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Abstract

This thesis looks at two different problems in probability theory.

The first part of the thesis treats the problem of characterizing the law of the largest eigenvalue
in the generalized Cauchy random matrix ensemble. The generalized Cauchy random matrix
ensemble is an ensemble of Hermitian matrices with a weight that can be viewed as a general-
ization of the standard Cauchy probability distribution. Forrester and Witte describe the law
of the largest eigenvalue of a matrix in such an ensemble of finite size N x N in earlier work
(Nonlinearity, 13:1965-1986, 2000 and Nagoya Math. J., 174:29-114, 2004). They obtain a
characterization of this law in terms of a Painlevé-VI equation using the theory of 7-functions.
We show that under a restriction on the involved parameters, the same result can be obtained
via the famous formalism of Tracy and Widom (Comm. Math. Phys., 163:33-72, 1994). Then,
we show that when the largest eigenvalue is appropriately scaled, this law converges pointwise to
a limiting law when the size of the ensemble tends to infinity. The limit law can be interpreted
as the law of the largest point in a determinantal point process on the real line described by
Borodin and Olshanski (Comm. Math. Phys., 223:87-123, 2001). We also characterize the limit
law in terms of a Painlevé-V equation and give a sense to the convergence of the correspond-
ing Painlevé-VI equation for the finite case to the former equation when N — oo. Finally, we
also show that the pointwise convergence of the law is of order N~!. The techniques we use
to obtain the convergence results are completely elementary. They essentially involve checking
pointwise convergence and domination of all quantities involved in the corresponding Fredholm
determinants in order to apply dominated convergence.

In the second part of the thesis we deal with the asymptotic behavior of the perturbed weakly
self-avoiding walk. The weakly self-avoiding walk is a random walk on Z? where self-intersections
are penalized by a factor 1 — A\, A > 0 a small parameter and the dimension d > 9 (respectively
d > 5 in the symmetric case). We use the lace expansion to show that when starting the walk
with a distribution which is a small perturbation of the standard nearest neighbor distribution
ﬁ]l{mzuzuzl}, alocal central limit Theorem holds with exponential error decay and a correction of
order n~%?2 near the mean of the walk. Our main Theorem in this part is in fact a more general
central limit Theorem for convolution equations similar to the one given by the weakly self-
avoiding walk. The lace expansion has been introduced by Brydges and Spencer (Comm. Math.
Phys., 97:125-148, 1985). Most approaches to the lace expansion use Fourier methods. We
however use the Banach fixed point Theorem for an appropriately chosen space and operator to
show that the limiting density of the weakly self-avoiding walk is stable under small perturbations
and close to a normal density. Our method is based on earlier work for the symmetric (standard)
weakly self-avoiding walk by Ritzmann (PhD thesis, Universitét Ziirich, 2001). With this method
we can work directly in Z¢ and obtain the central limit Theorem in a more transparent way than
with Fourier methods. Moreover, we can directly estimate the lace expansion diagrams via the
connectivities of the walk.






Zusammenfassung

Diese Dissertation befasst sich mit zwei verschiedene Problemen aus der Wahrscheinlichkeits-
theorie.

