer law in d = 2, compared to d = 1. In the
one-dimensional case the partition functions have non-trivial dependency in the large
N limit for macroscopically separated space-time points, see [AKQ14b], leading to a
path measure singular to the Wiener measure. In the two-dimensional setting, (4.15)
implies that partition functions started from macroscopically separated points will
have independent limits, leading to an self-averaging effect for the polymer measure.

After having dealt with the approximation of point-to-point partition
functions, we can move on to the convergence of quenched polymer
marginals. The greatest difficulty when dealing with the finite-dimensional
marginals of the form (4.9) is the fact that none of the point-to-point partition
functions is independent of the denominator ZﬁN,N(O/ 0, N, ). We now out-
line the approach taken in this chapter. For the sake of simplicity, we only
explain the following for the end-point distribution.

First, we prove that the limiting annealed polymer marginal, i.e.
limpy—e0 ]E[P‘[;’N/N(ﬁs N € )], agrees with the ones of Brownian motion, cf.
Lemma 4.4.2. In fact, we show the much stronger result that the quenched
marginal can be approximated in L!(IP) by a simplified representation, with-
out the partition function Zg, n(0,0, N, x) in the denominator:

lim HP‘gNIN(ﬁsNe B~ ¥ Zpw(YxN2an()| | =0, (416

N—oco 2ex/NB L(P)

using the factorisation from (4.12). Here and throughout the chapter, vNB
denotes the set {z € Z? : ﬁ € B}. The expectation of the latter representa-
tion is immediate, which yields the annealed limit P(%Wl € B).

In order to conclude convergence of the quenched marginal, the natu-
ral next step is to prove convergence of }___ /yp ZgN(H, %, N,z)qn(2) to its
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mean in L!(IP). Instead, we show convergence in L2(IP):

1313&,“ ZpyN(5.% N,z)qn(z) — P(5Wi € B)

zeV/NB

=0,
L2(PP)

since this reduces to a simpler second-moment calculation. Estimating the
second moment of ) _ J/NB ZﬁN,N(%/*/ N, z)gn(z), requires careful evalua-
tion of the partition functions” covariance structure, cf. Lemma 4.5.3, leading
to a law-of-large number like behaviour. Together with (4.16), this concludes
L'(IP)-convergence of the quenched end-point distribution.

After proving convergence of finite-dimensional distributions (Proposi-
tion 4.1.1), we show that for any fixed function F € C,(C[0,1])

wES N[F(X)] = E[F(J5W)],  asN —co, inTP-probability, (4.17)

by blending in ideas from the classical Donsker’s invariance principle: Using
tightness of the annealed polymer measure, it suffices to restrict the poly-
mer paths to a compact set K C C[0,1] when testing against a function
F € Cy(CJ[0,1]). The Stone-Weierstrass theorem then states that F can be ap-
proximated uniformly by cylinder functions on K, i.e. functions that only de-
pend on finitely many marginals of the polymer path. Together with Propo-
sition 4.1.1, this yields the functional central limit theorem (4.17).

Lastly, we prove equivalence of functional central limit theorem and in-
variance principle, using a countable weak convergence determining family
of functions (Proposition 4.5.9). This yields weak convergence of the polymer
measures as stated in Theorem 4.0.1. The same argument allows to rewrite
the functional central limit theorem for d > 3 [CY06], in terms of an invari-
ance principle, cf. Corollary 4.5.11.

Remark 4.1.4. We want to stress that (4.17) is not yet a classical invariance princi-
ple, stating convergence of the polymer measure. Instead it is a central limit theorem,
stating convergence when paths are tested against individual test functions. To em-
phasise this point, we note that a “true” invariance principle (in IP-probability) reads
as follows: For every sequence (Nj)ien in N there exists a subsequence (Nj, )meN
and a set () C Q) of full measure such that

N, Ef N [F(X)] — E[F(

]m ﬁN ]m

LW)] VF e G(Clo,1),
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for every w € Q. In (4.17) on the other hand, we fix a function F € C,(C[0,1]) for
which there exists a subsequence and a set Q of full mass, on which the convergence
holds. The dependency of (Nj, )men and Q on F does not allow us to exchange the
order of quantifiers without further reasoning.

Structure of the chapter

The remainder of this chapter is structured as follows. In Section 4.2 we prove
that point-to-point partition functions can be approximated by point-to-plane
partition functions. In Section 4.4 we use this fact to prove convergence of
the annealed finite-dimensional distributions of the polymer measure to the
ones of a Brownian motion. Together with a tightness argument, this yields
the annealed invariance principle (Proposition 4.4.1). Section 4.5 is divided
into three parts. First, we prove Proposition 4.1.1, where we use the self-
averaging behaviour described above. We then present the proof of the in-
variance principle (Theorem 4.0.1). Finally, we show the local limit theorem

for the polymer marginals on microscopic scales (Proposition 4.0.2).

4.2 Approximating point-to-point partition functions

This section’s main result is summarised in the following proposition. It
states that a point-to-point partition function can be locally uniformly ap-
proximated by the product of a point-to-plane and plane-to-point partition

function.

Proposition 4.2.1. Let B € (0,1), x € R2and r > 0. Then for 0 < s* <t~ < 1
we have

HzﬂN,N(OIO ’ N,Z) - Z,BN,N(OI 0/5+N'*)ZﬁN,N(t_N'*’ N’Z)HLZ(]P) =0,

uniformly over all z € \/NB(x, ) such that qn(z) > 0. The statement remains true
when replacing Zg, n(0,0 | N,z) with Zg, n(0,0 | N,z), which we introduced
in (4.10).

Remark 4.2.2. (i) Proposition 4.2.1 also holds for s* = 1 and t— = 0 in terms
of L'*°(IP)-convergence for some § > 0 small enough. This can be shown
following the same steps in the proof of Proposition 4.2.1. After completion
of this paper, it was proved that sup .y E[Zg,,n (0,0, N, x)F] < co for arbi-
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trary p > 0[CZ23, LZ23]. This stronger moment estimate allows to lift the
mode of convergence from L'*(IP) to L2(IP).

(ii) Note that Proposition 4.2.1 remains true when replacing the initial time s =
0 and final time t = 1 with arbitrary values 0 < s < t < 1, i.e. when
considering partition functions Zg, n(sN,0 | tN,z) or Zg, n(sN,0 | N, z).

Throughout this section, the point x € R? plays the role of the macro-
scopic endpoint of the polymer path. In particular, v/NB(x,r) includes all
microscopic points which are close to x on a macroscopic scale.

Remark 4.2.3. A similar result to Proposition 4.2.1 was obtained in [NN23, Theo-
rem 2.8]. They proved that the point-to-point partition function of a directed random
polymer in the continuum can be approximated in L*>(IP) by the product of point-
to-plane partition functions with mesoscopic time-horizon, if the distance between
start and terminal space-point is not too large. Similar to the present paper, they
show that contributions to the point-to-point partition function only come from the
environment close to start and endpoint, before they replace the Brownian Bridge
measure by two Brownian motions running independently forward and backward in
time. For the partition function of a polymer of length N, an equivalent result to
[NN23, Theorem 2.8] for the discrete case would read as follows: Uniformly over all

z € Z? with |z| < \/Nlog N and qy(z) > 0

12 (0,0 | N,2) = Zpy (0,0, Iy, %) Zpyn (N = Iy, %, N, 2) [ oy = 0,

for Iy = N1=00gN)"" with o € (0,1). In contrast to Proposition 4.2.1, here the
radius of uniformity is /N log N. This is due to keeping track of vanishing rates in
their proof, which allows to strengthen the result. Likewise, exact evaluation of the
quantities in Lemma 4.2.7 using the local limit theorem should allow to increase the
radius of uniformity in Proposition 4.2.1 to the same order. However, in regards of
our main result this is not necessary.

Before continuing, we remind the reader that the partition function
Zgy,N(0,0,N,x) can be written in terms of a polynomial chaos decomposi-
tion, which is the discrete analogue of Proposition 2.1.10. More precisely, the
partition function has an explicit discrete chaos expansion [CSZ17b, CSZ20]:

Zp (0,0, N, %) = By [eFot Eveza (b= Apn)Ls,

N
= B[] T (1 +ontpnsts,—2)] (4.18)

n=1zez2
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N
SEEDY Zg;),N(O, 0,N, %),
k=1

where Z;(;;),N(O' 0, N, x) is defined below and

s = g = UlN (ePreonz—A(BN) _ 1)
being centred i.i.d. random variables with unit variance. We also wrote o :=
o(Bn), which we shall use throughout the chapter. In the last equality of
(4.18), the expansion of the products gives rise to the k-th homogeneous chaos
denoted by

k
k
ZéN),N(O/ O,N,*) =0y Y. (H G-y (20 — Zi—l)’?ni,zi) , (419

1< <---<m<N \i=1

Zl,...,ZkGZ2
with (n0,z9) equal the origin (0,00 € N x Z2 The terms
in the series expansion above are orthogonal in the sense that
k ' ,
E[ZéA?’N(O,O,N,*)Zgli’N(O,O,N,*)] = 0, whenever k # |, due to the

different number of disorder-terms considered, cf. (2.11) in the continuum.
Throughout the paper, we will use this fact in second moment computations

without further explanation.

An analogous expansion holds for the plane-to-point partition function
ZﬁN,N (0, *, N, Z) with

(k)
Z/SN,N

k
ok . .
=0N Z Iniq—n; (ZZ-H - Zl)ﬂnilzi ’
0<m <---<m<N—-1 \i=1
zl,...,ZkGZ2

(0,%, N, z) (4.20)

where we assumed (11,11, z¢11) = (N, z) and used the symmetry of the transi-
tion probabilities of the simple random walk. Similarly, for the point-to-point

partition function, we write

N
k
Zn(0,0[ N,z) =1+ Z ((0,0]N,2)
k=1
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and

(k)
Zg N

k
k GN—n, (Z — 2k)
=0y Gnj—n; 1 (Zi — Zi-A)nz | ————~—=.
1§n1<-~;nk§N—1 (i—l o ’ ') an(z)
Zl,...,ZkEZZ

(0,0 | N,z) (4.21)

We point out that the point-to-plane partition function can be recovered by
taking the average over all possible endpoints and include the endpoint-
disorder:

ZguN(0,0,N, %) = Y 2 (0,0 | N,z)gn(z)

z€Z2

= ). ZpuN(0,0 | N, z)ePNen=2PN) gy (z).

z€Z2

The proof of Proposition 4.2.1 relies on the fact that the main contribu-
tion of the point-to-point partition function comes from two mesoscopic sized
subsets of the space-time domain around the start and terminal point. These
space-time areas are the same as the ones giving main contribution to the
partition functions Zg, n(0,0, N, x), see [CSZ20]. For a microscopic reference
point (n,z) € N x Z?, we define such sets both forward and backward in

time:
Af(n,z) = {(my) : ly—z| < NV>/4and 0 < £(m — n) < N-W},
where ay := (log N)7~! for some y € (0,1).

As already mentioned above, only samples inside of A;(0,0) U Ay (N, z)

will contribute to the L2-limit of Zé’;)’N(O, 0| N,z). On this account, we intro-

duce the following decomposition

k k),A =k
Z,éI\?/N(O'O ’ N'Z) - Zél\?rN«)’O ’ N/Z) +Z/(51\3/N(0/0 ‘ N/Z)/
(k),A

where ZﬁN,N(O, 0| N, z) denotes the sum

k
ON

k
N-m\Z2 —Z
1Tz ani—ni (i _Zi—1)> aN-n (2 = 2) (4.22)
1<my <--<m<N—1 i=1 qn(z)
zl,...,szZZ
(ni,z) €A (0,0)UAN(N,2)
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and 2/(;2’1\,(0,0 | N,z) the corresponding remainder. This restriction can be
thought of as “turning off” the disorder outside the two boxes; for visualisa-

tion the reader may refer to Figure 4.2.1 below. Similarly, we separate
Zgu (0,0 N,z) = Z8 (0,0 | N,z) + Zp, (0,0 | N,z), (4.23)

with ZEN,N(O'O |N,z) =Y, zgjj;;é(o,o | N,z). Sometimes we will also use

this no'tation for point-to-plane partition functions. Then, Zgh)]”ﬁ](o, 0,N,*)

and Z (7).A (0, %, N, z) will stand for the multi-linear polynomials in (4.19) and
BN,N

(4.20) with disorder restricted to AJI(](O,O) or A;,(N,z), respectively. More-

over, we want to mention that Zgli /;,(O, 0,N,x) =0forallj > N 1=an hence,

INTeN ]
Zin(O,0N, %) = Y Zéﬂi’ﬁ (0,0,N, %), (4.24)
=0

and similarly for the plane-to-point partition function. Lastly, note that
the size of Aﬁ only depends on the level of approximation N and not the
point-to-point partition function’s final time (which sometimes happens to

agree with N).

We will frequently make use of higher-order and negative moment esti-
mates of the partition function. We summarise equations (3.12), (3.14) and
(3.15) from [CSZ20] in the following lemma.

Lemma 4.2.4 ([CSZ20]). Let B € (0,1).

(i) Then there exists a & = 6(B) > 0 and a constant Cl, < oo such that for every

B
p € [2,2+4]
sup E [Zg, n(0,0,N, )] <C%, supE |:Z,§NN(0’O’ N,*)P] < CL
NeN P" Nen ' p
and  sup E [zﬁN,N(OIO, N,*)p} < Ch(an)P’?.
NeN B

~

(ii) For every p > 0, there exists a constant Cgp >0 such that

supE [Zg, n(0,0,N,x) 7] < AB
NeN P
and  supE |74 v(0,0,N,%)7"| <G5

NelN
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Lemma 4.2.4(i) is a consequence of hypercontractivity of (discrete) poly-
nomial chaoses, recall Proposition 2.1.7 for the continuum version. Because
ZgyN(0,0,N,x) and Zg, N(0,%, N,z) have the same distribution, all state-

ments in Lemma 4.2.4 also hold for the plane-to-point partition function.

Remark 4.2.5. That Lemma 4.2.4(ii) holds for arbitrary negative moments, is a con-
sequence of the concentration inequality (4.1) and a left-tail estimate, see [CSZ20,
Proposition 3.1]. We will use this control, in the proof of Lemma 4.4.2 and Propo-
sition 4.0.2, to separate products of partition functions using Holder’s inequality,
cf. (4.52) below. From the estimate (4.52) we will see that control of either large
negative or positive moments of the partition function is sufficient. Hence, with an
improved control on positive moments, it should be possible to push control from
negative moments to positive ones. As mentioned in Remark 4.2.2, it was recently
shown that all positive moments of the partition function are uniformly bounded in
N [CZ23, LZ23] (without the need of assumption (4.1)), and it is expected that all
statements in Lemma 4.2.4(i) continue to hold for arbitrary p > 0. Thus, assump-
tion (4.1) could then be replaced by supy o E [Zg,n(0,0,N,x) "] < co for some
p>2

Although we will follow a similar approach in evaluating the limits
of ZE‘N’N(O,O | N,z) and ZﬁN,N(O,O | N,z), we present their respective
proofs separately for the sake of a more approachable presentation. We start
with the chaos decomposition restricted to the macroscopically vanishing set
A$(0,0) U AN(N, z).

4.2.1 A single jump factorises the term

For the term Zg;]):f,(O, 0 | N, z) we only consider sample points (1;,z;)%_; that
lie inside A;\’,(O, 0) U Ay (N, z), by restricting the sum in (4.22). Notably, this
implies for every polymer path with k intermediate samples the existence of a
single “large” jump across the valley separating (0,0) and (N, z). This jump
divides the polymer samples into two chains, one close to the starting point
(0,0), the other one close to the terminal point (N, z). These two chains can
be analysed independently.
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(nj11,2j+1)

AY;(0,0) \\\/ (N,z)

ooty Sz An(N,2)

Figure 4.1: Restricting samples to the macroscopic vanishing boxes A3, im-
plies the existence of a large jump over time.

Following the above explanation, it is reasonable to rewrite (4.22) by sum-
ming over all possible positions of this “large” jump:

Z34(0,0| N, 2) (4.25)

k k
= o an -z — 20)
=0y Z Z ( Ani—n;_4 (Zi — Zi_l)ﬂ"ﬂf) W’
=0 (niz)eAL(00)Vi<j \i=1 N
(ni,2;) €A (N y)Vi>j
st 1<n<--<m<N-1

where j is the largest index before the jump, see also Figure 4.2.1. For the sake
of clarity, we will abbreviate the conditions in the sum by (n;,z;)¥_; € 4(j)

and write Z(ni,zi)’f,leg(j coherently. Most notably, when omitting the ratio

Gnja—n;(Zj+1 — 2j) /qn(z) in (4.25), the right-hand side simplifies to

k

Y ZJ%(0,0,N,%)Z
j=0

k—j),A
S 0,5 N, 2),

and the two partition functions inside the sum are stochastically indepen-
dent. Here, we used the notation defined in (4.19) and (4.20) and enhanced
thereafter. This motivates the following lemma.

Lemma 4.2.6. Forall x € RZ and r > 0, we have

sup [|Zf, 5 (0,0 N,2) = Zf, (0,0, N, %)Zf, (0%, N, 2) HLZ(]P) —0,
zeV/NB(x,r)

s.t. qn(z)>0

as N tends to infinity.

Proof. Let x € R? and r > 0. We begin by noting that

Zg N(0,0,N,)Z8 y(0,% N,z) (4.26)
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_222 NO0,0,N,9)ZE (0,5, N,2).

This follows from the fact that zggﬁ(o, 0,N,x) = 0 whenever j > N!=
(similarly for Z/(;;jl]\?’A (0,%, N, z)), thus,

oy (4 (k.
I{;);]Zﬁ]N’,NOON*)Zﬁ (0,%,N,z)

N1-an ]+N1”N
Zz (0,0,N, %) 2 z 40,%N,z),

where we changed the order of the sums and added the restrictions j, k — j <
N'=%N_ After an index shift in the inner sum, we see that (4.26) holds true due
to (4.24).

Now, expanding the right-hand side of (4.26), we have

Zg‘N,N (0,0,N, *)zg‘N,N (0, N,z)

N k
- ,;)Z(;)UZ Y <anz nia (2i = 2im1) 1, Z,) (4.27)
b

(n; z)f LEAL(0,0)
st 1<m <---<n;

2(—j) k—j
—J IO = SN~ P
<o} o (Tlonen o —2ms ).
ko j—

(71;,%;),_] €AN(N,2) i=1

s.t. /ﬁ1<"'<ﬁk,jSNfl

Hence, using representations (4.25) and (4.27), we can estimate the second
moment in the statement of the lemma, due to orthogonality, in terms of

N koo B 2
Y E [(zg’;};ﬁ(o,o [N,2) = Y 20 0,0,N, ) Z 1 (0, %, N,z)) }

N . .
<Y Y E[(Z]3(0,0,N, )75 1(0,%,N,2))? (4.28)

”j+1*nj(' - 2))
(q qwi];l - _1)2}'

X sup
(n]-,zj)EA* (0,0)
(nj+1,2j41) €A (N,z)

Therefore, we only need to show that the ratio qn,,—n;(zj+1 — 2;)/qn(z) is
negligible, which is intuitively clear since (n,z;) and (nj,1,2zj11) are on a
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macroscopic level close to (0,0) and (N, z). Using the estimate

qnj1—n; (Zf+1 - Zf)

sup -1 (4.29)
(njz;)€A*(0,0) qn(z)
(nj+1,2j+1)€A™(N,z)
S Sup qu (y) -1 ,
|N—n|<2N'-oN qn(2)

|z—y|<2N1/2—on/4

we can upper bound (4.28) further (note that the right-hand side of (4.29)
does not depend on k or j), which finally yields

k
Z]E[( 40,0 N,z) — Z,@Iz (0,0, N, %)Z§" )(O*Nz))z}
=0 j=0
2
S Sup q”(y) -1
N—nj<ont-ov | IN(Z)

|z—y|<2N1/2-an/4
XEZIE[( N(0,0,N,%)Z )(O*Nz)>2].

Again, the sum of the right hand side is uniformly bounded in N and z, cf.
Lemma 4.2.4. The last step consists of showing that the ratio of random-walk-

transition-kernels is indeed uniformly close to one, i.e.

sup sup
zeV/NB(x,r) |[N—n|<2N'=*N
st qn(2)>0 |z—y|<2N1/2-on/4

an(y) _ 1‘ —0, asN — oo, (4.30)
qn(z)

This follows directly from Lemma 4.2.7(i) below, and finishes the proof. [

The following lemma allows us to control the ratio of random walk transi-
tion probabilities, which is necessary for the previous proof and will be used
throughout the chapter.