Im ersten Teil wird die Verteilung des grossten Eigenwertes im verallgemeinerten Cauchy Zu-
fallsmatrizenensemble beschrieben. Das verallgemeinerte Cauchy Ensemble ist die Menge der
Hermiteschen Matrizen mit einer verallgemeinerten Cauchy-Verteilung. Forrester und Witte
beschreiben die Verteilung des grossten Eigenwertes einer solchen Matrix endlicher Grosse N x N
(Nonlinearity, 13:1965-1986, 2000 und Nagoya Math. J., 174:29-114, 2004). Sie charakter-
isieren diese mit Hilfe von 7-Funktionen als Funktion der Losung einer Painlevé-VI Gleichung.
Wir zeigen, dass man unter einer kleinen Einschriankung fiir die involvierten Parameter das-
selbe Resultat iiber die beriihmte Methode von Tracy und Widom (Comm. Math. Phys.,
163:33-72, 1994) herleiten kann. Weiter zeigen wir, dass diese Verteilung punktweise zu einer
Grenzverteilung konvergiert, wenn die Grosse des Ensembles nach Unendlich strebt und der
grosste Eigenwert richtig skaliert wird. Die Grenzverteilung interpretieren wir als Verteilung des
grossten Punktes in einem von Borodin und Olshanski (Comm. Math. Phys., 223:87-123, 2001)
eingefilhrten determinanten Punktprozess auf R. Wir charakterisieren diese Grenzverteilung
mit Hilfe der Losung einer Painlevé-V Gleichung und geben der Konvergenz der entsprechen-
den Painlevé-VI Gleichung fiir den endlichen Fall zu der letztgenannten Gleichung fiir N — oo
einen mathematischen Sinn. Schliesslich zeigen wir auch, dass die punkweise Konvergenz der
Verteilung von der Ordnung N ! ist. Um die Konvergenzresultate zu zeigen beniitzen wir nur
elementare Techniken. Im Wesentlichen priifen wir die punkweise Konvergenz und geben obere
Schranken fiir alle in den entsprechenden Fredholm-Determinanten involvierten Grossen. Dann
beniitzen wir den Satz der majorisiteren Konvergenz.

Im zweiten Teil betrachten wir das asymptotische Verhalten der gestorten schwach selbst-
abstossenden Irrfahrt. Die schwach selbst-abstossende Irrfahrt ist eine Irrfahrt auf Z¢ bei der
Selbstiiberschneidungen durch einen Faktor 1 — A bestraft werden, wobei A > 0 ein kleiner Pa-
rameter ist und die Dimension d mindestens 9 ist (beziehungsweise 5 im symmetrischen Fall).
Wir beniitzen die “Lace-Expansion” um zu zeigen, dass wir einen lokalen zentralen Grenzwertsatz
mit exponentiellem Fehlerabfall und einer Korrektur von der Ordnung n~%?2 nahe des Mittel-
werts der Irrfahrt erhalten, falls wir mit einer leichten Stérung der iiblichen symmetrischen
néichsten Nachbarn-Verteilung ﬁﬂ{xzuzuzl} starten. Unser zentrales Theorem in diesem Teil
ist eigentlich allgemeiner und gilt fiir alle Faltungsgleichungen die in gewisser Weise &hnlich
sind zu der Gleichung der schwach selbst-abstossenden Irrfahrt. Die Lace-Expansion wurde von
Brydges und Spencer (Comm. Math. Phys., 97:125-148, 1985) eingefiihrt. Meistens wird die
Lace-Expansion zusammen mit Fourier Methoden verwendet. Wir beniitzen jedoch den Banach-
schen Fixpunktsatz auf einem geeigneten Raum mit einem geeigneten Operator, um zu zeigen,
dass die Grenzdichte der schwach selbst-abstossenden Irrfahrt nahe bei der Dichte der Normal-
veteilung liegt und zudem stabil unter kleinen Stérungen ist. Unsere Technik basiert auf einer
Arbeit von Ritzmann (PhD thesis, Universitét Ziirich, 2001). Dank dieser Technik kénnen wir di-
rekt in Z? arbeiten und erhalten so den lokalen zentralen Grenzwertsatz in einer tranparenteren
Art und Weise als mit Fourier Methoden. Ein weiterer Vorteil ist, dass die Diagramme der
Lace-Expansion direkt duch die zwei-Punkte Funktion der Irrfahrt abgeschitzt werden kénnen.
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Preface

In probability theory, the study of limiting distributions in various occurrences has a long his-
tory. In particular, one of the most universal and best studied limiting distributions is the
Normal or Gauss distribution. It arises in the Central Limit Theorem. Roughly speaking this
Theorem says that under certain (very mild) conditions, the appropriately normalized sum of
independent random variables converges weakly to a standard normal random variable. This
can be interpreted as follows: Modeling the outcome of an experiment with uncertainty by a
random variable satisfying those mild conditions, the repeated and independent execution of this
experiment under the same initial conditions implies that the normalized result over all exper-
iments follows a Gauss distribution. The central limit Theorem was first proved by De Moivre
around 1733 for independent and symmetric Bernoulli variables. Later on it was generalized by
Laplace to the case of non-symmetric Bernoulli variables. A completely rigorous proof of the
central limit Theorem for independent and identically distributed random variables with finite
second moments was given in 1901-1902 by Lyapunov. This Theorem has wide applications
ranging from game theory over financial mathematics to bio-statistics and physics. A variant
of the central limit Theorem is the Local Central Limit Theorem. It states that the density of
the normalized sum of the variables converges pointwise to the density of a normally distributed
variable.