Lemma 4.2.7. Let x € R2and r > 0.

(i) Foray := (logN)7~1, v € (0,1), we have

sup sup
zeV/NB(x,r) |N—n|<2N!'="N
st qn(2)>0 |z—y|<2N1/2-an/4

70 (y)
qN(z)_l‘%O as N — oo. (4.31)
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(ii) There exists a constant C > 0 such that for all k € N

sup sup < ,
weVNB(xr) 2N /k IN(2)
s.t. qn(2)>0 yez?

(4.32)

forall N large enough.

Proof. (i) We want to apply the local limit theorem for simple random walks
[LL10], which is why we write

qn(y) 1
—1| = N N ‘
Lo RS e e, NN
|z—y| <2N1/2-an/4 ey N1/ 2-ay

Because N gy (z) converges uniformly in z and its limit is lower bounded by
2 infzep(y,r) P1/2(X) whenever qn(z) > 0, we can ignore the factor in front of
the supremum. Adding and subtracting 2 p; /»(z/V/'N) yields

sup  [Ngu(y) — Ngn(2)|
|IN—n|<2N'—9N
|z—y|<2N1/2-an/4

< swp (|Na)=2py(z/VN)|+ 2y (/VN) = Nan(2)] ).
IN—n|<2N1-*N
|z—y|<2N1/2-an/4
The second term on the right-hand side vanishes uniformly in z by the local
limit theorem. Because y and z are arbitrarily close on the macroscopic scale,
the first term vanishes for the same reason.

(ii) We begin by noting that for z € v/ NB(x,r) with gn(z) > 0, we have

n(y) 1
su <k sup nq,(y),
S an(z) = Naw() b, )
y€eZ? yeZ?

where we may again ignore the factor N gy(z) for the same reason as in (i).
Hence, it suffices to prove the existence of a constant C > 0 such that

sup nqu(y) <C Vke NN,
n>N/k
y€eZ?
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for N large enough. We make the following choice for C: Note that

sup 1 qu(y) < sup (1nqu(y) = 2 (y/v/m)| + 2py (/) )

yez? yez?
< sup [nqu(y) = 2p; (y/ V)| +[2p4 (0)] =: Ci.
yeZ
Since the first term on the right-hand side converges in n by the local limit

theorem, C, is uniformly bounded in n. Thus, we have

sup sup nq,(y) <supC, =: C < co.
n>N/kyeZ? neN

This finishes the proof. O

4.2.2 Multiple exceptional jumps are negligible

Lemma 4.2.6 states that instead of looking at the point-to-point partition
function restricted to have a single large jump from AJ(0,0) to Ay(N,z),
it suffices to look at the product of two point-to-plane partition functions,
one looking forward the other one looking backward in time. In order to
prove the stronger result in Proposition 4.2.1, it remains to show that sam-
ples with points outside of A%, (0,0) U Ay(N,z) do not contribute to the L*-
limit of the partition function. We say that samples of this kind have an
exceptional jump, if there exists an index 1 < j < k such that (n;, z]f) ¢
A3(0,0) U Ay (N, z). We will use (n;,z;)% | ¢ @ as a shorthand.

(Mi41,2j41)

(n7,27) \

N )
A
(0,0) * \/(;;z]‘) AR(N,z)

A%(0,0)

Figure 4.2: When considering k samples, the existence of a time-jump that is
at least of length ¥, still allows us to split samples into two groups (while
paying a multiplicative constant k). At least one of the two groups will con-
tain samples outside the boxes A¥,.
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Lemma 4.2.8. For every x € R* and r > 0, we have

lim  sup ||Zgyn(0,0| N,z =0.

)
N=eo ze/NB(x,r) HLZ(IP)

Proof. Similar to the case where all samples are sufficiently close to the start
and end point, we can again partition samples into two groups. First note
that for every collection of k samples, there is at least one index 0 < j < k
such that nj,; —n; > %, cf. Figure 4.2.2 (here we use again the notation
ni+1 = N). Consequently, we may write

E[(Z§)

k j
< UI%}{ Z Z ]l”jﬂ—”jz% (q q%i*”iq <Zi - Zi_l)) (4.33)
=

]:O (nirzi);(zl gg

2
Ty, fn-<Zj+1 - Zj) ktl
x — 11 0 (zi—zio1) ).

”I%\J(Z) i=j+2

(0,0|N,2))%

Once more we want to separate indices into two groups, which requires
the removal of a ratio of random walk transition kernels. First we apply
Lemma 4.2.7(ii), which yields

”I%M—n,- (Zj+1 - Z]) q%(zjﬂ — Z]>
<  sup sup 5 —
q% () N(2)
N zeV/NB(x,r) n=N/k N
st gn(z)>0 Zj+1 -2 €Z°

< Ck?, (4.34)

with C being a non-negative constant, independent of N and k.

In the remainder of the proof, we do not explicitly state results to hold
locally uniformly in z. However, the reader should note that the statements
remain true when adding the supremum over {z € v NB(x,7) : gn(z) > 0}
in front of all expressions below.

Combining (4.33) and (4.34), we just proved that

E[(Z) 4(0,0] N,2))?] (4.35)

k J k+1
S Ck2 0-12\}( Z Z (H q%,‘*ﬂ[,1 <Zi - Zi_l)) ( H qi[*l’li,] (Zi - Zi_l)) 4
J=0 (mz)f, 2@ \i=1 i=j+2
ﬂj+1—7’l/‘21N/k
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for some positive constant C. Since (n;,z;)5_, ¢ @, we know there exists
aj e {1,...,k} such that (”?Zf) ¢ A{(0,0) UAG(N,z). Note that j does
not necessarily agree with j, and we consider the two cases j < jand j > j
separately. First assume that ]A < j, then we can estimate the products in

(4.35), which do not contain Z as follows

L 2 2\ k—j
)y 1@ G-z0)<( L #@) =r,
0§11j+1<~--<1’lk§N—1 i=j+2

Z/'Jr],...,ZkGZZ ze

where we dropped the constraint of the 1;’s being ordered and also used the
symmetry of the simple random walk transition probabilities in the first step.
Thus,

k k1
2 2k
ey Y 1. (an,m )(Hq >)
J=0 (nyz)k_ ¢4 i=j+2
n/+1—nj>N/k

k
Z UNR k ]02] Z (HQH, ni_ 1 — Zi— 1)) (436)

1SH1<~--<1’!,’§N i
(zi)_, €(2%)
= AT
Jjs.t. (n].,z].)¢AN(O,O)

= CR Y (AR TE((ZY) (0,0,N,%))7).
=

(=]

We can perform the same estimates in the case of f > j (in fact, we overesti-
mate with fz j), with the roles of A;{,(O, 0) and Ay (N, z) reversed. Together
with (4.35) and (4.36), this yields

k
E[(Z§) y(0,0| N,2))?] < C Z( o3 R)¥TE[(Z) (0,0,N, %))

+ (3 Rn)VE[(Z5 1) (0,4,N,2)) ]) (4.37)

2

ON
_ : Vi ((20) )
= Z oA RN TE[( zﬁ ~(0,0,N,%))%],

where we used ]E[(zgl\)hN(O, 0,N,%))?] = ]E[(Z}%IN(O, *,N,z))?] in the last
step. Finally, using (4.37) and orthogonality of the polynomial chaos com-
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ponents, we have the upper bound
R N k ()
E[(Zpn(0,0] N,2))? <2C ) K} (oRRw)" E[(Zg, (0,0, N, %))?].
k=1 j=1

Switching the order of the two sums and performing an index shift, we have

N k
Z Y (GRRN)TE[(Z) (0,0,N,%))?]
k=1 j=1

N N—j
= Y E[(Z]) y(0,0,N, %)% ¥ (k+j)* (GRRn)",
j=1 k=0
which overall yields
E[(Zp,n(0,0 | N,2))2 < C Z]ZIE ZJ) 4(0,0,N,%))?]. (4.38)

=

Here we used the fact that, as N — oo,

N—j ® o
Y (k)2 (G3Ry) < 1 (1+4 L R (@RRN)Y) = (144 L K F%),
k=0 k=1 k=1
for all j > 1. Because the series converges, recall that limy_, e UZZ\]RN = Bz <
1, the series on the left-hand side is uniformly bounded in N and can be
absorbed in the constant C.

In Lemma 4.3.1 below, we will deduce that

]E[(Z\EJZI,N(O,O, N,*))Z] < C]Z (O-IZ\IRN)% an ~ C] ‘B] an, (4.39)

which is a direct implication of the estimates in [CSZ20, Section 3.4]. Hence,
using (4.38) and (4.39), we have

N . N
E[(Zp,n(0,0 | N,2))] < C Y PE[(ZY) \(0,0,N, %) < Cay Y /*B,
j=1 j=1

which vanishes in the large N limit, since ay — 0. This completes the proof.
O

It is worth pointing out, that the estimates used in (4.30) and (4.34) hold
because z € \/NB(x,r) is macroscopically bounded, which prevents the
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divergence of the term (N gn(z))~!. For this reason, Proposition 4.2.1 only
holds locally uniformly.

We are now ready to prove the section’s main result, namely that the
point-to-point partition function can be factorised into a product of two

point-to-plane partition functions.

Proof of Proposition 4.2.1. First, we ignore the sup_. /gy ), an(2)>0 and only
consider a single, fixed z € Z? such that gn(z) > 0. As already mentioned in
Remark 4.1.2, Zg, n(0,0 | N, z) can be approximated arbitrary well in L?(IP)
by Zg,n(0,0 | N,z) in the large N limit, which is why we can restrict our-
selves to the latter in this proof.

We fix 0 < s™ <t~ < 1. The triangle inequality yields the estimate

HZ,BN,N(OIO | N, Z) — ZﬂN,N(Or 0, S+N, *)Z,BN,N(t_N/ *, N,Z) HLZ(IP)
= ||(Zpn(0,0 | N,2) + 24 (0,0 N,2))
— Zpn(0,0,5"N, %) Zgy N (£ N, %, N, 2) HLZ(P)

<[zsn0oina),

A A + A -
+ HZ/SN,N(O’O | N,z) — ZﬁN,N(O'O’S N’*)ZﬁN,N(t N, %, N'Z)HLZ(IP)

+ HZE‘N,N(O, 0,5"N,%)Zf, y(t"N, %, N, 2)

— Zpn(0,0,s"N, %) Zg n(E N, %, N, 2) HLZ(IP).

The first and second term vanish due to Lemma 4.2.8 and Lemma 4.2.6,
respectively. Intuitively, the third term is negligible due to the results in
[CSZ17b], which state that only samples inside the boxes A}; contribute to
the L2-limit of the point-to-plane partition functions, see also Lemma 4.2.4.
We begin by estimating

|47 (0,05 N, )24 (N, 5N, 2)

- Z,BN,N(O/ 0/ S+N/ *)Z‘[}N,N(tiN, *, N, Z)

12(P)

< H (z;;‘N,N(o, 0,5"N, %) — Zg (0, O,s+N,*)) Z4 (N %N, 2)

12(P)
+ HZ,gN,N(o, 0,5 N, %) (Zfs, n(t" N, % N,2) = Zg (£ N, %, N,2))

L2(PP)
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_ ”ZﬁN,N(o, o,s+N,*)HL2(P) HZE‘N,N(FN,*, N2

+ 12N (0,0, "N, %) [ 2 )

‘Zﬁ;N,N(t_N, *, N,Z) HLZ(IP)

where we used independence of the disorder on the disjoint time intervals
[0,s%] and [t7,1] in the last step. The second moments of ZﬁN N converge
to zero, see Lemma 4.2.4, whereas the L2-norms of Z/5 N and Z,BN N are uni-
formly bounded in N. Note that all statements in the proof hold uniformly
on balls VN B(x,r), therefore the local uniformity in the statement follows.
This completes the proof. O

Before we move on to the next section, we state and prove the analogous
result of Lemma 4.2.4(i) for the point-to-point partition function:

Corollary 4.2.9. Let x € R? and r > 0 be arbitrary. For every E < 1 there exists a
6 = 6(B) > 0and C > 0 such that

(i) SUPNeN SUP, e /NB(x) ElZpxN(0,0 | N,z)?"] < C,

(i) SUP e SUP, ¢\ /xp(x,r) EZpnn (0,0 | N, 2)?7] < C.

Proof. Let x € R? and r > 0. First, we prove statement (i) for the
point-to-point partition function Zg, n(0,0 | N,z), ignoring the endpoint-
disorder. From the proof of Proposition 4.2.1 and Lemma 4.2.4, we know that
SUP, ¢ /N B(x,1) E(Zg,,n(0,0 | N,z)?] is uniformly bounded in N. Moreover,
the point-to-point partition function still has the form of a multi-linear poly-
nomial. In order to lift the boundedness to the (2 + §)-moment for § > 0
sufficiently small, we apply the hypercontractivity property for polynomial
chaoses, see for example [CSZ20, Appendix B]. It is easy to check that the nec-
essary conditions are still satisfied. Thus, we may estimate the p-th moment,
p=2by

NI

E[Zpyn(0,0 | N, z) (Zczkﬂz (0,0 N,z) ]) . (4.40)

Here, ¢, is a constant which only depends on p and the law of the noise 7N,
In [CSZ20, Theorem B.1] it was additionally shown that lim, ¢, = 1. In
order to prove that the sum is uniformly bounded in N, we split it into the



156 CHAPTER 4. CLTS FOR THE SUBCRITICAL 2D-DRPM

two (by now well known) parts:
Z HE[Z,) (0,0 N,z)? (4.41)

—ZCZkIE (0,0 N,z)% +2c2k1E Zg) 4(0,0[ N,z2)?],

due to orthogonality. The second term on the right-hand side can be upper
bounded using (4.37) and Lemma 4.3.1

N k .
Z ZEZY 0,0 N,2)?] < Ckz(;)cfj‘kz ;)(UIZ\IRN)]‘_]]E[(Z;]B],N(O, 0,N,*))?]
= j=

N k ) ]
<anC Y 2K Y (oA R ) (0R R )2
k=0 j=0

<aNCZk5C 2 Ry )K/2,

and vanishes because C%‘/B\ < 1 for p > 2 small enough, where we used the
fact that C%O’N\/ Ry ~ c%ﬁ. On the other hand, the first term on the right-hand
side of (4.41) can be estimated in terms of

Zcz"]E Y(0,0| N,z)

< ( sup qn(y)>
T\ eajeont o IN(Z)

|z—y|<2N1/2-an/4

x ZCZk Z]E 20,0, N, :)2JE[Z5 57 (0,5, N, 2)?]

Qn(y) - 2k (2 k
< ( sup > Z(k+1)cp (onRN)T,
N-nj<ant-on IN(2) ) (S
|z—y|<2N1/2-an/4

where we performed a similar estimate as in the proof of Lemma 4.2.6 in
the first inequality, recall (4.25). In the second step, we simply used the fact
that IE[Z;I;(,QI(O' 0,N,x)?] < (¢%4Ryn) (and similarly for the plane-to-point
partition function). Again for p > 2 small enough, ¢, can be absorbed into
B, whereas Lemma 4.2.7(i) implies that the supremum in front of the sum

converges to one. Overall, this yields that (4.40) is uniformly bounded in N.
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The estimate for Zg, N (0,0 | N, z) follows now from (i). Recall that
ZpN (0,0 | N, z) = efven=—AB)z, (0,0 | N, z),

where we included again the disorder at the endpoint separately. We then
have

E[Zp,,n(0,0 | N, z)P] = E[(efyn="AEN)PIE[Zg (0,0 | N,z)P],

using the independence property of the disorder w. Choosing now p < 2+,
with § = 6( B) from part (i), the second term is uniformly bounded. It remains
to estimate IE[(efNN=A(BN))P] = ¢APBN)=PA(BN), By Taylor expansion, we can
write A(pBn) — pA(Bn) ~ 3p(p — 1)B3;, which yields boundedness of the

exponential. This concludes the proof of (ii). O

4.3 Decay of remainders in polynomial chaoses

We still owe the reader a rigorous justification for the exponential decay of
second moments of 2/(3’2 ~» Which we use in the proofs of Lemma 4.2.8 and

Corollary 4.2.9.

Lemma 4.3.1. For any k € N, we have

k

E |Z{) y(0,0,N, %] < Ck (eRRn)* an,
where C is a constant (independent of k and N) and ay = (log N)7~1, v € (0,1),
as in the definition of the sets A3

The proof of this statement can be found in [CSZ20, Section 3.4].
The original proof makes use of more precise estimates to show that
E [ZﬁN,N(O, 0, N, x)?] decays like ay. One can follow the same steps using less
sophisticated estimates to get an uniform bound on ]E[Z/g’;),N(O, 0,N,%)?] in
terms of ay instead, which yields the same qualitative bound. We sketch the
argument for the sake of completeness:

Considering 7 (k) (0,0, N, ) for some k < N, there is at least one sample
Bn.N
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(nj, zj) outside the box A} (0,0). Thus,

5 (k) 2
E [zﬁN,N(o, 0,N, ) }
2k £ K 2
S (TN Z Z (]llj>%Nl—uN + ]ll]_S%Nl—nN,|Zj‘2%Nl/27ﬂN/4) J ql,‘(zi> ’
lSll,,lkSN]:l i=1
Zl,‘..,ZkGZZ
where we extended the range of time-differences I; = n; —n;_; to all of

{1,...,N}. Using once more the identity Y)Y ; Y. 22 47(z) = Ry, we have

> (k)
E {ZﬁNIN
2k pk—1 2
<koy Ry ) <]ll>%N1*”N +]lls%NHN,\z\z%Nl/HNM) 91 (2) -
1<I<KN
zeZ?

(0,0, N, *)2} (4.42)

Now, the contribution of the two indicator functions can be considered sepa-
rately. We follow the exact same steps as in Section 3.4 of [CSZ20]:

¢ For the contribution of large time-jumps, we have

1
Ry Iy

1 1

Z QZZ(O) < CRi Z 7
N <I<N N 1nt-an <i<N

< anlog N + logk

<2C'kay,
- log N - N

logk
log N

where we used additionally the crude estimates < kay in the last

inequality.

¢ On the other hand, the contribution of the second term is upper bounded
by
1 Ny

= X Y, gz <cemi,

R
N 1§1S%N17a]\, |z|>%N1/2*“N/4

for some uniform 1 > 0, using Gaussian estimates for the simple random
walk (we omit the details here and instead refer the reader to [CSZ20, Sec-
tion 3.4]). Then, for N large enough, the term in (4.42) corresponding to

the second indicator function, can be upper bounded in terms of

N
s Ck(cZRy)ke N ifk < (NW/2)2,

Ck(c3Ry)fe™ 7 < o " .
Ck(chRN)2(B+ON*,  ifk > (NW/2)z,

’P‘Z
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~ U,
where 6 > 0 small enough such that  + 6 < 1. Note that cN * = o(ay) for
any ¢ € (0,1), because as N — oo

(log N )1‘%N%N = (log N)1=7c®P(i10gN)") < (Jog N)cil8N)"

which includes in particular the case ¢ = max{f +6,e~"}.

Adding up all estimates above yields the desired upper bound of

E[Zg) (0,0,N,+)?) in Lemma 4.3.1.

4.4 The annealed polymer measure

After proving the factorisation of point-to-point partition functions, we can
finally start analysing the limiting polymer measure. As dealing with the an-
nealed polymer measures first will substantially simplify the required steps
in the quenched case, we define the disorder-averaged measure pg, N on
(C[0,1], F), by

ppyN(B) = E[myPy n(B)] VB € F. (4.43)

This section’s main result is an invariance principle for the paths of the an-

nealed polymer measure.

Proposition 4.4.1 (Annealed invariance principle). For B € (0,1), we have

d
Hpy N — P(%W €-), asN — oo,

where we recall that P denotes the Wiener measure on C|0, 1].

We begin by showing that the limiting finite-dimensional distributions of
1gy, N agree with the ones of a Brownian motion. In the section’s second part,
we prove the required tightness in C[0, 1|. Together with the identification of
finite-dimensional distributions, this yields Proposition 4.4.1.

Instead of determining the finite-dimensional distributions of the inter-
polated paths, it suffices to work with the corresponding starting point of the

interpolation. To see this, recall that under ﬁ#PgN N We have

1 1
X, = ——S | + ——(EN — [¢N])(S — S, 444
t= RS ﬁN( EN])(Siinj1— Speny) (4.44)
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Because the simple random walk has a finite range transtition kernel, the
second term vanishes for N large and we are left with ﬁSUN |- Thus, the
weak limits of ﬁSLfN | and X; (under E#P(BJN/N) must coincide if they exist.
We will assume tN € N for the sake of notation.

Let0 < t; <ty < ... <t < 1. It will be convenient to fix a partitioning
of the time intervals (t;_1,t;] and (#, 1] using t:"’s such that

B, <t <t <t (4.45)

Now, recalling the representation in (4.9), the idea when proving convergence
of the marginal distributions is to replace the first point-to-point partition

function using Proposition 4.2.1:

%ﬁN,N(O/O | th,Zl) N ZﬁN,N(OIOIth/*)ZﬁN,N(O/*r th,Z1)

~ , 4.46
Z,BN,N(OI O/ N/ *) ZﬁN,N(O/ O, N, *) ( )

where “~” should be understood as approximation in L!(IP) for large N. Be-
cause both the denominator and the first term in the numerator only depend
on the disorder in a small neighbourhood around the starting point, they
converge to the same limit and should cancel as N diverges. We are left with
the remaining point-to-point partition functions, which can be analysed sep-
arately due to independence of the disorder on disjoint time intervals.
Having the above approach in mind, we introduce a shorthand notation
for the following constellation of terms. For 0 < t; < t, < ... <t <1, we

define

Qv ((t,B))

= Z ZﬁN,N(t;N’ *, th,Z1) (4.47)
Z,'E\/NB,‘

1<i<k
k-1
X ( Z)gN,N(t]'N, Zj, t]—-’_N, *)Z/%N,N(tj_—&-lN’ *, t]'_HN, Z]'+1))
j=1

X ZﬁNrN(tkN/ Zks tk+Nr *) HCI(tj—tj,l)N(Zj - ijl)'

k
j=1

Whenever t; = 1, the partition function ZﬁN,N(tkN, Zk, t,jN, *) is dropped,
since it depends on the disorder outside of {0,..., N} x Z2.
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Lemma 4.4.2. ForE €(0,1)and0 < t; <ty <...<tx <1, wehave

=0,
L1(IP)

(4.48)

lim || P4 (Sun € Buo s JoSun € Br) — Qg n (1 B)E)

N—o0

for every choice of bounded measurable sets (B;)%_, € (R?)¥ satisfying A(dB;) = 0,
where A denotes the Lebesgue measure.!

In particular, this implies

Jim B [PE (550N € Bry-- o JSun € By (4.49)
= P(%th € Bi,..., sWi, € By).

Proof. We only elaborate the steps for the case k = 2 and t; = 1; the general
statement follows along the same lines modulo more involved notation.
Let (B;)1<i<2 be bounded sets with boundary of Lebesgue-measure zero.
Throughout the proof, we assume B(x;,7;)’s to be balls large enough such
that they cover the bounded sets B;. We write tp = 0 and zp = 0 for the
starting point of the random polymer.

First, we will replace the point-to-point partition function Zg, n(0,0 |
t1N,z1) in (49) by its point-to-plane counterparts, using Proposi-
tion 4.2.1. Afterwards, we exchange the arising term Zg, n(0,0, {7 N, x) with
Zg\,n(0,0,N,x) to cancel the point-to-plane partition function in the denom-
inator. In other words, we want to show that

sup

Z,‘E\/NB(XZ',T,')

s.t. qth(zl)>0

Z t1N,z1 | N,z
’ puN (BN, 21 | N, 2) (zﬁN,N(o,oulN,zl) (4.50)

ZﬁN,N(O/ 0, N, *)

— Zg N (0,0,N, %) Zg n(t N, %, 11 N,zl))

L1(P)

vanishes in the large N limits. Afterwards, the remaining point-to-point
partition function can be replaced using once more Proposition 4.2.1, which
yields (4.48).

Instead of showing the above convergence in (4.50) directly, we divide the
statement into two, more manageable, terms by introducing the intermediate
term Zg, N(0,0,t5 N, %) Zg, n(t7 N, %, 11N, 21).

1We will often call a measurable set B satisfying A(B) = 0, a continuity set.
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¢ We start with the replacement of the point-to-point partition function fol-
lowing Proposition 4.2.1. First, we apply the Cauchy-Schwartz inequality
which yields

Z t1iN,z1 | N,z
H :BN;N( 1 1 ‘ 2) (zﬁN,N(O,O ‘ t’lN,Zl)

Z/SN,N(O/ O, N, *)

— Zp N (0,0, 65N, %) Zgy n(t7 N, %, 5N, z1)> (4.51)

L1(P)
S H%ﬁN,N(O,O | th,Zl) — ZﬁN,N(Or 0, t(_)‘—Nr*)ZﬁN,NGl_NI *, t1N,Zl)||L2(Ip)
X | Zpy (0,0, N, %) | 2y 1 Zgy N (BN, 21 | N, 22) [l 2

Here we used independence of the disorder on the disjoint time inter-
vals (0,#1N] and (#;N, N], in addition to the fact that partition functions
Zpn,N(sN,0 | tN, z) only depend on the disorder w in the region (sN, tN] x
Z2. The last term in (4.51) vanishes uniformly in z € VN B(x1,7r1), due to
Proposition 4.2.1. The first and second term are uniformly bounded by
Lemma 4.2.4 and Corollary 4.2.9, respectively.

¢ Lastly, we can estimate the remaining norm using again the fact, that we
have arbitrary good control of negative moments of Zg n(0,0, N, x). Us-
ing

ZﬁN/N (0’ 0’ ta_N’ *) - ZﬁN,N(OI O/ N/ *)
= /Z\,BN/N(O’ 0’ th/ *) - Z\ﬁN,N(OI 0/ N/ *)/

the Cauchy-Schwarz inequality yields

H Z,BN,N(OI 0, ta_N, *) — ZﬂN,N(OI 0, N, *)
Zgun(0,0,N, %)

X ZﬁN,N(tl_N/*/ th,zl)%ﬁN,N(th,zl | N,Zz)

L1(P)
‘/Z\,BNrN(O/ 0,ty N, *) — zﬁN,N(O, 0,N,x)

<
ZﬁN,N(O/ 0, N, *)

L2(PP)
X “ZﬁNlN(t;N’*/ th,Zl)%ﬁN,N(th,Zl ‘ N’Zz)HLZ(IP)'

The second term on the right-hand side is uniformly bounded by
Lemma 4.2.4(ii). The first term, on the other hand, can be estimated us-
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ing Holder’s inequality and the trivial estimate ||a — b|| < ||a| + ||b]|:

Zg n(0,0,t5 N, %) — Zg, (0,0, N, %)
Z/SN,N(O/ 0, N, *)

L2(P)
< 11Zpy N (0,0, N, %) M| 21y (4.52)

% (| Zpy, N (0,0, 85 N, )l 202 () + 125y N (0,0, N, %) |25,

where 6 > 0 is choosen sufficently small. Because || ZﬁN,N(O, 0, N, %)l 12+ (py
and || Z N (0,0, t5 N, %) 12+o(p) converge to zero by Lemma 4.2.4(i), while
the first term is uniformly bounded, this concludes convergence to zero of
the expression in (4.50).

Having proven that (4.50) vanishes, it is only left to replace Zg, n(t1N,z1 |
N,z3) by Zg, N(t1N,z1, 8 N,x)Zg, n(t; N, x, N, z2), which holds again by
means of Proposition 4.2.1. This concludes the proof of (4.48).

Overall, (4.48) implies

lim ]E[PE)N,N(SHN S \/NBl, SNy € \/NBQ)]

N—oo

— I\l}iglo]E[Q%’N,N((ti, Bi)i1)]

2
- Z\l]im Z I Iq(tj_tj—l)N(Zj —2j-1),
—00 -
z;€V/ NB; ]71
1<i<2

where we used the fact that
]E[Z/SN,N(tl_N/*/ th,Zl)Z‘BN,N(th,Zl, th, *)ZBN,N(tz_N/*/ N,Zz)] =1.

It is well known that the simple random walk in d = 2 converges in law to
Brownian motion with diffusion matrix %Iz, see for example [LL10, Theo-

rem 7.6.1]. O

Note that Lemma 4.4.2 is enough to deduce weak convergence of finite-
dimensional distributions. In order to lift the convergence result to the an-
nealed polymer measures, we require tightness.

Lemma 4.4.3. The family of annealed polymer measures (up, n)N is tight in
M;(C[0,1]).

Proof. We prove the tightness of (14, )~ by following [Kal02, Theorem 16.5]
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which states that it suffices to show that for every ¢ > 0

lim lir;jip Hpn N (m5(X) 2 €) = lim lirhr]fgplE[ﬁ#PgNMma(X) >¢)] =0,

(4.53)

where ms(¢) denotes the modulus of continuity on the Wiener space, i.e.

ms(@) = sup |pr—¢@s| V¢ eC[01]
0<s,t<1
|t—s|<d

Next, we use the same trick as stated in [CY06, Lemma 4.2] for random poly-
mers in d > 3. See also [AKQ14a, Lemma 4.2] for a similar application in the
case of the continuum random polymer in d = 1. For every Py-integrable Y,
we have

lE[ZﬁN,N(O, 0,N,x) EN/N[Y“ = En[Y].
Thus, for arbitrary € > 0, we can write
E[Z5y (0,0, N, %) TP (ms(X) > )] = TaPn(ms(X) > ¢).  (454)

However, the sequence of rescaled, interpolated simple random walks is
known to be tight in the Wiener space. Hence, the right hand side of (4.54)
vanishes, when taking first the limit superior N — oo and then the limit
0 — 0. Notably, this implies that for any A > 0

AE[17, w00N0=2TPE n(ms(X) = €)] =0,
as N — o0, § — 0. On the other hand,
E[lz, \00n%<aTPg n(ms(X) = €)] < AE[Zg, n(0,0,N, )71,

where we first dropped the inner probability before applying Markov’s in-
equality. Once again, we make use of the fact that

sup E[Zg,,n(0,0,N, %) <C,
NeN
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~

for some C = C 3 > 0, using Lemma 4.2.4(ii). Overall, we can write

upy N (ms(X) > €) = E[myPg n(ms(X) > €)]
<E[lz, \oonx=aTPg n(ms(X) > €)] + AC.

Taking first the limits N — oo, § — 0 and lastly the limit A — 0, finally yields
(4.53). Thus, tightness of (g, n)~ follows. O

Combining both Lemma 4.4.2 and Lemma 4.4.3, we can show that an-
nealed polymer paths converge in distribution to the ones of Brownian mo-

tion.

Proof of Proposition 4.4.1. We first note that Lemma 4.4.2 implies convergence
of the finite-dimensional marginals of the annealed polymer measure. Let
0 <t <...<tp <1be arbitrary. Tightness of the marginals follows from
the fact that, for every e > 0, we can choose bounded continuity sets B; C R?
such that

P(%th €B1,...,%Wtk EBk) >1—c¢.

Thus, using Lemma 4.4.2, the corresponding polymer marginals satisfy

. 1
I\}I;%IE[P%]N,N(WSUINJ € By,..., ﬁsmm € Bk)] >1—¢,
for some N = N, € N. This can be lifted to all N € N by extending the
sets B;. Therefore, the laws of ﬁ(s“l N+ S|N J) are tight and converge
weakly to the law of % (W, ..., Wy,), since bounded continuity sets suffice
to identify the limiting measure uniquely. The same holds for (X, ..., X, ),
see (4.44) and the discussion below, thus,

d
V,BN,N(XH € ',...,th € ) — P(%th € ',...,%Wtk € )

Recall now from Lemma 4.4.3 that the annealed measures ( ‘u[;N,N) N are tight.
Hence, convergence of the annealed polymer measures is immediate, be-
cause weak accumulation points of (yig,,n)n are determined by their finite-
dimensional distributions, see for example [Bil99, Theorem 7.1]. O
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4.5 The quenched polymer measure

After proving the invariance principle for the annealed polymer measures in
the previous section, we can now proceed with proving the chapter’s main
results for the quenched polymer measures. In the first part of the section,
we show convergence of finite-dimensional distributions of the rescaled, in-
terpolated polymer paths (Proposition 4.1.1). Afterwards, we prove Proposi-
tion 4.5.7, which is a functional central limit theorem for the polymer paths,
when tested against individual test functions in C,(CJ0, 1]). We then explain
how the functional central limit theorem can be lifted to an invariance prin-
ciple (Proposition 4.5.9), using a countable convergence determining class of
functions. Lastly, we prove the local limit theorem (Proposition 4.0.2) for the

polymer marginals on microscopic scales.

4.5.1 Finite-dimensional distributions
Self-averaging of the random polymer

We begin by showing convergence of the quenched polymer marginals in

L}(IP), evaluated on fixed bounded continuity sets B.

Proposition 4.5.1. For E €(0,1)and 0 < t; < ... < tx <1, we have

“PgN,N(ﬁSt1N €By..., LNStkN € By) (4.55)
(W € By W € B, 0

for any choice of bounded measurable sets (B;)%_, € (R?)* satisfying A(9B;) = 0,

where A denotes the Lebesgue measure.

Recall, from Lemma 4.4.2, that marginals of ﬁ#P‘B’N,N can be approximated
in terms of Qg y. To lift Lemma 4.4.2 to the convergence of quenched
marginals, it is enough to show convergence of Q(BJN,N«ti’ Bi)f-‘zl) to the cor-
responding transition probabilities of Brownian motion. We will do so first,
and state the proof of Proposition 4.5.1 at the end of the section.

In the remainder of this section, we restrict ourselves to the case of k = 2
with £, = 1. The general statement of Proposition 4.5.1 follows along the

same lines.
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Lemma 4.5.2. Let t; € (0,1) and By, By C R? be arbitrary bounded continuity

sets, then
Jim [[Q (8 Bz [[T2p) = P(5Wa € By, 5 W € B)™.

For the definition of QEJN/N recall (4.47).

We defer the proof of Lemma 4.5.2 until after Lemma 4.5.3. First, we note

that the second moment || Qg  ((t;, Bi)2,)lI7, (p) agrees with

Z Z IE[Z[;N,N(tl_N, *, th/yl)ZﬁN,N(tl_N/*/ th,Zl)]
y;€VNB; z;€V/NB;

1<i<2 1<i<2
X ]E[Z/SN,N(th/ylr tTN, *)Z/SN,N(th/ Z1, tTN, *)] (456)
X ]E[ZﬁN,N(tQ_N/*/ N,yz)ZﬁN,N(tz_N,*, N,Zz)]

2
X HCI(t]ft],l)N(y] - y]_l)q(t]*t]—])N(Z] B Z]_l) 4
j=1

due to independence of the occurring partition functions. Hence, to get a
sharp bound and conclude Lemma 4.5.2, we need precise estimates of mixed

moments of the form
IE[ZlgN,N(SN, Y, tN, *)ZﬁN,N (SN, z, tN, *)] ,

locally uniformly in space, as N tends to infinity.

Recall from (4.14) that partition functions starting at macroscopically
separated points are asymptotically independent. Therefore, one expects
a law-of-large-number-like behaviour when ignoring the contribution of
starting points y; and z; lying “too close” to each other. This idea encourages
us to divide the points (z;)1<ij< into two groups, while keeping (y;)1<i<2
fixed. We either have |z; — y;| > 2N/2-/4 for every 1 < i < 2 or there
exists an index 1 < j < 2 such that |zj - yj] < 2NV/2-an/4

Before stating the full proof of Lemma 4.5.2, we conclude the following

covariance estimate of two point-to-plane partition functions.

Lemma 4.5.3. Let s, t € [0,1] such that s < t, x € R?> and r > 0. Then

lim sup E[Zg\ N(SN,y,tN,%)Zg, n(sN,z,tN,*)] = 1.
N=veo v,2€V/NB(x,r)
\y—z\>2N%7TN
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The same statement also holds for plane-to-point partition functions.

Proof. Lety,z € VNB(x,r) such that |y — z| > 2N2~ 3. First, we expand the
expectation in the statement

E[Zg,n(sN,y,tN,x)Zg, n(sN,z,tN,x)]
= E[Z, n(sN,y, tN, %) Zg n(sN, 2, tN, %)]
+E[Zpy N (sN,y, tN, %) Zg, n(5N,z,tN, *)]
+E[Zf n(sN,y, N, %) Zg, n(sN, 2, tN, )]
+ IE[ZﬁN,N(sN, Y, tN, *)ZﬁN,N(sN, z,tN, %)].

Now, using the Cauchy-Schwarz inequality and Lemma 4.2.4(i), the last three
terms on the right-hand side vanish uniformly over y,z € v/NB(x,r) in the

large N limit. For the remaining term, we use the fact that [y — z| > 2N =
implies Ay, (sN,y) N A% (sN,z) = @, whence

]E[ZEN,N(SN/ Y, tN, *)ZE‘N,N(SN, z,tN, *)]

= ]E[ZE‘N,N(SN/:V/ tN, *)]]E[ZE‘N,N(SN, z,tN,x)] = 1.
This concludes the proof. O

Proof of Lemma 4.5.2. As in the proof of Lemma 4.4.2, we assume that the
sets B; are covered by open balls B(x;,r;). Recall that the second moment
of Q;;’N/N((ti, B;)7_,) is given by the expression (4.56).

First, we show that points y; and z; lying “too close” to each other are
negligible. Thereafter, we prove the partition functions’ self-averaging effect
for the remaining points. Overall, this yields a sharp enough estimate for
(4.56). Note that in the case where B;’s have empty interior, self-averaging
does not take place necessarily. However, in this case we can follow the same
steps as in the first bullet below to deduce that (4.55) still holds, since both
the random walk and polymer marginals evaluated on such sets converge to

Zero.

* We begin by analysing points lying “too close”, i.e. at least one of the z;’s
lies in a 2N'/2=/4 neighbourhood around y;. Without loss of generality,
we assume that this is the case for z;. Note that all expectation arising
in (4.56) are uniformly bounded in N and y;,z; € VNB(x;,17), say by a
constant C > 0. This follows by an application of the Cauchy-Schwarz
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inequality and Lemma 4.2.4. Thus, when considering the right-hand side
of (4.56) with the second sum restricted to those z; € +/NB; satisfying
ly1 — 21| < 2N1/270/4 we can upper bound the expression by

c’ Z Z Hq —Yj- 1)11(- ,1)N(Zj—2j—1)
yi€VNB; z1€VNB; j=1

1<i<2 |y —z|<2NV27on/4

ZQE\/NBZ

<C Y aun(n) ) auN(z1),
y1€VNB; z21€V/NB;

‘yl —z ‘ SZN]/Z*HN/AL
where we summed over the probability kernels which don’t depend on z;
or y in the last step. However, N'/279%/4 vanishes in the macroscopic limit
and therefore the right hand side converges to zero as N — oo, because

sup Y. qnn(21)
11€VNB; 21€V/NB;

‘yl_zl‘§2N1/27uN/4
1
~ sup N 2 2pt1 (T) —>0,
y1€VNB; 21€V/NB;
|y1 -z ‘SZNl/ZfaN/4
by the local limit theorem for the simple random walk. Consequently,
whenever the space points lie “too close” to each other, in the sense
that there exists an index j such that |z; — y;| < 2N1/27"/4, they do not
contribute to the limiting marginal distribution of the polymer path.

¢ It only remains to estimate the second part of the decomposition of (4.56),
where we restrict the sum over z;’s such that every z; has at least distance
2N1/2=an/4 from y;, i.e.

L ) E[ZgyN(t; N, %, t1N,y1)Zg n(t; N, %, 11N, 21)]
yi€VNB; z;€v/NB;
1<i<2 |y;—z;|>2N1/2-N/4
1<i<2

X IE[ZﬁN,N(thryll i’;rN, *)ZﬁN,N(th,Zl, t;rN, *)] (457)
X IE[ZﬁN N(t_N *, N/yZ)ZﬁN,N(tz_N/*/ N,ZQ)]

X l_[q (-t N W = Vim0 N (Z = Zj-1)-
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Using Lemma 4.5.3, each occurring expectation in the expression above

converges (locally) uniformly to 1, when taking the large N limit.

Coming back to the term we wanted to estimate originally, we can now write

(after taking limy_,. on both sides)
Jim (105, n (8 B)Z1) [F2(m) = P(J5 Wi € B 5 W1 € Ba)?,

where we started with (4.56), neglected the space-points lying “too close”
to each other and proved convergence of the remaining sum (4.57) using
Lemma 4.5.3. O

Having just proved convergence of the second moment of
Qp n((t, Bi)%,) to its squared mean, it is an immediate consequence
of Lemma 4.5.2 that QEN,N«ti’ B;)%_,) converges to its mean in L?(IP):

Corollary 4.5.4. Let t; € (0,1) and By, By C R? be arbitrary bounded continuity
sets, then

fim | Q5 n((tr Bi)ica) = P(J5Wn € By, Wi € Bo)| ) = 0.