A completely different kind of limit Theorem arises in Random Matriz Theory. Random matrix
theory was first encountered in statistics by Hsu, Wishart and others in the 1930’s. However,
it was only really intensively studied from the 1950’s, starting with Wigner who used random
matrices in nuclear physics. Since then random matrices have been used in various fields of
physics such as chaotic systems and conductivity in disordered metals. They are even used to
model the zeros of the Riemann-{-function (starting in the 1970’s with a still open conjecture
by Montgomery). One field of interest is the distribution of the (real) eigenvalues of a randomly
distributed Hermitian matrix of size N x N whose probability law is independent under change
of basis (ie. under conjugation by unitary matrices). From a physical point of view, these
eigenvalues may model the energy levels of a random operator, or can give the distribution of
electrical unit charges confined to be on the real line under a certain external potential and with
a logarithmic interaction term. One can try to characterize the law of the largest eigenvalue in
such a regime and try to understand the convergence of this law when the size N of the matrix
ensemble tends to infinity.

In the first part of this thesis we deal with the latter problem. We consider the Hermitian matrix
ensemble with a Generalized Cauchy Weight. This can be seen as a two-parameters extension
of the well studied Circular Unitary Ensemble (CUE) (also called Dyson Ensemble). The CUE
is an ensemble of unitary matrices distributed according to the normalized Haar measure on
the unitary group of size N x N. The Hermitian and the unitary matrices are linked via the
Cayley transform. The generalized Cauchy weight is a weight that is invariant under unitary
conjugation of the matrices and it generalizes the standard Cauchy distribution on the real line
(Hermitian matrix of size 1 x 1). In this regime, we study the law of the largest eigenvalue and
give a limiting law for this eigenvalue distribution under appropriate scaling and when the size
N of the ensemble tends to infinity. In particular, we characterize the limiting law in terms of
the solution of a Painlevé-V differential equation. Painlevé equations often enter the description
of the law of the largest eigenvalue of a random matrix. These equations are second order
ordinary differential equations in C with the property that their only movable singularities are
poles and which are not solvable using elementary functions. They originate in the study of
special functions and isomonodromic deformations of linear differential equations. In fact, we
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also characterize the law of the largest eigenvalue in the finite N-case in terms of a Painlevé-VI
equation. This is done via a very general method introduced by Tracy and Widom [37]. Using
this method we unfortunately only get this characterization under a restriction on the set of
parameters. However, Forrester and Witte [15] extend the Painlevé-VI characterization to the
full set of parameters using a different method (7-function theory). We show that this Painlevé-
VI equation converges in some sense to the limiting Painlevé-V equation if N — oco. Finally, we
also give the convergence speed for the law when N — oo.

In the second part of the thesis, we are interested in the local central limit Theorem for perturbed
weakly self-avoiding random walks. In fact, a classical regime of the central limit Theorem is
the standard random walk on a lattice (Z?, d being the dimension). The location of a random
walker after n steps is then simply the sum of n independent identically distributed random
variables. Therefore, one can give a central limit Theorem for this case. Here, we will not
consider the standard random walk, but we will look at a random walk which is penalized
whenever it intersects itself. This model has been introduced by Physicists and Chemists to
study the growth of large polymer chains. We will assume that the initial distribution of the
random walk need not to be symmetric and may be spread out. Note that the position of
the weakly self-avoiding walk after n steps cannot be modeled by the sum of n independent
and identically distributed random variables since the walk has to remember its complete past
at any time. Nevertheless, we show that for high dimensions (d > 9, respectively d > 5 if
we restrict to symmetric initial distributions), this random walk has diffusive behavior if its
initial distribution is contained in a certain closed set around the standard symmetric initial
distribution and the penalty for each self-intersection is not too large. That is, its probability
density converges locally for each x € Z? to the density of a normal random variable. In other
words, the perturbed weakly self-avoiding random walk satisfies a local central limit Theorem.