N—oco

Finally, we can summarise the results of above lemmas in the proof of

Proposition 4.5.1:

Proof of Proposition 4.5.1. Application of the triangle inequality yields
1P, (Stn € VNBy, Sy € VNBa) — (5 Wi, € By, J5Wi € Ba)l| )
< ||Pg, N(Sun € VNBy, Sy € VNBy) — Q. n (8, By Iy

T 11Q5, n (1, Bi)2y) — P W, € By, W1 € By)|ls .

The first term on the right-hand side vanishes by Lemma 4.4.2, whereas the

second term vanishes due to Corollary 4.5.4. O

Using standard estimates, one can show that the transition probabilities
of the interpolated polymer path are well approximated by the corner points
of the discrete path. Thus, Proposition 4.5.1 also holds for the rescaled and
interpolated polymer paths under TPy -
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Corollary 4.5.5. For E €(0,1)and 0 < t; < ... <ty <1, wehave

lim HR#P%)N,N(XH € By,.. .,th S Bk)

N—o0

— P(%th € Bl,...,%Wtk € Bo)llpipy =0,

for every choice of bounded measurable sets (B;)X_, € (R?)* satisfying A(dB;) = 0.

Tightness and uniqueness of the limit

In Corollary 4.5.5 we showed convergence of polymer marginals evaluated
on bounded, factorised, continuity sets in L!(IP). This can be lifted to un-
bounded measurable sets U C (R?) satisfying the same properties. How-
ever, we want to stress that this does not imply weak convergence of the
polymer marginals yet, since exceptional points of the disorder can depend
on the choice of sets U. Nevertheless, we are able to show weak convergence
of quenched finite-dimensional distributions in probability, since probabil-
ity measures on (R?)¥ are uniquely identified by evaluation on a countable
family of sets.

We begin by recalling a standard result: A sequence of random variables
on a metric space converges in probability if and only if every subsequence
has a further subsequence, which converges almost surely, see for example
[Kal02, Lemma 4.2]. Thus, in order to show convergence in probability of the
marginal distributions, it suffices to prove tightness along sufficiently many
subsequences and identify the limit points using a 7r-system. This step is
motivated by the recent article [Jun23], where Junk showed convergence of
the polymer-endpoint distribution in bond disorder for d > 3, using a very
similar approach.

For the m-system, on which we will identify the limiting finite-
dimensional distributions, we choose half-open cylinders:

(9k = {[Cll,bl) X oo X [aZk,bzk) - (Rz)k ca,b;eQanda; <b;,1<i< Zk},

which generate the Borel-sigma-algebra on (R?)¥. Note that £¥ has countably
many elements, and let {E;}$°, be an arbitrary enumeration of them. We
omitted the dependency of E;’s on k for the sake of a lighter notation.

We start by showing that there exist sufficiently many subsequences along
which finite-dimensional distributions (evaluated on sets in £F) converge al-

most surely.
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Lemma 4.5.6. Let 0 < t; < ... < t; <1, then for every sequence (Nj)jen in N
there exists a subsequence (N;, )men and Q1 = Q1((Nj)jen, (ti)1<i<k) C Q with
P(O)y) =1, such that for every w € ()

lim TPg oy (X, X)) € E) = P(J5(W,...,Wy) €E) VE€&E"

Proof. Let (N;)jen be an arbitrary sequence in N. We prove the lemma only
for a single marginal t € [0,1], the multi-marginal case follows along the
same lines.

First, Corollary 4.5.5 implies that for every e > 0and E; € £

}Lr?oruﬁ#PgNjM(Xt €E)— P(%Wi € E)| >¢) =0.

In particular, for every i,m € N there exists a M;,, € N such that

IP(|E#P‘F§NJ,NI,(Xt €E)— P(%Wt CE)>Ly<m 2" V> M,

We define a subsequence of (N;); using ji, := ju—1 V maxi<j<m M;,, then for
every m € N

IP(Ji < m with \ﬁ#PgNj N, (Xt € Ei) — P(%Wt €E)>1)y<a™m

which is summable in m. The Borel-Cantelli lemma then yields

IP (sup [mP, N, (Xt € Ei) — P(%Wt € E;)| > 1 infinitely often) = 0,
i<m i 7" im

which implies that

O ={wen: nyg;oils |ﬁ#P‘/§’ijlem(Xt €E)— P(%Wt € E)| =0}

has full mass, i.e. P(Q)1) = 1. This concludes the proof. O
Finally, we can prove convergence of the quenched polymer marginals.

Proof of Proposition 4.1.1. We fix 0 < t; < ... < tx < 1 and let (Nj)jen be a
sequence in N. In Lemma 4.5.6 we proved the existence of a subsequence
(N, Jmen and disorders Q1, with IP(€);) = 1, such that

lim TP, (X, Xy) €E) = P(L(Wy,...,W,) €E), (458)

m—oo 2
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for all w € O and E € EF. Tightness of the sequence

<W#P§)N, ,ij((th,...,th) € )>
meN

is an immediate consequence of (4.58), see the proof of Proposition 4.4.1, and
the limiting probability measure is uniquely determined by the 7r-system &F.

Overall, we showed that for every sequence (N;)jen in N there exists a
subsequence (N, im )men, along which the finite-dimensional distributions con-
verge almost surely to the ones of Brownian motion with diffusion matrix
%12. This is equivalent to weak convergence of the polymer marginals in
P-probability. O

4.5.2 An invariance principle for polymer paths

We are finally ready to prove Theorem 4.0.1. Using tightness of the annealed
polymer paths (Lemma 4.4.3) and convergence of the finite-dimensional dis-
tributions (Proposition 4.1.1), we can prove the desired result. The steps re-
semble very much the ones when proving the invariance principle for the
simple random walk. However, due to the double randomness of paths and
the environment, cf. Remark 4.1.4, we require an additional argument to con-
clude the full invariance principle.

We begin by proving a functional central limit theorem:

Proposition 4.5.7. Let E € (0,1) and By as in (4.3). Then for every F €
Cp(C[0,1])

wEg, v[F(X)] — E[F(%W)], as N — oo, in P-probability,

where E is the expectation with respect to the Wiener measure on C[0, 1].

Remark 4.5.8. Convergence in the functional central limit theorem above also holds
in L1(IP), since the random variables (E#EE)N,N [F(X)])n are uniformly bounded by
|Fl|co. In particular, this implies convergence of expectations which is equivalent to
the annealed invariance principle, cf. Proposition 4.4.1.

Proof. Let F € Cy(C[0,1]). The statement in the proposition is equivalent to

lim P([%Eg, y[F(X)] — E[F(LW)]| > €) =0 Ve >0. (4.59)

1
V2
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In the following, we fix ¢ > 0 and choose § > 0 arbitrary. Let then K =
K(d,¢,F) C C[0,1] be a compact set such that

P(L < 4.
(5 €K) < g (4.60)
and
C — C 58
sup ppy,N(K) = sup E[myPp, n(K )] < 8[E]w (4.61)
NeEN NeN 0

A set K with these properties exists due to tightness of the Wiener measure

and tightness of the annealed polymer measure, see Lemma 4.4.3.

Throughout the remainder of the proof, we will denote by
Htl,...,tk :
coordinates 0 < t; < ... <t < 1,1i.e.

C[0,1] = (R?)* the projection of a path onto previously chosen

Htl/n-/tk(X) = (Xflf“"th) € (Rz)k'

Restricting the domain of F to the compact set K, we can approximate F uni-
formly by cylinder functions on C(K, R), i.e. functions that only depend on
finitely many coordinates of the path, using the Stone-Weierstrass theorem
[Lax02, Theorem 13.4]. More precisely, there exist 0 < t; < ... < t, < 1and
a continuous f : Iy, (K) — Rsuch that |[f o IT, ¢ ||keo < ||F|le and

b <

€
IF = folly, ullke = sup [F(@) = f(@r, - o1)| < - (4.62)
pekK 4

Using the Tietze extension theorem [Rud86, Theorem 20.4], we can extend f
continuously from Iy, (K) to (R?)k. At the same time, this yields a con-
tinuous extension of f oIy, on C[0,1]. The extension can be chosen in
such a way that || f oIy, g ]le < [[f oIt i ]|k < ||F|leo- Estimating now

(F— folly,. +) on K and K¢ respectively, after applying the triangle inequal-
ity, yields

B N[k + Tke) (F = follyy, g ) (X))
— E[(Tx + 1ge) (F = foIly,.) (5 W

<2 folly s ke + 2 Flls [T, (KS) + P(LW € K|
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Thus, due to (4.62) and the choice of K in (4.60), the previous display implies

T NI(F — f o T, ) (X))~ E[(F = f oI, ) (5 W)]]

3e _

All together, we can upper bound the term of interest

+ [T N[(F = f 0Ty, ) (X)) = E[(F = f 0TIy, _t) (5 W],
which implies that

P(|mEf, n[F(X)] — E[F(5W)]| > 2¢)
< P([myEf, nIf (X, Xe)] = ELf(5Wh - Wi > €)
+P(ImEg, §[(F = f o Ty, ) (X)] — E[(F — f oLy, ) (5 W)]| > e).
The first term on the right vanishes, as N — oo, due to Proposition 4.1.1. On

the other hand, the second term can be further upper bounded using (4.63),
such that

sup IP ([T Ef, n[(F — f 0Ty, ) (X)] = E[(F = f o ITy,..0,) (5 W)]| > )

NeN
_ 8lF]l

< sup P(mPp, v (K°) > grir) sup E[mPy, n(K)] <6,

NeN € NeN
where we applied Markov’s inequality, before using again (4.61). Because
d > 0 can be chosen arbitrarily small after taking the large N limit, (4.59)
follows. This concludes the proof. O

It is only left to lift the functional central limit theorem (in IP-probability)
to an invariance principle as stated in Theorem 4.0.1. In fact, we can show
more generally the equivalence of functional central limit theorem and in-

variance principle for random probability measures:

Proposition 4.5.9. Let (S,d) be a separable, complete metric space and (Q), G, P)
a probability space. Moreover, let (P$})nen be random probability measures and P
a deterministic probability measure on (S, F), with F denoting the Borel-c-algebra.
Then the following two statements are equivalent
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(i) Forevery F € Cy(S), EY[F] — E[F] in P-probability,
(ii) P9 % P in P-probability,

where EY; and E denote the expectations with respect to P and P, respectively. The
statement remains true, when replacing convergence in probability with almost sure

conoergence.

First, we remind the reader that a set of functions A C C(S), where S

Polish, is called weak convergence determining, if for v, v € M;(S)

lim den:/de VEe A,

n—oo

implies v, Ay,
The following lemma, which is a Corollary of [BK10, Lemma 2], states
that we can always find such a family of functions which is countable.

Lemma 4.5.10. Let (S, d) be a separable and complete metric space, then there exists
a countable algebra A = {F;}ien C Cy(S) that is weak convergence determining.

Proof. First, note that the family A C C,(S), of uniformly continuous
functions with bounded support, strongly separates points. Then [BK10,
Lemma 2] yields existence of a countable subfamily A := {F;};en C A that
strongly separates points and remains closed under multiplication. Lastly,
applying [EK86, Theorem 3.4.5], which states that an algebra in Cp(S) that
strongly separates points is convergence determining, finishes the proof. [

Proof of Proposition 4.5.9. We begin by proving the direction (i) to (ii). Let
{Fi}ien C Cu(S) be a countable family of functions that is weak conver-
gence determining, whose existence is guaranteed by Lemma 4.5.10. For ev-
ery i € N, we have

1\1[1:120 EY[F] = E[F], inPP-probability. (4.64)
Now a diagonal argument, as we performed it in the proof of Lemma 4.5.6,

yields that for every sequence (N;); C N there exists a further subsequence

(Nj,)m and a set QO C O, with P(Q) = 1, such that

lim ﬁ#E%jm [Fl] = E[Fl] VieN, we Q.

m—00
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Because {F;}ien is weak convergence determining, this implies P%jm 4 P,
as m — oo, for every w € (). This is equivalent to weak convergence in
P-probability as stated in (ii).

The reverse direction, from (ii) to (i), is immediate. Moreover, replacing
convergence in IP-probability with IP-almost-sure convergence, we can sim-
ply use that for every F; there exists a set (); C Q) with IP(();) = 1 such that
(4.64) holds pointwise for every w € ();. Taking now the countable intersec-

tion over all such ();’s, we conclude P§; i) P IP-almost surely. O

Proof of Theorem 4.0.1. The invariance principle for the polymer measures fol-
lows now directly from the functional CLT in Proposition 4.5.7 and Proposi-
tion 4.5.9. O

Instead of taking the detour via the functional central limit theorem
first, we could have also argued that {Law (4P, y)}n C M1 (M;1(C[0,1]))
is tight. Together with convergence of finite-dimensional distributions,
Corollary 4.5.5, this yields a direct argument for the invariance principle.
However, we want to put emphasis on the (non-trivial) equivalence of the
functional CLT and the invariance principle in the case of random path
measures whenever the limit is deterministic.

Lastly, we note that Proposition 4.5.9 also concludes the invariance princi-
ple from the functional CLT in higher dimensions [CY06, Theorem 1.2], which
was — to the author’s best knowledge — not yet mentioned in the literature.

Corollary 4.5.11 (Invariance principle for d > 3, weak disorder). Let B >0
such that weak disorder holds, i.e. limpy_oo ZE,N(O' 0,N,x) > 0, then

E#PEN i> P(ﬁw € -), as N — oo, in IP-probability,

with P being the d-dimensional Wiener measure. The statement holds in particular
forall B € [0,Bc(d)), with B.(d) defined in (1.8).

4.5.3 Local limit theorem for the polymer marginals

We want to close this chapter by proving the local limit theorem for the
marginals of the polymer measure, Proposition 4.0.2. Recall from (4.9), that

finite-dimensional distributions of the discrete polymer measure can be writ-
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ten as

%}N,N(Sﬂh =21,...,Sm = Zk) (4.65)
1 k+1

(0,0,N, %) 1_[zrgl\hl\]<mf—1'Z]'—l | mj, zj) Gmj—m;_ (Z]' — Zj—l) ,
7 7 7 ]:1

= Zoun

where my = zp = 0, m1 = N and z;1 = *. Together with Proposition 4.2.1
and [CSZ17b, Theorem 2.12], this suffices to deduce Proposition 4.0.2.

Proof of Proposition 4.0.2. By the local limit theorem, we know that
N Gui—n, (zi — zi1) converges to p, s, y2(xi — xi_1). It is only left to
show convergence in distribution of the partition functions in (4.65). We will

prove that, as N diverges,

1 k+1
0,0,N,%) nzﬁN,N(mj—erj—l | mj,zj) (4.66)
y Yy LN, =

k
- H Z‘BN,N(m;I *, mj/ Zj)Z,BN,N(mj/ Zj/ m?, *)
j=1

H ZﬁN,N

— 0,
LI(P)

+

where (m]. )k

j—1 are non-negative integers such that

| — ]

0<m; <mj<mf<mi ;<N and lim > 0.

] N—o0 N
For example, we can choose m; = 0 and mji = |m; £ ${mjsq — m;|| for the
remaining variables.
We will justify the convergence in (4.66), using a chain of triangle inequal-

ities. First, we note that

1 k+1
Z j—1s4j— jr&j
HZ[;N,N(O,O,N,*) ]I} N (Mi—1,2j-1 | mj, z))
k+1
— Zgyn(0,%,m1,21) [ [ Zpy N (mj-1,2j-1 | m),2})
=2 1 (p)

vanishes, as N tends to infinity. The proof follows the same lines as the one
of (4.50), in Lemma 4.4.2. Next, we replace the remaining point-to-point par-
tition functions (2, n(m-1,zj-1 | mj, z;) );‘;“21 with their point-to-plane coun-
terparts by Proposition 4.2.1. For the sake of brevity, we restrict ourselves

to k = 2 for the remainder of this proof, the general case follows using a
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telescopic sum argument in the subsequent step. We have

3

HZ[SN,N(O/ *, 1M1, 21) <H‘Z;3N,N(mj_1,zj_1 | mj,z))
=2

- (ZﬁN,N(mlf 21, mgl *) Z'BN,N(WLT, *, M3, ZZ)) ZﬁN,N(m21 22, N/ *))
LY(IP)

= |1 Zgy,N (0, %, m1,21) [ 1 (p)
X By, N (11,21 | m2,22) — Zgy N (11,21, 15, %) Zgy N (7, %, 112, 22) || 11 )

X | Zpy,n(m2,22, N, %) || 11p)-

Here, we made use of the disorder’s independence on the disjoint
time intervals (0,my], (my,my] and (mp, N], and applied the fact that
ZpwN (Mg, ze | N,x) = Zg, n(my, z¢, N, x). The middle term on the right-
hand side vanishes due to Proposition 4.2.1, whereas the remaining terms
are all equal to one. This finally yields (4.66), by adding and subtracting the
above introduced intermediate terms and applying the triangle inequality.

The last step consists of determining the limiting distribution of the par-
tition functions in
k

ZﬁN,N(m;/ *, Mj, Z]')Z‘BN,N(TI’[]', zj,m
j=1

+
Fix).
Using [CSZ17b, Theorem 2.12], see (4.14) and the discussion thereafter, we
know the (joint) limit of point-to-plane partition functions is given by inde-
pendent log-normal random variables:
— d = (t: x: (¢ x:
(Z/;N,N(m]- , %, m]-, Z]'),ZlgN,N(m]', Z]', m;“, *))?:1 — (: eY (t,,x]) e EY (t],x]) :);‘(:1,
where Yi(t]-, xj) are independent centred Gaussian random variables with
variance log(1 — p2) ™. O
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Chapter 5

Size-biased diffusion limits and
the inclusion process

We consider the inclusion process (n(""N) (#));~0 on the complete graph
of size L with N particles. Let us recall from the introduction that the
inclusion process is characterised by the infinitesimal generator

L
LonfMm) == Y Me(d4+ny)[f(*Y) — f(n)], (5.1)

x,y=1
XAy

withm € Qpny = {n € Né : ZJLC:1 Nx = N} and n*¥ denoting the
configuration n where one particle moved from x to y, i.e. n"Y =n+
e¥ — e¥, with (e¥), := 1,—,, provided n, > 0.

The scope of this chapter, based on the paper [CGG23], is to determine
the dynamics of the condensate, cf. Definition 1.1.1, of the inclusion
process (5.1) in the thermodynamic limit N/L — p,i.e. N,L — co such
that N/L — p. The presented approach covers all scaling regimes of the
system parameters and does not rely on previous results on condensa-
tion. In fact, the clustering of particles on diverging scales is an implicit
consequence of the derived scaling limits.

In the case where the diffusivity d vanishes like the inverse of the sys-
tem size, i.e. d(L)L = O(1), the derived scaling limit is equivalent to
the well known Poisson-Dirichlet diffusion [EK81], offering an alterna-
tive viewpoint on these well-established dynamics. In particular, the
presented approach yields a natural extension of the Poisson-Dirichlet
diffusion to infinite mutation rate.

181
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In the introduction, we saw that condensation is a macroscopic phenomenon
and difficult to describe in terms of the microscopic state space )y . Instead
a suitable macroscopic state space has to be considered. We begin the chapter

by introducing some notation.

Preliminaries on size-biased sampling

First, we will write § € p n, when representing entries of 1 € QO y in
decreasing order, i.e.

M=>M=>--->21M,20.

Then, by appropriate rescaling, +1 lies in the so called Kingman simplex

V::{pE[O,l]N2P1ZP22---/ZPi§1}, (5.2)
i—1

which is a compact space with respect to the product topology, and our first
candidate for a macroscopic state space. Due to its structure, the Kingman
simplex is a common state space in population genetics. In particular, it sup-
ports a one-parameter family of probability measures: the Poisson-Dirichlet
distributions.

The Poisson-Dirichlet distribution was first introduced by Kingman
[Kin75] as a natural limit of Dirichlet distributions. Another, more intuitive
construction, uses a stick-breaking procedure: Let Uj, Uy, ... be independent
Beta(1, 6)-distributed random variables (supported on [0, 1]) and define

V1 = Ul, V2 = (1—U1)U2, V3 = (1—U1)(1— UZ)U3,...,

i.e. we start with a stick of unit length and continue by breaking a random
fraction of Uj apart. Then, we iteratively do the same with the remaining part
of the stick. The resulting random vector V = (V;);>1 is said to be GEM(6)-
distributed. Reordering the entries of V in decreasing order yields V, which is
known to be Poisson-Dirichlet distributed with parameter 6, see e.g. [Fen10].
We will write PD(0) for the Poisson-Dirichlet distribution with parameter 6.
Note that PD(0) gives full mass to the set

V::{pEV:Zpizl}CV.

i=1

Later, the Poisson-Dirichlet was identified as the unique stationary measure
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of the split-merge dynamics [ZZMWD04, Sch05] and the Poisson-Dirichlet
diffusion [EK81]. Despite it being introduced in the field of population genet-
ics, the Poisson-Dirichlet distribution also appeared in statistical mechanics
[GUW11, BU11, IT20] and recently in the study of IPS [JCG19, CGG22].

A last, and very important, ingredient for this chapter is size-biased sam-
pling. Let us introduce the size-biased sampled configuration f| with respect to
n € Orn. We start by constructing a random permutation ¢ iteratively as
follows: First,

(i) o(1) = x with probability ¥, x € {1,...,L},
and for any following indexk =1,...,L
.o — . o1 ‘r]x
(ii) o(k) = x with probability N Ty
forallx € {1,...,L}\ {o(1),...,0(k—1)}.

The size-biased sampled distribution 1] is then given by M|y = Mg (t). In other
words, in the k" iteration of the construction, we pick (uniformly at ran-
dom) one of the (remaining) particles and assign the total number of parti-
cles, found at the same location to fj. The procedure terminates, once no
more particles can be sampled. For convenience, we fill all remaining entries
of f} with zeros, to reach length L.

The reader may think of size-biased sampling in terms of labelling all par-
ticles, according to their location, and uniformly at random picking a particle.
Once a particle, thus a location, is picked, all particles having the same label
(location) are removed and the procedure repeats. We refer to [JCG19, Defi-
nition 2] and [CGG22, Section 2.2] for details.

R TEEEEEEE)
< 1

Figure 5.1: Size-biased sampling of a particle configuration (N = 30), where
location y was picked in the first iteraton. In the second iteration, x will be

sampled with probability N’l‘ny = %. Note that empty sites, such as z, will

not be sampled.
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Condensation in the inclusion process

For the inclusion process, condensation was first studied in [GRV11], how-
ever for spatially inhomogeneous systems on a finite lattice. The finite lat-
tice case has been subject to further studies in [GRV13, BDG17, KS21]. The
present chapter concerns the study of the inclusion process in the thermody-
namic limit N/L — p > 0. In this case, condensation was studied heuris-
tically in [CCG14]. They considered a one-dimensional periodic lattice with
totally asymmetric dynamics and strongly vanishing diffusion rate. A modi-
fied model with stronger particle interactions, leading to instantaneous con-
densation, has been considered in [WE12, CCG15]. On a rigorous level, the
thermodynamic limit of stationary distributions (777, )1 N (assosciated to the
generators (£1 n)r,n) was subject of [[CG19]. They observed that the conden-
sation regime d = d(L) — 0, as L — oo, is subdivided into three parts:

e If dL — O, then the condensate is given by a single cluster, and if in addi-
tion dLlog L — 0, this cluster is holding all particles.

e IfdL — 6 € (0,00), then the condensate concentrates on macroscopic
scales and is distributed according to a Poisson-Dirichlet distribution

PD(#) in the sense

1, 4
— PD

where ] denotes the ordered configurationn ~ 77 N.

® On the other hand, if dL — oo, the condensate is located on mesoscopic

scales and the clusters are independent. More precisely,
~ ~ d
a(fy, ..., fin) — Exp(%)@m, (5.3)

where 7] denotes a size-biased sample of N ~ 77 n.

In fact, the above classification holds for any irreducible and spatially homo-
geneous dynamics on diverging finite graphs, where the inclusion process
has stationary product measures. [JCG19] entirely characterises the station-
ary condensates for the inclusion process, since condensation only occurs if
d — 0. It was proven in [CGG22] that perturbations of the transition rates (in
the case 6 < 1) still give rise to a Poisson-Dirichlet distributed condensate.
From the summary of condensation results for the inclusion process
above, we can see the importance of size-biased sampling: In the case d(L)L —

oo, the “strong ordering” +1 does not pick up information of the condensate
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on mesoscopic scales, while also disregarding the bulk phase of the system.
Instead, size-biased sampling allows for the analysis of both the bulk and
condensed phase, see also [CGG22].

5.1 Results and comparison to the literature

The chapter’s results are twofold. On the one hand, we describe conver-
gence of the inclusion process towards measure-valued diffusions, which are
parametrised by 6 := limy,;,dL € [0,00]. In the case 6 < oo, the deter-
mined scaling limit is equivalent to the well known infinitely-many-neutral-
alleles diffusion model [EK81], also known as Poisson-Dirichlet diffusion. On
the other hand, the new description of the infinitely-many-neutral-alleles dif-
fusion model, allows us to construct a natural extension of the process, when

0 = oo.

5.1.1 Scaling limits of the inclusion process

In the beginning of this chapter, we introduced the Kingman simplex as a
suitable macroscopic state space. However, the basis of this chapter is to
consider a different choice, allowing for a finer analysis of the underlying
dynamics. In the following, we distinguish between the cases 6§ < co and
0 = co.

When 6 < co, we embed particle configurations into M1 ([0, 1]), with the
topology induced by weak convergence of measures, using the maps

L
P‘(L)N QN — Mi([0,1]) of the form ‘u(LnI)\, =) %5% . (5.4)
x=1

Note that this corresponds to a size-biased empirical measure on the space of
mass fractions [0, 1]. Not every measure in M;([0,1]) can be approximated
by particle configurations using y(L',)N, e.g. every point mass aJd, in (5.4) satis-

fies & > z. Instead, we restrict ourselves to the closed subspace
E:=u™ c My([0,1]), (5.5)

defined as the range of the function

ut V= My((0,1]) with p = (1—||pll)do+ Y pidp,  (56)
i=1
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where ||p|l; := 52, p; and V denotes the Kingman simplex (5.2). We may
often drop the subscripts in (5.4) and simply write (), but the meaning will
be clear from the context. Moreover, we will sometimes write puyn instead
of M) in order to avoid overloaded notation. The above mappings () and
V(L)N do not preserve spatial information of particle configurations, but this
also does not enter the dynamics on the complete graph. Note that the map
(5.6) was already mentioned in [EK81], however, only to prove denseness of

the domain of functions considered there.

In order to describe the limiting dynamics, we consider the domain of

functions

D(Ly) ={sub-algebra of C(E) generated (5.7)
by functions u + u(h), h € C3([0,1])}.

We associate a pre-generator of a superprocess, which acts on functions

H(u) = u(h1) - pu(hy) € D(Ly) via

LoH(u):=2 Y (u(BhBhy) — u(Bh)u(Bh)) TT n(hy) (5.8)

1<k<l<n ik
+ Y u(Agh) [ [u(hj),
1<k<n ik

with Bh(z) := h(z) +zh'(z) = (zh(z))’. Here, the first part is usually referred

to as interaction term and Ay denotes the single-particle operator of the form

Agh(z) :=(1—z)(Bh)'(z) + 6(Bh(0) — Bh(z)) (5.9)
=z(1—z)h"(z) + (2—2z(2+0)) (z) + 6(h(0) — h(z)).

The operator Bh(z) should be thought of as a “size-biased derivative”, which
appears due to our choice of embedding (5.4). For example, a single site
containing a mass fraction z € [0, 1] will be represented by a point-mass zJ;.
Thus, changes in z will result both in a change of the amount of mass and its

position.

Our first result identifies the process described by Ly as the correct scaling

limit of the inclusion process.
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Theorem 5.1.1 ([CGG23]). Let p € (0,00) and d = d(L) such that dL — 0 €
[0, 00). Ifn(EN)(0) such that uym (N (0) LN o € E, thenas ¥ — p

(@ (1) (u)io, in D(0,09),E). (5.10)

t>0

Here (pit)s>0 denotes the measure-valued process on E (5.5) generated by Ly (5.8),
with initial value pg.

In Proposition 5.2.6 we prove that the closure of (Ly, D(Ly)) is indeed
the generator of a Feller process on the state space E. An immediate conse-
quence of Theorem 5.1.1 is that the inclusion process exhibits condensation

for arbitrary times t > 0, independent of the initial condition.

For the case § = o, i.e. dL diverging, we expect clusters on the scale 1/d,
cf. (5.3). In this case, we consider the embedding

L
ﬁ() = ﬁ(L,)N : QL,N — Ml(R+) W].th ﬁg:ll)\] = Z &5(-1[‘”7( ’ (511)

mapping particle configurations into the space of probability measures
Mi(Ry), again with the topology induced by weak convergence of mea-
sures. In contrast to < oo, any measure in M;(R) can be approximated
by particle configurations using (5.11), cf. Lemma 5.2.7 below, which is why
we do not have to restrict ourselves to a strict subset of probability measures

as above.

The lack of compactness of R, allows for diverging rescaled masses of
particle configurations, thus when dL — oo, we expect the scaling limit to be
a measure-valued process on M1 (R ), with Ry = [0, c0]. We include co to
describe mass on larger scales than 1/d. Indeed the correct limit turns out to
be a process on M (R} ) without interaction and single-particle operator

Ah(z) :=(Bh)'(z) + (Bh(0) — Bh(z)) (5.12)
=zh"(z) + (2 — 2)l/(z) + (h(0) — h(2)),

acting on / in the domain

D(A) := {h : h(c0) =0and h|g, € C3(R})} (5.13)
U {constant functions} C C(R4).
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Slowing down the evolution of the inclusion process appropriately, we have:

Theorem 5.1.2 ([CGG23]). Let p € (0,00) and d = d(L) — 0 such that dL — oo.
If fum (=N (0) 4 flo € My (Ry), thenas ¥ — p

(AN () > (M)izo, inD(0,00), Mi(Ry)).  (514)

t>0

Here (fit)1>0 denotes the measure-valued process on M (R..) with initial value iy

generated by
LH(u) = Y, w(Ahe) [T p(m), (5.15)
1<k<n :Z;i

The operator £ may be interpreted as a Fleming-Viot process without
interaction. This is in contrast to the generator £y, which does not have

Fleming-Viot interactions of the form

2 ) (phy) = p(hu(hy)) TT #(hy).

1<k<lI<n j#k,1

We will see that the limiting dynamics £ are deterministic with absorbing
state . = Exp(1) € M;(R4). In fact, the statement of Theorem 5.1.2 can
be reformulated into a hydrodynamic limit (Proposition 5.3.6). Moreover, if
flo(Ry) = 1, then 1;(Ry) = 1 for every t > 0, and mass does not escape to
larger scales (Corollary 5.3.8).

Again, an immediate consequence of the theorem above is condensation
of the inclusion process, in the regime dL — oo, for any positive time and
initial condition. The fact that the dynamics were slowed down appropri-
ately, implies rapid mixing in the inclusion process. Overall, Theorems 5.1.1
and 5.1.2 fully determine the dynamics of the inclusion process, with vanish-
ing diffusivity, on complete graphs in the thermodynamic limit with density
p € (0,00). For a discussion of the boundary cases p € {0,000}, we refer to
Section 5.4.



5.1. RESULTS AND COMPARISON TO THE LITERATURE 189

5.1.2 A size-biased viewpoint on the PD-diffusion

In their seminal work [EK81] Ethier and Kurtz introduced the infinitely-
many-neutral-alleles diffusion model, as a natural scaling limit of finite-
dimensional Wrigh-Fisher diffusion models. This process is also commonly
referred to as Poisson-Dirichlet diffusion, which we will use throughout
the chapter. In this section, we will see that the measure-valued process de-
scribed in Theorem 5.1.1 provides an alternative description of the Poisson-
Dirichlet diffusion. The latter is an infinite-dimensional Feller process on
V (5.2) with pre-generator!

Gof = ) pi(Lizj — pj)3y, f — 6 ; pidp.f, (5.16)

ij=1

acting on functions in the domain
Dion(Gg) := {sub-algebra of C(V) generated by 1, ¢, ¢3,...},  (5.17)

where ¢, (p) := Y2 pI" for m > 2. Gy acts on such test functions with the
convention that occurring sums on the right-hand side of (5.16) are evaluated
on V, and extended to ¥V by continuity. The name Poisson-Dirichlet diffusion
is adequate, since its unique invariant distribution is the Poisson-Dirichlet
distribution PD(6).

Naturally, one can consider the mapping of the Poisson-Dirichlet diffu-
sion under u() (5.6), which yields a process in E C M;([0,1]). As already
indicated above, this push-forward process indeed agrees with the process
derived in Theorem 5.1.1.

Proposition 5.1.3. Let (it )>0 be the measure-valued process generated by Ly (5.8)
with initial data yy € E, then

()0 £ (W) (5.18)

’
t>0

where (X;)¢>o denotes the corresponding Poisson-Dirichlet diffusion generated by
Gy (5.16), with uX0) = nq. The following properties translate immediately from
(Xe)e=0 to (pt) 0!

(i) The process (y)i>0 has a unique stationary distribution, which is reversible.

IThe original formulation of the pre-generator in [EK81] includes a multiplicative factor of
1 which we omitted here.



190 CHAPTER 5. SIZE-BIASED DIFFUSION LIMITS

It is given by P = uyPD(0), i.e. the the law of

V(X) — ZXi(SXi , X~PD(). (5.19)
i=1

(ii) The process (yt)i>0 has continuous sample paths in E.

(iii) For any initial value yy € E, we have

P(u:({0}) =0Vt >0) =1. (5.20)

Together with Theorem 5.1.1, this yields the following corollary.

Corollary 5.1.4. Let p € (0,00) and d = d(L) such that dL — 6 € [0,00). If
NEN)(0) such that %ﬁ(L'N) (0) 4 Xo €V, then

=z

1/,
< (V@) S (Ko, as

N =0 —p. (5.21)

Here (X;)¢>0 denotes the Poisson-Dirichlet diffusion on NV with parameter 0 and
initial value X, generated by Gy (5.16), and 1) denotes the ordered particle configu-

ration.

The measure valued process generated by £ is the natural extension of
the process Ly (and thus to the Poisson-Dirichlet diffusion generated by Gy)
when 6 — oo. A first indication for this relationship can already be observed
on the level of stationary distributions. From Proposition 5.1.3(i), we recall
that the stationary distribution with respect to £y is given by the size-biased
sample of PD(8). Consider X(®) ~ PD(6) and sample an index I € N such
that

I=i withprobability X", (5.22)

i.e. we pick the index I with size-bias. It is well known [Fen10, Theorem 2.7]
that X%e) ~ Beta(1,0). Now, the following connection between a Beta and an

Exponential distribution holds:
0 Beta(1,0) % Exp(1), asf — oo. (5.23)

Hence, as § — oo, the rescaled size-biased sample 6 X}g) converges weakly to
an Exp(1) random variable, which is the absorbing state of the deterministic

dynamics induced by £ (Corollary 5.3.10).



5.1. RESULTS AND COMPARISON TO THE LITERATURE 191

This relationship can also be made sense of on the level of processes, sum-

marised in the following diagram:

(CG/E) > (QG,V) ,if 0 < o

5%%
N/L 0z,
(’SL,NI QL,N) :f { 6—co when {ZH :
t—t/6.
J%ﬂx
(£, Mi(R+)) Lif 6 = oo.

We analyse the inclusion process (£,n, Q) and consider the two cases
f < oo (Theorem 5.1.1) and 6 = oo (Theorem 5.1.2), with appropriate em-
beddings of configurations in the space of probability measures. In the case
f < oo the limiting process is equivalent to the Poisson-Dirichlet diffusion
generated by Gy (Proposition 5.1.3). Furthermore, our size-biased approach
allows for a meaningful limit when 6 = oo, identifying a natural extension for
models with Poisson-Dirichlet diffusion limit. For this matter, we introduce
the scaling operator Sg : E — M;(R), which linearly scales measures on

the unit interval to measures on the interval [0, 0]:

So:u(dz) — u(d3). (5.24)

Theorem 5.1.5 ([CGG23]). Let (yt(e))tzo be the process generated by Ly and
(fit) >0 e the process generated by L. Ingy(()g) LN flo € M1(R4), then

(et 7h) 1m0 > (A0, in C([0,00), M1(RL)), asf oo,  (525)

where we consider the topology induced by weak convergence on My (R..).

Remark 5.1.6. In the above theorem, we saw that scaling of space is necessary to
observe a meaningful limit as 6 — oo. Similarly, one could scale the Kingman
simplex to OV. However, in the limit we lack the property of distinguishing between

separate scales. Consider for example 0 = n%, n € N, and the sequence

(L 11
Sy T
Vo 9’0
V0 times 0 times

pl0) — LL0.) eV, (5.26)

Nl—=
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Then 6 p(g) — 0o, for every i € N. On the other hand,

i

d J—
Sen?") = 301+ 3015 = 301 + 300 € Mi(Ry), (5.27)

1
2
which captures both the amount of diverging mass and information on scales . This
highlights the fact that considering the space E, instead of V, is essential for a detailed
analysis of the Poisson-Dirichlet diffusion, in the boundary case 6 — .

Our results link the inclusion process directly to the Poisson-Dirichlet dif-
fusion (5.16), which allows for an enhanced understanding of the latter. In
the literature, the precise dynamics within the Poisson-Dirichlet diffusion re-
main difficult to grasp, due to the restriction of test functions in D,,,(Gp)
(despite being a convenient choice). In [EK81], also an enlarged domain of
test-functions of the form

p— Y h(p), heC*[0,1]) withh(0) =1 (0) =0, (5.28)
i=1

was considered. However, this does not improve the understanding of the
dynamics on an intuitive level, which is particularly due to the fact that
“sums are evaluated on V and extended to V by continuity”. Therefore, leav-
ing for example the question open, if the immediate clustering in the Poisson-
Dirichlet diffusion (Proposition 5.1.3(iii)) is a consequence of this convention
or the dynamics. In the present work, we instead consider test functions of
the form

0]

p = h(0) + ) pi(h(pi) — 1(0)), heC*([0,1]). (5.29)

i=1

For a fixed p € V, the right-hand side is the expectation with respect to
the probability measure u(?), recall (5.6). Thus, functions can be evaluated
directly on V (without continuous extension). Notably, the functions ¢y, in
(5.17) are of the form (5.29) with h(p) = p™~1. This size-biased viewpoint
allows to represent observables in the Poisson-Dirichlet diffusion in terms of
one-dimensional diffusions, thanks to a duality result, see Section 5.2.3 below.

The Poisson-Dirichlet diffusion was treated previously as a measure-
valued process in M;([0,1]) in [EG87, EK87]. There it was considered as
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a Fleming-Viot process, characterised by the generator

ﬁva(U) =2 Z (V(hkhl) — U(l’lk)l/(hl)) H V(”l]) (530)

1<k<iI<n j#k,1
+ Z V(Apvhk)l_[v(hj).
1<k<n j#k

when applied to a cylindrical test function of the form H(v) = v(hy) - - - v(hy),

with mutation operator

1
Apvh(u) = 9/0 [h(w) — h(u)] dw. (5.31)

Here, elements in [0, 1] are interpreted as types, and uniform jumps at rate
6 in the mutation operator correspond to mutation events. In the thermody-
namic limit, these dynamics can be derived directly from the inclusion pro-
cess on a complete graph with dL — 6 € (0, o), using the embedding

L
nen— Y %5L e M([0,1]). (5.32)
x=1

This is presented briefly in Section 5.2.4. The corresponding process describes
the spatial distribution of mass on the rescaled lattice. This is different from
the approach in this chapter, where we ignore spatial information and only
keep track of the mass distribution, cf. (5.6). On the other hand, our approach
is more robust and allows for an extended analysis of the model when 6 = co.
The embedding (5.32) was also considered in [CT16] for the inclusion process
on a complete graph of fixed size. They study convergence to equilibrium in
the long-time limit, with diverging mass N — co.

The usual approach in the literature to construct the Poisson-Dirichlet dif-
fusion, is to take the large L-limit of an L-dimensional diffusion model. Al-
ternatively, discrete models have been considered, then convergence to the L-
dimensional diffusion model, when N — oo, is proven first. See for example
[EK81, CBE"17, RW09]. To our best knowledge, the present work [CGG23]
is the first to consider a thermodynamic limit. This makes sense, both from a
physical and population genetics perspective.

Applying our approach to other geometries may be possible for dense
random graphs along the lines of [BHM*22], which have diverging degrees
leading to a self-averaging effect similar to the complete graph. In general,
spatial models are difficult to treat since the inclusion process, after the em-
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bedding (5.6), is not Markovian in general. Consider for example nearest-
neighbour dynamics on a regular lattice, then it is known that the random-
walk and the inclusion part of the dynamics have two different time scales

[ACR21], and more sophisticated methods are necessary to treat this case.

5.1.3 The Trotter-Kurtz approximation theorem

In this section, we present our main tool which we shall use throughout the
chapter, namely the Trotter—Kurtz approximation theorem. It states that con-
vergence of generators is equivalent to the convergence of semigroups. In
the special case of Markov generators, this suffices to conclude convergence
of the corresponding processes.

In the following, let (L,)nen, L be Banach spaces and ®, : L — L,

bounded linear transformations.

Proposition 5.1.7 (Trotter—Kurtz). For n € N, let (7;(’1))@0 and (Ti)i=o be
strongly continuous contraction semigroups on L, and L, with generators A, and
A. Furthermore, let D be a core for A. Then the following statements are equivalent:

(i) Forevery f € Land T > 0,

lim sup H7;(n)fcnf—ftn7?f]| =0.

0 e 0,T]
(ii) Forevery f € Landt > 0,

: (Ma o 4 _
,}g{}OHﬁ Ruf — R Tif]] = 0.

(iii) For every f € D, there exist f,, € D(Ay) such that

nlgr;onn—ﬁan =0 and nlglgoHAnfn_ﬁnAfH:O

We refer the reader to the original works [Tro58, Kur69], for a reference
of the above proposition see [EK86, Theorem 1.6.1]. The result holds for a
wide class of semigroups, in particular, it can be applied to generators of
Feller processes which yields the following convergence result: For n € N, let
Sn and S be metric spaces, with S compact. Moreover, consider measurable
embeddings 1, : S, — S, foralln € N.
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Proposition 5.1.8. Let (7;)i=0 be a Feller semigroup on C(S), and for n € N,
let (7;(”))9() be a semigroup on B(Sy) (bounded measurable functions) given by a
transition function. If

(i) X := 1, 0 Y") has sample paths in D([0,0), S), where Y(") = (Yt(n))t20
is the Markov process corresponding to (7;(") £>0,

(ii) forevery f € C(S)andt >0

lim [|7," % f — R Tiflloo = 0,

n—oo

where ft, f := f o1y,
(iii) and X\") % v € My(S).

Then, as n — oo,

(X")iz0 % (X)ezo,  in D([0,9),5),
with (Xt)=0 being the Feller process associated to (T;)=o, with initial law v.

The proposition holds in greater generality for locally compact, separa-
ble metric spaces S, see [EK86, Theorem 4.2.11]. We also refer the reader to
[Kal02, Theorem 19.25].

It is remarkable that convergence of the semigroups in Proposition 5.1.8
implies tightness of the corresponding processes, which is worth a brief
explanation. To conclude tightness of (Xf”))t>0, it suffices to show that
(f (Xt(n))) 10 is tight for all f € C(E) [EK86, Corollary 3.9.3]. To see this, first
note that convergence of the semigroups implies convergence of the gener-
ators in the sense of Proposition 5.1.7(iii) above. Thus, for every f € D(A)
there exists a sequence f,, € D(A,) such that

o B = [ A7) s

is a martingale, while || f, — . f||«0,5, — 0. Here A, and A denote the gener-

ators of the semigroups in Proposition 5.1.8. The martingale structure allows

(1)

to uniformly control (in time and #) a modulus of continuity of (f(X;"))i=0

on D([0,00),R), implying tightness. This can be extended to all f € C(S).

For details, we refer the reader to [EK86, Theorem 3.9.4]. On the other hand,
(m)

convergence of finite-dimensional distributions of (X; ")~ is an immediate
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consequence of the convergence of semigroups, which concludes the desired
result.

Structure of the chapter

In Section 5.2 we show that Ly generates a Feller process and prove Theo-
rem 5.1.1. We make use of explicit approximations of the inclusion process
generator and the Trotter-Kurtz approximation theorem. Moreover, we prove
the equivalence of the Poisson-Dirichlet diffusion and our scaling limit in
Section 5.2.2. Lastly, we discuss the advantages of considering size-biased
dynamics in Section 5.2.3 and prove convergence of the inclusion process to
a Fleming-Viot process in Section 5.2.4. In Section 5.3 we determine the scal-
ing limit when 6 = oo, following a similar approach as in the case 6 < co.
We finish the section by proving the convergence §Lp — L stated in The-
orem 5.1.5. Lastly, we discuss boundary cases p € {0, o0}, fluctuations and
open problems in Section 5.4.

5.2 Scaling limits in the case dL — 6 < oo

5.2.1 The measure-valued process

In this section, we will prove that the measure-valued process generated by
Ly (5.8) is a Feller process on the state space E (5.5). Furthermore, we deduce
weak convergence for the inclusion process (on the path space) embedded in

the space of probability measures on the unit interval.

At this point, the space of size-biased probability measures E might still
seem abstract. However, as we see in the following lemma, it is in fact iso-

morphic to the Kingman simplex.
Lemma 5.2.1. The map u') : V — E, cf. (5.6), is an isomorphism.

Proof. First note that surjectivity is trivial due to the definition of E. Now,
consider p,q € V such that p # g. Then there exists an index i € N such that
pi # q; and p; = gq; for all j < i, without loss of generality assume p; > g;.
Then

P ([pi 1] Z Z = 1D ([pi 1)) (533)
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thus, V(p) £ y(q),
In order to show that the map u() is continuous, consider a sequence
of partitions (p(™),en converging to p in V. Then for every h € C([0,1])

(uniformly in n)

LY PP ™) = mO)| < sup |h(z) ~h(0)] -0, asM o, (5.34)
i=M 0<z< L

where we used the fact that p; < 1 for any i € N. This implies in particular
(™) 4 uP), recalling that u(P) (1) = h(0) + X2, pi(h(p;) — h(0)).
Continuity of the inverse is now immediate: Let (j,),en be a sequence in
E, weakly converging to u € M;([0,1]), then we can identify each u, with
a unique p") satisfying ‘u(”(ﬂ)) = py. Due to compactness of V, it suffices to
consider convergent subsequences, say (p!"i)) jen with limit p. By assump-

tion and continuity of y(')
uep™ 5 p) =, (5.35)

which particularly implies that € E. This concludes that each accumulation
point must agree with (1)) ~1() = p. O

Approximation of infinitesimal dynamics

The key result of this section is the following convergence result on the level
of pre-generators.

Proposition 5.2.2. Let p € (0,00) and d = d(L) such that dL — 6 € [0, c0). For
every H € D(Ly), cf. (5.7), we have with £1 n defined in (5.1)

lim sup |£,nvH(p")(M) = (LeH)(r™)| = 0. (5.36)
N/L=pneqy y

We split the proof of Proposition 5.2.2 into two parts. First, we only con-
sider test functions of elementary form H(y) = u(h), which corresponds to
measuring a single observable i € C3([0, 1]). We then extend the convergence
result to arbitrary test functions in the domain, which requires to understand
correlations between several observables. As usual, it turns out that only

pairwise correlations contribute to leading order.
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Lemma 5.2.3. Let p € (0,00) and d = d(L) such that dL. — 6 € [0, 00). Consider
H € D(Ly) of the elementary form H(u) = u(h), for some h € C3([0,1]). Then

lim sup [grnH(u")(n) — ™ (Aeh)| =0, (5.37)
N/LﬁpnGQLN

where Ay is the single-particle generator (5.9).

Proof. Let h € C3([0,1]) and define H(u) := wu(h). For the sake of conve-
z

nience we introduce the notation #(z) := z h(z). Thus,

L L
H(p™) = Hum) = () = Y 0 (%) = L h(Y),  6:39)

which allows us to write

H(um™) — H(um) = k(%) — h(%) +h(32) — (%)
1
5 (

=" (%) + 552" () — ' (%) (5.39)
11, 11 .
+o (%) + g5 (8),

using a second-order Taylor approximation of /1, with & € [0,1]. Therefore,

we have uniformly over configurationsn € O n

1 11 -
SL,NH(,”() Z Nx d—|—ny)[ h,(%)—’—ENzhH(nﬁy)
X, yeEA
XF#Y

where we used that 7’ € C([0,1]). We split the sum into two parts, analysing
terms with coefficients d n, and 1,1, separately. We begin with the latter:

* The contribution of inclusion rates 1,1y is limited to

MNx Ny 7 1) Mx M\ 77 (M
R (% (1= 2 )" (%), (5.40)
xyZeA N xg\ N( N> (N)
X7y

due to exact cancellation of the first-order terms 77'.

* On the other hand, contributions of the random-walk dynamics, induced
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by rates dmy, are given by

11~ _ 11-
¢ ¥ Bl - 1 () -F O+ 1 ()]
X, yeN
2
. L—1-
—ay [E @) - @) | o), G
xeA y#x

because second-order terms /" vanish in the thermodynamic limit due to

x - Nx dL | -
1Y ona (M) +(R) | < ab B sl lle < I oo

X, yeEN xeA

e
Furthermore, we can absorb errors arising from replacing X1’ with 7/,
into o(1).

Now, combining (5.40) and (5.41) yields
SvH(E) () (5.42)
Mx . > MNx 7/ /m,
= ¥ (=) (%) +ar [10) - X B (¥)] + o),

xGA xEA

where we additionally used Lemma 5.2.5 below to conclude the uniform ap-
proximation Y cp y.4 W (%) = I'(0) +o(1). Rewriting (5.42) in terms of
y(“), we have

ernH(u) () (5.43)
=uW(Z(1 - Z)W"(Z) +2(1 — Z)I'(Z) + dL(h(0) — h(Z) — ZK'(Z))) + o(1)

where Z ~ u™ and we used that //(z) = h(z) + zh'(z) = Bh(z) and " (z) =
2h'(z) + zh"(z) = (Bh)'(z). Lastly, since ||Bh||« < o0 and dL — 60, we indeed
have

Lo NvH(ED) (M) = p™W(Agh) +0(1), (5.44)

uniformly over allm € (; . This concludes the proof. O

Remark 5.2.4. The equivalence to the Poisson-Dirichlet diffusion can already be
observed in (5.42) when considering h to be of the form h(z) = z™~1, m > 2. In this
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case H(p™) =y (h) = YL (%) = ¢ (R), of. (5.17), and
SLnHE)M) = Gogu (F) +o(1). (5.45)

In the previous proof, we made use of the fact that a Riemann approxima-
tion over rescaled particle configurations is approximately given by evalua-
tion against a point-mass at zero. The following lemma provides a rigorous

proof of this fact.
Lemma 5.2.5. Let h € C(Ry) and p € [0,00). Then for any {1 — 0
L

LY h(@ne) — h(0)] =0, (5.46)

x=1

lim sup
N/L=pneqy y

Proof. Lete > 0and n € Oy n, then
1 L
'L 3 higume) — o)

Z]lémx>s (Cmx) — h( ’ ’ Z]lémx<e (Cinx) —h (0))

1
<2l 3 tamoc £ 1 TamseliGans) ~h(O)
x= x=
1 & 1 &
S 2||h||ooz Zl]lgLnx>€ +Os<ug ’h(v) - h(o)}z le]'gLnxSS'
xX= AN x=

The first term on the right-hand side vanishes, because the number of sites
satisfying {;ny > ¢ is upper bounded by {; Ne~! (otherwise the total mass
exceeds N). Thus,

1 & LGN
EZ et S T (5.47)

The second term, on the other hand, is upper bounded by sup_,., |h(v) —
h(0)],
uniform in )7 n. Now, taking first the thermodynamic limit N/L — p before

which vanishes in the small e-limit. Note that both upper bounds are

taking & — 0, finishes the proof. O

After having proved the statement of Proposition 5.2.2 for specific func-

tions, we can proceed with the proof of the full statement.
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Proof of Proposition 5.2.2. Let H € D(Ly). We assume H has the form
H(p) = pu(h) - pu(hy), meC(0,1)), 1<k<n, (5.48)

since linear combinations of such functions can be treated by linearity of the
operators and the triangle inequality. Thus, considering n € Oy y and the
configuration after one particle jumped from x to y, we have

n

H (™) = ][[1 (™) (hy)

with 7 denoting the remainder. This expansion allows to split

L
SnHE)M) = Y ne(d+ny) [Hpn™) — H(pam)] (5.50)
x,y=1

X7y

into three parts:

¢ First, we make use of Lemma 5.2.3 which yields

L n
Zlﬂx(d +1y) I;mk(nyNH) — () + Iy () — T (5)] H#(n)(hl)
XY= = =

x#y 7
_ kf;sL,N(w')(hk))(n)Hu“”(hz)
=1
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Z Aghk Hy hl —|—0 )

k=1
l#k

¢ Next, we prove that the remainder r has no contribution. More precisely,
for any non-negative sequence ay satisfying N?>ay — 0, i.e. ay lies in
0(%), we have

L
an Y Mx(d+ny) <ay(dL+ N)N — 0. (5.51)
x,y=1
xFy
This includes, in particular, the remainder (1) because each summand lies
in O(%), recall that each square bracket in (5.49) vanishes uniformly like
N—1, cf. (5.39).

¢ Lastly, we derive the interaction part where two observables are affected
by the transition of a particle. Again, we perform a Taylor approximation
for each of the two square brackets appearing in (5.49). Due to (5.51), to-
gether with (5.39), it suffices to consider only products of first-order terms
. Therefore, we are left with

1 L B B ‘ - - n

7 o Mx(d+my) (%) = ()] () — ()] TT #™ (1))
1<k<i<n x,y=1 j:l
x#y j#kl

plus some vanishing term, which we will denote by o(1). For the same
reason, we include the random-walk interactions coming from dn, in o(1),
and finally arrive at

xM . . . -
Y2 M) - O] ) - HOD) TTH ) +0(1)
1<k<i<n x,y=1 j=1
y #kl
= (SAIV k 1 j ’
2 O (hp) — ™ (R ™ (R)) TT 1™ () +0(1)
1<k<I<n j=1

where we expanded the product of square brackets and added the (non-
contributing) diagonal x = y, before writing the expression in terms of
y(“). Also, recall that i’ = Bh.
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Overall, combining the three bullets above, we conclude
SnH(EY)M) = LeH(E™) +0(1), (5.52)

uniformly inm € )y n. This finishes the proof. O

Convergence to the measure-valued process

The measure-valued process takes values in the space E = y(v) C Mq([0,1]),
cf. (5.5). Due to Lemma 5.2.1, E itself is closed, thus, compact, when consid-
ering the topology induced by weak convergence. Because this topology co-
incides with the subspace topology, the Hausdorff property of E is inherited
from M;([0,1]).

In this section, we show that the dynamics described by Ly give rise to a
Feller process and prove Theorem 5.1.1, which states that the process arises
naturally as the scaling limit of the inclusion process.

Proposition 5.2.6. For 6 € [0,00) the linear operator (Ly, D(Ly)) is closable and
its closure generates a Feller process on the state space E C M (]0,1]).

The proof follows along the lines of [EK81, Theorem 2.5], where existence

of the Poisson-Dirichlet diffusion is proven.

Proof. Throughout the proof, we will make use of the sub-domain

Dimon(Ly) ::{sub—algebra of C(E) generated by functions

1w u(h) with h(z) = 2", m € NO} CD(Ly). (5.53)

First note that, due to the Stone-Weierstrass theorem, Dy, (Lg) (and there-
fore D(Ly)) is dense in C(E), since it separates points: Consider y,c € E
such that 4 # o, then u(z™) # o(z™) for some m € N since otherwise all
moments, and hence y and o, agree.

Next, dissipativity of (Ly, D(Ly)) follows from (£ n)r N, since for any
H € D(Ly) we have

1A = Lo ) H(D) oy oo = AHED) oy e YA >0, (5.54)

with || - [|q, y,cc denoting the supremum norm on C(Qy,n). The left-hand side
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is upper bounded by
1A = Lo)Hl [0 + | LoH (1)) = LLNH () oy 0 (5.55)

since {u#™ : n € Qp Ny} C E, with || - || g,.o denoting the supremum norm on
C(E). The second term vanishes due to Proposition 5.2.2. On the other hand,

using Lemma 5.2.7 below, we have

|Hl o = sup [H(p™)| — sup |H(uP)| = ||H||E,co- (5.56)
neQrN pev

In the remainder of the proof, we first conclude that D,,,,(Ly) is a core
for Ly, using the fact that Ly is triangulisable. Then, the full statement fol-
lows immediately by an extension argument. For that purpose, we define
subspaces

Dy (Ly) :={H € Dyon(Ly) : deg(H) < n}, (5.57)

where deg(H) = mq + - - - + my if H is of the form p(z™) - - - u(z"™), m; € N
for 1 <j < k. When H is given by linear combinations of such products, the
degree denotes the maximum degree of the products. Note that (D, ([,9))">1
defines an increasing sequence with limit Dy, (Lg). It is only left to show
that £y maps elements of D, (Ly) back into itself. This is, however, imme-
diate since both parts of the generator £y (5.8) map polynomials of a certain
degree back into polynomials of the same degree, i.e. £y is triangulisable. By
[EKS86, Proposition 1.3.5] this is enough to conclude that (Lg, Dyon(Lg)) is in-
deed closable, and gives rise to a strongly continuous contraction semigroup
(Tt)¢>0 on C(E).

We can verify that D(Ly) is a core, by noting that
Range(A — Lo|p(z,)) D Range(A — Lalp,,.(z,)) (5.58)

is dense in C(E) for some A > 0, [EK86, Proposition 1.3.1]. Moreover, gener-
ators are maximal dissipative, hence, we know that the closures of both cores
D(Ly) and D,yon (L) must agree, see e.g. [EK86, Proposition 1.4.1], and gives
rise to the same semigroup (T;):>o. It is only left to show that the semigroup
is positive and conservative, in particular E is invariant under the dynamics
Ly. In order to see this, we apply Proposition 5.1.7, which concludes that
convergence of generators in Proposition 5.2.2 implies for all H € C(E) and
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t>0

Jim sup [TEVHEO) )~ (TH)(rW)[ =0, (559
HPT‘IEQLN

where T(-N) denotes the semigroup generated by £ n. Now, both positivity
and conservation follow from (T(N)); . This concludes the proof. O

It is natural to ask why going through the inconveniences of extending
the core from Dy, (Lg) to D(Ly) is necessary. We will see in the next section,
that the extended core allows for a better interpretation of the underlying
dynamics in the Poisson-Dirichlet diffusion.

The missing component in the proof above is that any element in V can
be approximated by particle configurations, independently of the thermody-

namic limit considered.

Lemma 5.2.7. Let X — p € [0, 00], then for any p € V there exist n"N) € Oy v
such that
A(LN)

1 1 —
N) _ (L,N) inv
N N1 pro v

Proof. Consider p € V with ||p|l1 = £5°, pi = 1 — 7, we then define ﬁfL’N) =
|piN|, fori € {1,...,L}. Hence, there are
L (LN L
M N(p Zﬁx =yN+) (piN—|piN]) <yN+L
x=1 i=1

particles to spare. Thus, defining n("N) € Q; y via

) M
(LN)_ q(EN) { LN(p)

Mx I J + 1< (Myn(p) modL), XE {1,...,L},
yields the desired approximation, since M;]NL( P 0,as N, L — oo. O

The proof of convergence of the inclusion process (when embedded in the
space of probability measures) to the measure-valued process characterised

by Ly, is now an immediate consequence of a classical convergence theorem.

Proof of Theorem 5.1.1. We apply Proposition 5.1.8, which states that conver-
gence of the semigroups in (5.59) implies convergence of the corresponding
processes. This immediately concludes the desired convergence result. [
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We can now use Theorem 5.1.1, to prove convergence of the inclusion
process to the Poisson-Dirichlet diffusion.

Proof of Corollary 5.1.4. Every function ¢, can be written in terms of an ex-

pectation

p = 1P () = eu(p),

with Ky, (z) := z"~1. Thus, we have

(0 (FAEN@)) = (N O)h)) S (usln) g, (5:60)

t>0 t>0

using Theorem 5.1.1. This convergence can be extended to arbitrary ele-
ments in Dy, (Gg ), in particular such sequences are tight. Thus, the sequence
((FAEN(1)) 1>0) 1y 18 tight and has subsequential limits, see e.g. [EKS86,
Theorem 3.9.1]. As convergence of finite dimensional marginals follows from
(5.60), we conclude the statement together with Proposition 5.1.3, which is

proved in the next subsection. O

5.2.2 Equivalence of the superprocess with PD-diffusion

In this section, we prove Proposition 5.1.3 and investigate the equivalence of
the measure-valued process generated by Ly (5.8) and the Poisson-Dirichlet
diffusion on the simplex V, generated by Gy (5.16). We already saw in the
proof of Lemma 5.2.3, cf. (5.42), the similarity of dynamics £y and Gy. Indeed,
a simple calculation shows that the two can be linked: Using the embedding
(5.6), we get forall p € V and H(u) = u(h), with h € D(A),

LoH(pP)) = u')(Agh)
= (1—|lpll1) Aeh(0)

+ i pi(Pi(1 = P (pi) + (201 = pi) = Opi) W (pi) + 0(h(0) — h(p1)) ) -

i=1
Defining now f(p) := uP) (h), we have
LoH (") = Gof (p) +21' (0)(1 — [[plh), (5.61)

where we used that d,,f(p) = —h(0) + pil/(pi) + h(p;) and 9y, f(p) =
Liej (2 (pi) + pih" (p1)-
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Remark 5.2.8. In [EK81], the domain of Gy was extended from D(Gy) to the sub-
algebra of C(V) generated by functions of the form p +— Y50, ¢(p;), with ¢ €
C2%([0,1]) such that g(0) = ¢'(0) = 0. This yields a similar expression as (5.61),
cf. [EK81, Display (2.17)]. However, the expression again only made sense with the
convention that sums are evaluated on V and extended by continuity, in which case
the second summand in (5.61) disappears.

Proof of Proposition 5.1.3. In order to show the equivalence of the two pro-
cesses, it suffices to restrict ourselves to the domains generated by mono-
mials, as defined in (5.17) and (5.53).

First note that every function H € Dy, (Ly) can be mapped naturally to
a fu € Dumon(Gp) (and vise versa): Let H € D,yn(Ly) be of the form H(u) =
u(hy) -« u(hy), with i (z) := 2™, then fy = @u, - - - ¢, where we recall
¢um(p) = LiZ1 pj"- Then

(LeH)(pP) =2 Y g (P (hhy) — %) (i) ®) () TT 1™ (y)

1<k<I<n j#k,1
+ Z V(”)(Aehk)l_[ﬂ(p)(hj)/ (5.62)
1<k<n ik

where we used that Bl = my hy. Rewriting the right-hand side in terms of

¢’s, we have

(EGH)W(')) =2 Z mkml(q’mkwLmﬁl - G"mk‘/’mz) H Prm;

1<k<I<n £k
1<k<n i#k

where we used ") (Aghy) = Gopm, from (5.61). Thus, (LeH)(u)) agrees
with Gy fir on Dyon(Gp), cf. [EK81, Display (2.13)]. Let (X;);>0 be the Poisson-
Dirichlet diffusion, then for every H € Do, (L)

H(uX0) — /ot LoH(uX)) ds = fru(X;) — /Ot Gofr(Xs) ds (5.63)

defines a martingale in t. Thus, (u(X));¢ solves the martingale problem for
(501 Dinon (EG))

Now, it is almost immediate that properties (i) — (iii) in Proposition 5.1.3
hold for the measure valued process (¢)¢>o. First, let G,H € Dyon(Ly)
and choose corresponding fg, fu € Dmon(Gg) as above. We know that
(LeG)(uP)) = Gofs(p). Writing v = PD(8) for simplicity, we have for
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P:=uyv
P(HLoG) = v(H(u'")(LeG) (1)) = v(fuGofa) - (5.64)

It is known that v = PD(0) is the unique invariant distribution with respect
to Gg [EK81, Theorem 4.3]; which is also reversible. Together with the above
display, this yields P(HLyG) = P(GLyH).

Continuity of the trajectories in (ii) follows from the diffusion property of
(X¢(w))s=0 and continuity of the map p().

Lastly, (iii) follows because

P (1:({0}) =0 ¥t > 0) zll’(y(xf)({o}) =0 w>o)
=P(X; eV Vt>0)=1,

where the last equality is a consequence of [EK81, Theorem 2.6]. O

Remark 5.2.9. Naturally, we could have proven convergence of the inclusion pro-
cess to the Poisson-Dirichlet diffusion directly and then defined the measure-valued
dynamics using the embedding via u"). This would have slightly shortened the expo-
sition in the present section, since it would not have been necessary to verify existence
of the limiting dynamics. We refrained from doing so, for a better understanding of
the underlying dynamics of the measure-valued process, in particular on the extended
domain D(Ly).

We conclude this section with a brief study of the single-particle dynamics
(5.9):

Agh(z) :=z(1 —2)h"(z) + (2(1 — z) — 0z)W'(z) + 6(h(0) — h(z)),

which characterises a Feller process on the unit interval. The process evolves
according to a diffusion with an additional renewal mechanism, due to jumps

to zero.

Lemma 5.2.10. The Beta distribution Beta(1, 0) is the unique invariant distribution
with respect to Ay.

Proof. For 0§ = 0, we interpret the degenerate distribution Beta(1,0) as the
Dirac point mass 6. The statement is then clear since Agh(1) = 0, in this case
the point mass is even reversible.
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Now, let 6 > 0 and consider H(u) := u(h), then by Proposition 5.1.3(i)

0= P(LoH) = [ u(Adh) P(dp) = E[ Y- XiAoh(X))| = E[Aoh(%0)],
i=1
where X ~ PD(0). It is well known that the first size-biased marginal X; is
Beta(1, 0)-distributed [Fen10, Theorem 2.7].

Uniqueness of the invariant distribution is due to Harris recurrence of
the process, see e.g. [MT93]. For the case § > 0, the resetting mechanism
guarantees that the process returns to zero infinitely often almost surely. On
the other hand for 6 = 0, Ag agrees with a Jacobi diffusion, see (5.66) below,
and the corresponding process runs into the absorbing state z = 1 in finite
time, independent of the initial condition. ]

Due to the jumps to zero, one does not expect that Beta(1,0), 0 > 0, is re-

versible with respect to Ag. Indeed, this can be verified easily by considering

2

the example h(x) = x and g(x) = x*, in which case for every 6 > 0

86T (0 + 1)
T(0+4)

60T (0 + 1)

Beta(1,0)(gAgh) = I(6+4)

+ = Beta(1,0)(hApg) .

5.2.3 The advantage of a size-biased evolution

Throughout the previous sections, we have seen two viewpoints of the same
dynamics. The classical Poisson-Dirichlet diffusion considers a ranked con-
figuration space. However, this obscures the dynamics on microscopic scales,
which results in defining the right-hand side of the generator Gy (5.16) to be
“evaluated on V and extended to V by continuity”. Alternatively, one can
consider unordered dynamics, i.e. observing the evolution from a fixed posi-

tion, or a size-biased viewpoint.

The Poisson-Dirichlet diffusion concentrates immediately on configura-
tions with macroscopic-sized fragments (condensation occurs), which can
only be supported on a vanishing fraction of the volume. Hence, an un-
ordered state space can only describe dynamics up to a certain point, at which
the mass at the observed positions disappears. The goal of this section is to
emphasise that a size-biased viewpoint allows for both, a complete descrip-
tion of the macroscopic dynamics, while observing interaction with the mi-
croscopic scale.
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Time evolution on fixed sites

First, we look at arbitrary finite positions and observe the evolution of mass
on them. As the inclusion process is spatially homogeneous, we may choose
for simplicity n — (M1, ...,MNn)-

We start by only considering the evolution on the first site. Performing
similar approximations as in Section 5.2, we can see for an arbitrary function
h € C3([0,1]) that

SN M) = Apeeh () +0(1), (5.65)
where
Apeyh(z) = z(1 = 2)h" (z) — 0z 1 (2) . (5.66)

In fact, Aj,.(9) emerges from (5.42) when fixing a position x. The operator
Ajae(p) 1s the generator of a Jacobi-diffusion, cf. [FPRW23], and describes the
evolution of a single chunk of mass located at a given position.

To describe the evolution on the first n positions we introduce for
i=0,1,...,n

LF if1 §1§n
& =&i(n) = { o (5.67)
N-Y & ifi=0,

where &) denotes the remaining mass in the system outside locations 1, . . ., n.
Thus, the rescaled vector & lies in A1 == {p € [0,1]"*! : Y  p; = 1}.
Again, by approximation of the generators, one can show that

L(EB) =0 5 WF,11(6,0,...,0). (5.68)
Here, WF,,11(6,0,...,0) denotes the Wright-Fisher diffusion on A, which
is characterised by the generator
. 2
Awk, o 00)(20,..0) = ) zi(Lizj — 2))92 . h(20,...n) (5.69)

i,j=0
n

i=1

acting on those 1 that have an extension to R"*! which is twice continuously
differentiable.
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For a single observable, the Jacobi-diffusion has an absorbing state at z =
0, which it runs into in finite time almost surely [Dur08, Section 7.10]. Simi-
larly, the Wright-Fisher diffusion will be absorbed at (1,0, ...0) € A1, after
which the process does not capture the dynamics of the infinite-dimensional
process anymore as all the mass has moved away from the first # sites.

For the Poisson-Dirichlet diffusion, the relationship to the Jacobi and
Wright-Fisher diffusion has been studied in the two-parameter setting
[FPRW23] in greater generality. There a Fleming-Viot construction of the pro-
cess, cf. (5.32), is used. Because they start from the Poisson-Dirichlet diffusion
on V, there is no underlying graph structure and instead of placing mass at a
fixed position, they choose a uniform random variable on [0, 1] which deter-
mines the position of the point mass.

It is interesting to note that the boundary behaviour of the Jacobi diffusion
agrees with the one of the PD-diffusion. More precisely, in the case of the
Jacobi diffusion the state 1 can be reached if and only if 6 < 1, see e.g. [Shi81,
Theorem 4.1] or [Dur08, Section 7.10]. Similarly, the PD-diffusion (X;);>¢ hits
the finite dimensional sub-simplices VN {}Y_!"; p; = 1}, for any n > 1, if and
only if 6 < 1 [Sch91].

Duality and size-biased time evolution

For a measure valued process with generator £y (5.8), the evolution with
respect to a simple test function H(u) = u(h) is given by Dynkin’s formula

dur(h) = ur(Agh) dt + dM", Vi e D(A). (5.70)

Here, (Mt(h))t>0 is a martingale. Continuity of the process (y;)¢>o, and thus
of the martingale (Mt(h))tzg, follows from the equivalence with the Poisson-
Dirichlet diffusion in Proposition 5.1.3. Now, taking expectations in (5.70),
we see that fi; := B, [p;] satisfies

d
5 = fr(Agh), Vh e D(A),

which is solved by the time evolution of (E,,[1(Z)])¢=o, for a Feller process
(Zt)i>0 on [0,1] with generator Ay and initial distribution yo. As a conse-

quence, we have the following duality

Eyo[ue(W)] = By [1(Z1)],  Vh € D(A), (5.71)
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where (Z;);> is the one-dimensional diffusion with resetting to 0, generated
by Ap. The identity can be extended to all i € C([0,1]) by standard argu-
ments, see [EK93, Section 6] or the proof of Proposition 5.3.5 below.

In analogy to known duality properties of the microscopic particle system
[GKR07, CGR21], this can be used to get closed evolution equations for mo-
ments. For example, h(z) = z describes the expected second moment of the
mass distribution and we get

S Euli(2)] = Byl Ag1d(2:)]

(5.72)
= By, [2(1- (1+0)Z1)] = 2-2(1+ 0)E,, [(2)],

1
jE

the expected second moment of the GEM(6) distribution, in accordance with

which has an exponential solution that converges to the stationary point

Proposition 5.1.3(i). The duality in (5.71) is also interesting from a computa-
tional point of view, as it allows to continuously track the expected behaviour
of the infinite-dimensional process. For this, only a finite-dimensional diffu-
sion is necessary, which does not run into any absorbing states (in contrast

when observing a fixed set of lattice sites), e.g. (5.72).

Dualities for measure-valued processes were previously considered in
[DHS82] and [DK99], see also [EK93, Section 6] for a summary. We stress once
more the difference in point of view: In previous works, the dual particles en-
code the position of clusters on the underlying lattice. On the other hand, in
our size-biased approach the state of dual particles characterises the fragmen-
tation of mass in a given configuration/partition. In particular, dual particles
take into account microscopic states, due to the resetting to 0.

In Proposition 5.3.5, we will see that for dL — oo such dualities extend
directly to nonlinear test functions H(u), due to the absence of an interaction
part in the generator £ (5.15).

5.2.4 Convergence to a Fleming-Viot process

This section is an extended remark on how to prove convergence of the in-
clusion process to the Fleming-Viot process (5.30), with mutation operator
(5.31)

Apvh(u) = 9/01 [h(w) —h(u)] dw.
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Instead of considering the generator £1 x (5.1) on () , it is more convenient
to define the inclusion process on a state space that keeps track of particle

positions. More precisely, we define
Spn:=AY, with Ap:={1,...,L}.

Now, the (labelled) inclusion process is described by the infinitesimal gener-

ator
N , N .
Grng(o) = ) [g(c"™) —g(o)] +d ) ZA[g(UH") —g(o)], (573
ij=1 i=1xe
where
. X ifi=j,
0’; = { o (5.74)
op ifi#],

denotes the updated position after the i-th particle jumped onto site x. The
generator &, y characterises a Markov process on Sy, y, which we denote by
(e EN)(£))50. We can recover the corresponding unlabelled particle configu-
ration using

t:Spn — Qpn  with l(U’)x = Zﬂg'i:x,

1

in particular we have £, nf(1(0)) = & nf(e(+))(0), forall f € C(QpN)-

N
=1

Once more, we interpret particle configurations as probability measures

on [0, 1]. However, now we consider the embedding
) 1y
v o N;é%EMd[O,l]), (5.75)

where rescaled particle locations are encoded on the “type space” [0,1]. The
convergence of processes, under the embedding (5.75), follows from the ap-
proximation of generators in analogy to our main result. Again, we start with

test functions of the form

z

y(‘f)(h):%. h($), hec’(o1)]),

1

Il
—_
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in which case the action of & y reads

N q . . N 1 .
S (h) = Y LD — D] +a) Y [(E) —h(P)]

=N ~ N

=1 i=1xeA
Because the first sum on the right-hand side vanishes by symmetry, we are
only left with

(o) ul 1o s o o 1 x
GV (h) = d;xeA N () = ()] =L v | - X;Ah(f) —hl
which implies the uniform convergence
lim sup |&;n@") (h))(0) — W)(Awh)\ = 0.
N/L=p oceAN

By considering cylindrical test-functions, this convergence can be extended to
a core of the Fleming-Viot process with generator Lry (5.30), in full analogy

to our main results. We leave out further details.

Overall, this yields convergence of the (labelled) inclusion process in the
following sense: If vz {N) (0) 4 vp then

d .
(™M) % (u)izo,  inD([0,00), Mi([0,1])),
where (v4);>0 denotes the Fleming-Viot process generated by (5.30) with ini-
tial condition vy.

5.3 The diffusion limit in the case dL — o

This section treats the scaling limit of the inclusion process in the regime
dL — oo, where condensation on mesoscopic scales is expected. This case
may also be considered as an interpretation of the Poisson-Dirichlet diffusion
with infinite mutation rate & = oco. Clearly, this corresponds to an infinite
drift towards zero in the single particle operator Ay, cf. (5.9). Thus, in order
to see non-trivial dynamics, we have to rescale time appropriately. Recalling
(5.43), we see that

e H(O) () = i (1(0) ~ h(z) 2 (2))) +o(1), (576
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where H(u) = u(h), h € C3([0,1]). The time-change also eradicates the
interaction term in the corresponding measure-valued process. Indeed, we
are left with a process that pushes mass (deterministically) from the interval
(0,1] onto zero. Hence, mass will not accumulate on the macroscopic scale.
Instead, we need to consider an appropriate mesoscopic scale to see the actual
dynamics of the fast mixing mechanism.

In [JCG19] it was proven that, at stationarity, mass condenses on the meso-
scopic scale of order d~1, when p € (0,00), cf. (5.3). Thus the embedding of
particle configurations into M1 (R ) via (5.11) with g = y'L_, nﬁ"é%m is an
appropriate a-priori choice.”? In order to take mass into account which lies
on larger scales, we will consider probability measures M;(R;) on the one-
point compactification Ry = [0,00]. We equip M;(R;) with the topology

induced by weak convergence, thus, M1 (R} ) is compact.

5.3.1 Deriving the diffusion limit

Once more, we rely on the Trotter-Kurtz approximation to conclude the scal-
ing limit in Theorem 5.1.2. We follow the same steps as in Section 5.2, carried

out below for completeness.

A

Proposition 5.3.1. Let H € D(L), then

lim sup isL,NH(ﬁ('>)(n)—ﬁH(ﬁ<n>) =0. (5.77)
N/L=pqeq, y | 4L

Below, we will show that the interaction term of the limiting measure-
valued process indeed vanishes. First, we only consider test functions of the
form p — u(h).

Lemma 5.3.2. Let p € (0,00) and H(u) = u(h), with h € D(A) (5.13). Then

1 )
li kS H(a®) A (AR = ”
e il TR () (m) — W (An)| =0, (5.78)

where A is the single-particle generator defined in (5.12).

Proof. We assume that h € C3(R..), since the claim is trivially true for con-

stant functions. Moreover, we will write p, := dL“Wx.

2For the case p € (0,00), also the choice dan, is appropriate and leads to a p dependent
limit. However, for the boundary cases p € {0, oo}, the given choice turns out to be the correct
one.
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Following the same steps as in the proof of Lemma 5.2.3, we have

1 o 1 & ~ ~
EQL,NH(V( N(m) = SN2 x;1 Ny (1" (px) + 1" (py)) (5.79)
e
1 & - -,
+ 13 2 (W (py) = (px)) +0(1),
x,y=1
X7y

where we gained an additional factor (dL)~! by rewriting Th(dn,) =
dl—Lﬁ(px). Here we used again the fact that second-order terms in the sec-
ond sum have a vanishing contribution, and first-order terms in the first sum

cancel exactly, cf. proof of Lemma 5.2.3. Hence, (5.79) can be written as

1 X X\
arSevHE ) ) = 5 (1= )R () (550
1 7./ Nx 7/
+ |+ ) h — ~h(px)| +0(1).
L L) = Z ()] o)

Using again Lemma 5.2.5, we have 7 Yyen W' (py) = I’ (0) + o(1). Hence,

1

— 2 nH(p)(n)

il ™ (1" (p) + [1(0) = ' (p)]) +0(1)

MW (Ah) +0(1),

I
~

where we additionally used the fact that 7" is bounded and of compact
support, thus, J-7”(p) vanishes in the thermodynamic limit because dL —
0. O

Remark 5.3.3. Considering the state space M<1(Ry.) instead of M;(R.), (5.80)
suggests that A should act via

H s (u p(An) + (1—pu(1))h(0)), (5.81)

on functions H : M<1(Ry) — Rof the form H(u) = u(h). The extra term takes
into account the transfer of mass from larger scales (above X-), which is pushed onto
microscopic scales, cf. Corollary 5.3.8. However, p — u(1) is not a continuous
function on M<1(Ry). Instead, the mass transport from larger scales is implicit in
the generator L, as we will see below.

Proof of Proposition 5.3.1. Tt suffices to consider functions H € D(L) of the
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form H(u) = u(hy) - - - p(hy), with by € C2(R). The interaction term of the
operator £ is again given by the second-order term of the following expan-

sion
H(fum™)
= H(ﬁ(n))
1 n
Z lic(py + %) = Fuc(py) + hic(pr — 55) = Fc(px) H
k*l %;
1 -
t—— Y [ulpy+ %) = T(py) + ie(px — %) = Te(px)] - (5.82)
(dL) 1<k<I<n
[hl<Py ) hl(Py) + hl(P ) —El<Px)] H .ﬁ(n)
j]#:kl,l
1
+ '™

In the first order term, each summand can be treated individually using
Lemma 5.3.2. It only remains to check that both second-order term and re-

mainder have no contribution.

A first-order Taylor expansion yields the following bound

i(py + %) = py) +Ripe — %) = T(pa)

1) = )+ 33 07(8) + )

< 2% (17 lloo + 17" |e0).

where &,,&, € [0,dN] correspond to the associated remainder term. Hence,
the second-order term in (5.82), after applying - £, is upper bounded (up
to a constant) by

1 n
T L N2 Z M (d M) (Fiklloo + 11 lloo) UBtlloo + 1 [leo) TT jllec

1<k<I<n x,y=1 j=1
x#y j#k1
which vanishes as dL — co. For the same reason, higher order terms in the
expansion (5.82) have no contribution either. O

The closure of (A, D(A)) generates a Feller semigroup on R.. Thus, the
closure of (£, D(L)) generates a Fleming-Viot process on the compact space
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M1 (R4 ), with trajectories in C([0, c0), M (R4 )) [EK87, Theorem 2.3], in the
absence of interaction. We now have everything at hand, to prove Theo-
rem 5.1.2.

Proof of Theorem 5.1.2. Once more, convergence of generators (thus semi-
groups, cf. Proposition 5.1.7) in Proposition 5.3.1 suffices to conclude con-
vergence of the processes in D([0, ), M(R.)), by Proposition 5.1.8. Note
that any fixed initial condition # € M;(R+) can be approximated by par-
ticle configurations using the embedding /1), cf. Lemma 5.3.4 below. This
completes the proof. O

Lemma 5.3.4. Let p € [0,00] and d = d(L) such that

N dL

Then for any u € My (R}), there exist n\LN) € Qy v such that
a2y (5.83)

Proof. We will see that it suffices to approximate discrete measures of the

form

m
8080 + Kooboo + Y, 2i6p, € M1 (Ry), (5.84)
i=1

with p; € (0,00),1 <i < m.Letvbesucha probability measure.

We explicitly construct configurations in (); y that converge to v under
the map (5.11)

M _ M
av = = );1 N oaLy s

when considering the thermodynamic limit N/L — p € [0, 0].

First, we consider the point masses lying in (0,00). For convenience, let

us introduce

L N ' L Oél'N
ki = LinlJ and #; = { K J .

Note that k; — o0, as N/L — p, by assumption.
Now, let i’ be the vector given by gluing together vectors (k;, ..., k;) €
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N#,1 < i < m. Recalling that p; > 0, we then have

Ly <y mN ey
— # < <24
L= l i—1 %k el 7

and the right-hand side vanishes, because the sum is finite. We will assume
that the resulting vector 1’ lies in N’, since we can append zeros until n’ has

length L. In particular, the relative number of empty sites converges to one.

It only remains to distribute the remaining particles, to create the point
masses at zero and infinity. Thus far, only #y = Y /" ; #; sites are occupied in
n’. We start by adding ke := | e N| particles onto the (#z + 1)-th position of
N’ (which is empty). This corresponds to the point mass at infinity.

The number of particles allocated to 1 is upper bounded by
m
koo + Y _ki#i <N+ Y ;N = (1—a)N.

We distribute the remaining ko := N — koo — Y_j" 1 k; #; particles as uniform as
possible, among all empty sites of )’ (there are #, := L — #y — 1 many). This

yields the configuration

Ny ifl1<x<#s+1,
Ny = ko )
L%J + ]IXG{#2+2,...,#):+1+(k0 mod #) } otherwise.

Because the number of non-empty sites in 1)’ is relatively vanishing, all parti-
cles distributed on previously empty sites will correspond to the point mass
at zero. Note thatn € (f y by construction.

Indeed, the constructed particle configuration | approximates the discrete
measure arbitrarily well in the thermodynamic limit, as for every f € C,(R~)

we have

0= 3 T () e () + K e (S

x:#): +2

which converges to

lim M (f) = agf (0) + oo f (00 +Za1f pi) =v(f).

N/L—p

Now, for every u € M; (R ) there exists a sequence (v, )nen Of measures of



220 CHAPTER 5. SIZE-BIASED DIFFUSION LIMITS

the form (5.84) such that v, 4 1. Moreover, each v, can be approximated by a
sequence (n,gL’N)) 1N following the above approach. Hence, we can construct
a sequence of configurations with the desired property, using a diagonal ar-

gument. OJ

5.3.2 Duality and the hydrodynamic limit

The evolution of a single observable H(fi;) := fi;(h), h € D(A), can be ex-

pressed by Dynkin’s formula as

dp;(h) = pr(An) de + dv, (5.85)

with the quadratic variation of the martingale Mt(h) given in terms of the carré

du champ operator:

A

(M) = /Ot (LH2() — 2HLH (f5) ) ds.

Note that [M(")] vanishes because LH? = 2HLH, cf. (5.15). Hence, M) = 0
and (fi;)¢>0 solves the ODE

dpe(h) = e (Ah) dt. (5.86)

Therefore, the absence of interaction in £ leads to a deterministic evolution
of (f1t(h))s=0, which can be described by a single particle, evolving accord-
ing to A. Unlike in the case of dL — 6 < oo, we can fully characterise the
semigroup of £ by considering only the evolution with respect to the single
particle generator A.

Proposition 5.3.5. Let ¢ € C(R',) and define G(u) := u®"(g), then for any
flo € M1(Ry)

N

G () =Egen [g(Z0)] , V20, (5.87)

where (fiy)s=0 evolves with respect to £ and (Zt)¢>o is the process consisting of n
independent copies generated by the single-particle generator A (5.12). Notably, for
n = 1 we have fiy = Law(Z;), whenever the initial conditions agree in the sense
that Zo ~ flo.

Proof. We follow the same steps as in [EK93, Section 6], which we reproduce
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here for completeness. First, we define the operator

A

C(”)g(zl,...,zn) = Z Ag(zl,...,zk_l, L Zkats - Zn)(2k), (5.88)
k=1

acting on functions g € C? (ﬁi), which satisfies

LH(p) = u" (€M),
for any H € D(L) of the form H(u) = u(hy) ... u(hy), with h; € D(A), and
gy =M ®- - ®h, € C*(R}). This implies

(A—L)H(u) = p*" (A —C"™)gn), VA>0,ue Mi(Ry). (5.89)

Thus, forany g € C (ﬁ’fr) and A > 0, we have

A A A

EE((A =€) hg) = (= £)7H (o5 (A = €N (A = €)1 ()
= (A =£)"6(),

where G(u) := u®(g). Now, we use the fact that

Eg, [G(4)] = lim (1 - %L) "G() = lim ﬁg@"((l - %C(”)>_mg) .

m—00 m—00

Because the expression inside the expectation on the right-hand side con-
verges uniformly in C(R’,), we can take the limit inside the expectation.
Overall, this yields
. . . f oA —m A
Eg,[G()] = 5" (lim (1- -C™) "g) =Epon [g(20)],  (590)

where Z is the process generated by C(").

Now, let us consider the case n = 1, for which (5.90) reads
fr(h) = Ep, [fir(h)] = Epy [h(Z1)] , Vt>0, he C(Ry), (5.91)

where we additionally used the fact that fi;(h) is deterministic, cf. (5.86). In
particular, (5.91) implies that fi; = Law(zt), and the measure-valued evolu-
tion (f1;)s>0 is indeed deterministic. Thus, the expected value on the left-hand
side of (5.90) has no affect and can be dropped. O

The duality result in Proposition 5.3.5, and equivalently Theorem 5.1.2,



222 CHAPTER 5. SIZE-BIASED DIFFUSION LIMITS

can be interpreted in the sense of a hydrodynamic limit.

Proposition 5.3.6 (Hydrodynamic limit). Consider the process (fi;)i>o generated
by L with initial data fly € My(Ry). Then for every t > 0, fi; has a Lebesguie-
density f(t,-) on Ry. The evolution of the density (f(t,-))s>o solves

0tf(t,z) =z 02f(t,z) +z0.f(t,2) 5.92)
with limyo [3° h(z)f(t,z) dz = fig(h) for every h € Cc(Ry).
Remark 5.3.7. The diffusion part of the generator A, given by

Aph(z) :=zh"(z) + (2 — 2) () . (5.93)

Ap generates the so called Cox-Ingersoll-Ross model, see e.g. [Mar11], which is a

well studied diffusion process in mathematical finance and population genetics.

Proof. First consider the case of an initial condition that has no atom at infin-
ity, i.e. [[follpir,) = 1, and let zg € [0,00). The Cox-Ingersoll-Ross model
generated by Ap is known to have a density g(t,-|z9), for any positive time
and initial data [Mar11, Display below (3.2)]. In fact, it is explicitly given and

for zg = 0 it evaluates to

g(t,2]0) = (22)2e2<2‘4>1 with ¢ :=1(1—c¢"). (5.94)

Furthermore, for any t > 0 we have gt(-|zo)‘(0 ) € C*®((0,00)) [Marll,
Proposition 3.2]. The resetting mechanism is given by a Poisson jump pro-
cess, thus, [APZ13, Theorem 1] guarantees that also the process (Z;)>o, gen-

erated by A, has a density which is given by

f(t,z|z0) = e 'g(t,z|z0) + /Ote_sg(s,z|0) ds. (5.95)

We note that f (¢, -|zo) inherits the regularity properties of g(t, -|zo) on (0, o).

This follows from the change of variable r = z/(2/;) with % = — G
which yields for every z > 0

f(t,2]20) = e7'g(t,2]20) + / e dr=eg(tzlz0) +e T (5.96)
20;

Hence, f(t,-|zg) € C*((0,00)).
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It is only left to verify that (f(¢, -)):>0 indeed solves the given PDE. Using
integration by parts, we see that for any & € C2(R..), we have

i (Ah) = /O " f(t,2) Ah(z) dz = / TAf(2)h(z) dz,  (5.97)

0

with the adjoint action defined as

A*f(z) = zf"(z) + zf'(z) + bo(2) (1 — f(2)). (5.98)

Hence, the density f = (f(¢t,-)| . OO)) ;>0 in (5.96) solves the PDE

owf =Af, £(0,)) =0y. (5.99)

From (5.96), it is easy to see that lim, ,g f(t,z) = 1 for any t > 0, since
<(t,0]zg) = 0 for all zo > 0. Thus, the boundary term in (5.98) vanishes
and we are left with the PDE in the statement.

Lastly, consider fy = 6. The only way (Z;);>0 can escape infinity is
via the resetting mechanism. Therefore, (5.96) still applies with g(f,z|zo) re-
placed by 6., since P(Z; = o) is equal to the probability that the process
has not jumped yet. One can check that also f(-|oo) solves the given PDE
on (0, 00) with the correct boundary condition. The result for arbitrary initial
conditions now follows by integrating over the densities with respect to po
and Leibniz rule. O

Given the explicit form of the density (5.96), we can read of the evolution
of the mass process (pt(R4))¢>0.

Corollary 5.3.8. Forall t > 0, we have
u(Ry) =1~ (1—fo(Ry))e™" (5.100)
Proof. We integrate the PDE from Proposition 5.3.6 in space, which yields
At ow = [ (232£(02) +20:(8,2) dz. (5.101)
Using integration by parts, the right-hand side simplifies to
day = (1 —a) dt, ap = po(Ry). (5.102)

Its solution is given by (5.100). O
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Figure 5.2: Simulations for both the inclusion process (N = L = 1024,
d = L™Y2 = 1) and the jump diffusion generated by A agree, in accordance
with Proposition 5.3.5. The black graph shows the density profile of the em-
bedded inclusion process (5.11) (1000 samples), whereas the grey histogram
represents the density of the jump diffusion (10000 samples). Both profiles

converge rapidly to the unit exponential density (green line), cf. Lemma 5.3.9.

We considered an initial condition fip = J,, z >~ %

Let us summarise the invariance and exponential ergodicity property of

(ft)r>0-

Lemma 5.3.9. The process (Z;) >0 satisfies the following properties:

(i) The exponential distribution Exp(1) is the unique invariant probability mea-

sure.
(ii) We have

|Law(Z;) — Exp(1)]| 4, <e', VE>0. (5.103)

Proof. The fact that the exponential distribution is invariant can be explic-
itly proven using integration by parts, but also follows directly from [APZ13,
Corollary 1]. The exponential ergodicity is a consequence of [APZ13, Theo-
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rem 2]. The same result yields that the process is Harris recurrent, thus, the

Exponential distribution is the unique invariant distribution. O

It is an immediate consequence, that the point mass on the Exponential

distribution is an absorbing point for the measure valued process.

Corollary 5.3.10. The atom P = Sg,p1) € Mi1(M1(Ry)) is reversible with re-
spect to the dynamics induced by L.

Proof. Let H € D(L) be of the form H(u) = pu(hy) - - - u(hy,). For simplicity
we write v := Exp(1) € M;(R4). Then

LH(v) = f v(An) T v(l) =0, (5.104)

j=1 I#j

as v is invariant with respect to A, cf. Lemma 5.3.9. Thus, P(FLH) = 0 =
P(HLF).

O

5.3.3 A natural extension of the PD-diffusion

In this section we prove Theorem 5.1.5, which states that £, (which is equiv-
alent to the Poisson-Dirichlet diffusion Gy) has a limit as § — oo under appro-

priate rescaling.

Proof of Theorem 5.1.5. Once more, the statement is a conclusion of the Trotter-
Kurtz approximation theorem. We state the essential steps for completeness.
Let H € D(L) be of the form p + u(hy)---pu(hy), hy € D(A), and define
Hy € D(Ly) by

Esur—uh(0-)) - u(ha(6-)), (5.105)

with 7 (0 -)’s elements of C3([0,1]). We have

Ahi(0z) — %Aghk(Q )(z) = z(0z by (0z) + 2y (62)) . (5.106)

If hy is a constant function, the right-hand side vanishes. On the other hand,
if by € C3(R), we can write

sup ‘.u((Ahk)(e)) - %V(Af)hk(e )) ‘ Schk supy(Z ILBZGS.upp(hk))
uekE uckE

=Cy, sup {z ]lezesupp(hk)}’
z€[0,1]
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where Z ~ p and Cy, is a finite constant, depending on /. The right-hand
side vanishes as § — oo, due to /iy having compact support. Along the same
lines, we can show that the interaction term of § £, disappears. Overall we
conclude

lim sup |4 LoHp(p) — (LH)(Sop)| = 0. (5.107)

6—oc0 pueE

Again, the convergence of generators suffices to conclude weak convergence

on the process level. O

5.4 Discussion and outlook

We conclude this chapter with a discussion of boundary cases in the setting
considered and outline future directions, as well as work in progress.

Throughout the chapter, we assumed that p = limy . N/L € (0,00).
However, the derived scaling limits do not depend on the actual value of
p, as we study the distribution of mass after renormalising by N. As long
as N,L — oo, our results extend to the boundary cases p € {0,00}, up to a
regime around p = 0 in the case dL — cc. In this regime we see an interesting
transition of the clustering behaviour, see Lemma 5.4.1 below.

First consider § < oo and d — 0, for which both cases p € {0,00} are
covered by our proof. For p = 0, i.e. N < L, this is clear intuitively, as
an increasing number of empty sites does not affect the dynamics since the
total diffusivity per particle is dL — 6. On the other hand, if p = oo it may
seem surprising that the number of sites L does not play a role (as long they
are divergent). Here, the core lies in Lemma 5.2.7, which states that for any
thermodynamic limit, we can approximate configurations in V (equivalently
measures in E) by a sequence of particle configurations. Indeed, having a
closer look at the proof of Lemma 5.2.7, we see it is only necessary that a
macroscopic excess mass of order O(N) can be distributed uniformly over
sites while not being visible under the macroscopic rescaling % This is the
case, since we can always allocate O(¥ )-many particles on sites (which might
itself diverge), however, under macroscopic rescaling we have % % — 0.

Our approach can further be adapted, with minimal changes in
Lemma 5.2.5, to cover the situation of fixed L and d = d(N) — 0, as N — oo.
This has been considered in [BDG17, KS21], to study the metastable dynam-
ics of a single condensate on a large time scale. In our time scale, the system
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is described by a Wright-Fisher diffusion (5.69) with a single cluster site as
absorbing state, describing convergence to a typical stationary configuration.

Now assume 6 = co. In the case p € (0, o), the results in the present chap-
ter, and also [JCG19], yields that a size-biased chosen chunk (at equilibrium)
is approximately exponentially distributed with mean ~ . In fact, looking
at the proof of Theorem 5.1.2, the result remains true as long as dL/N — 0.
This trivially holds when p = oo, in which case cluster sizes live on the scale
of order

N 1
— > . 5.108
dL > d ( )

On the other hand, if N/L — 0 we have no control over dN (in contrast to
N/L — oo, which implies dN — oo since dL. — o). Therefore, for p = 0 the
convergence in Theorem 5.1.2 remains true, only if dL/N — 0,i.e. d < N/L.
Assume on the other hand that Xt — < € (0,00], then we don’t expect any
clustering of particles on diverging scales. In fact, we see a finer structure

emerging in the limit on scales of order one.

Th=1Geom (1) Exp(1) on scales ¥

T+y

<d rd >d!

P = T —p € (0,0) P

Figure 5.3: Graphical summary of the clustering of particles at equilibrium
for the inclusion process when dL — co. The distributions displayed describe
the first size-biased marginal f; on the appropriate scale. Note particularly
the transition from diverging scales to scales of order 1, when moving from
the regime p > d into p ~ 7d.

Lemma 5.4.1. Assume that % —0,as N,L — 0o,d — 0and dL — oo such that
N — v €[0,0). Then

. ) B 1
Nl/anlm mN(fin € -) = Geom (14‘7) . (5.109)

Here 711, denotes the unique invariant distribution with respect to £y N.

Hence, for p = 0 and dL — oo, there is a critical scaling N ~ dL, be-
low which the equilibrium measure does not exhibit clustering of particles
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on diverging scales. Note that the lemma is independent of the underlying
graph structure and holds more generally for irreducible and spatially homo-

geneous dynamics, as in [JCG19].

Before proving the above lemma, we require some notation and repre-
sentations, which can be found in more detail in [JCG19]. Recall that 71
denotes the unique invariant distribution with respect to £; n supported on

1, N, which is given explicitly by

L
mn(dn) = H L(nx) dn, (5.110)

where dn denotes the counting measure, Z| n the appropriate partition func-

tion and wy, describing weights of the form

I'(n+4d)

@) - (5.111)

wr(n) =
arising from the choice of transition rates in £; n. The partition function can

be explicitly written in terms of

_ T(N+4L)
Proof of Lemma 5.4.1. Recall the definition of size-biased sampling from the

beginning of the chapter (above Figure 5.1), then

L
n L ZL-1,N-n

N =n) =) SNy =n) = N ()

(5.113)
x=1 N

which is equal to zero if n = 0. Thus, in the following let n > 0. We re-
place the terms in the previous display with the corresponding expressions
in (5.111) and (5.112), which yields

L T(n+d) T(N—n-+d(L—1)) NI T(dL)
N (n—1)!IT(d) I'(N+dL) (N—=n)!T(d(L-1))
4L T(n+d) TI(N-n+dlL)
" Nd(n—-1)T(d) T(N+dL)

mN(f =n) =

N". (5.114)

We analyse the remaining terms individually. First,

=

R
=
_.I_
Q.

T(n+4d) 1
Tn-Dir@ a1 k9=

=0

»

Il

—_
»‘
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and second,

T(N—n+dl) o _ n’ﬁT(N—(k+1)+dL): L 1 .
I'(N+dL) ig T(N—k+adL) oil-L+4
Overall, we conclude that
_ daL % >1’l ,),n—l
T =n)~— , 5.115
since & — . This finishes the proof. O

A natural next step, in view of the hydrodynamic limit Proposition 5.3.6,
when dL — oo, is to study fluctuations around the equilibrium. A second
moment calculation with respect to the stationary measure yields

1

LN ((ﬁ(”)(h) - EXp(l)(h))z) ~ ET(L,N(ﬁl%h(ﬁl%)z) —~0, (5.116)

for any h € C,(R4). Hence, in order to see a non-trivial limit, we should
investigate fluctuations of order v/dL by studying the limiting behaviour of

VAL ((am N (&) () = Exp()(h)) , £ >0, (5.117)

with time slowed down as indicated in Theorem 5.1.2. Due to decoupling of

the size-biased marginals, the fluctuations are expected to be Gaussian.

The approach in this chapter (based on the work [CGG23]) should be ro-
bust towards perturbation of transition rates, as we do not require the ex-
plicit form of the partition function. Throughout the chapter, we have fo-
cused on the one parameter family of Poisson-Dirichlet diffusions. There
exists a two-parameter extension of the process, which was introduced in
[Pet09]. This process has gained a lot of attention over the past years
[RW09, FSWX11, Eth14, CBE*17], just to name a few. It would be interest-
ing to investigate the size-biased approach in this setting. The two parameter
process has only been studied when fixing finitely many locations/sites and
observing the evolution of mass on them, see for example [FPRW23] and also
the discussion in Section 5.2.3.

Furthermore, it would be interesting to investigate diffusion limits of the
generalised version of the inclusion process with non-trivial bulk, studied in

[CGG22]. Numerical simulations and heuristic arguments suggest that the
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macroscopic phase evolves under the dynamics described in Theorem 5.1.1.
At the same time, one can observe a transfer of mass between the bulk and
the condensate, whose evolution is described by a system of ODEs, similar to
Corollary 5.3.8.
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