CHAPTER 1
Introduction to the Generalized
Cauchy Random Matrix Ensemble

1.1 Introduction

This part of the thesis deals with the characterization of the law of the largest eigenvalue of a
matrix in the Generalized Cauchy Random Matrix Ensemble (denoted by GCyE). In case of finite
sized ensembles and under a restriction on the involved parameters we give a characterization
of this law via a Painlevé-VI equation. We are also interested in the convergence of the law,
when the size of the matrix tends to infinity and in the characterization of the limiting law in
terms of a Painlevé-V equation. A result on the rate of convergence for the law is also given.
All the results on the convergence and the limiting law are taken from the article [29] which is
joint work with Joseph Najnudel and Ashkan Nikeghbali.

1.1.1 General Remarks on Random Matrix Theory

The theory of random matrices is essentially the theory of matrix valued random variables. A
Random Matriz Ensemble is a set of matrices with an associated probability measure. One can
imagine any kind of ensemble, but in general there are two groups of ensembles which are widely
studied.

The first group are ensembles of matrices that contain entries which are chosen independently

according to some given distribution. The most classical such example is the Gaussian Unitary
Ensemble (GUE):

Definition 1.1. A random N XN Hermitian matriz belongs to the GUE, if the diagonal elements
xj; and the upper triangular elements x ;i = ujr+iv;i (7 < k) are chosen independently according
to normal densities of the form:

1
ﬁe*z?i ~ N(0, 5) (diagonal elements),

2 1 1
Lo 2w tvi) o N(0, Z) + N (0, Z) (upper triangular elements).
m

Note that other conventions on the normalization of the variances exist.

That is, the GUE is an ensemble of Hermitian matrices with independent Gaussian entries. It is
such that the law of a matrix is independent under conjugation by unitary matrices. Similar such
examples are the Gaussian Orthogonal Ensemble (GOE) and the Gaussian Symplectic Ensemble
(GSE). The former is the ensemble of all real symmetric N x N matrices with Gaussian entries
and the latter is the ensemble of all N x N symplectic matrices with Gaussian entries. These
ensembles have been widely studied and applied in various fields. Already in the 50’s Wigner
(see [42]) used the GUE to model the statistical behavior of slow neutron resonances, and later
in the 70’s Montgomery [27] conjectured that the appropriately scaled zeros of the Riemann-Zeta
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function on the critical line Rz = 1/2 appear to have the same pair correlation as the eigenvalues
of the GUE. There is still no proof of this numerical fact.

The second group of ensembles are obtained as follows: Consider a compact Lie group G. Then,
there exists a G-invariant measure p on G (unique up to scaling). Ie. u(gA) = u(A), forall g € G
and A an open subset of G (see [8]). This measure is called the Haar measure. When normalized,
it gives a probability measure on G. The most classical such ensemble is the Circular Unitary
Ensemble (CUE) (also called Dyson Ensemble). It is the unitary group U(N) endowed with its
normalized Haar measure. In the following, we will only be interested in the Generalized Cauchy
Ensemble. It is an ensemble of this second kind and in fact, it is in some sense a generalization
of the CUE.

A very detailed study of many ensembles and a good overview on random matrix theory can be
found in the classical book by Mehta [26] and also in Forrester’s new book [14].

1.1.2 The Eigenvalues of a Random Matrix

In random matrix theory one is often interested in the distribution of the eigenvalues in a certain
ensemble. The measure on the eigenvalues is obtained by projecting the measure on the ensemble
onto the space of eigenvalues. Given a random matrix of size N x N with real eigenvalues, the
eigenvalue probability distribution function (PDF) on RN /S(N) (S(N) being the symmetric
group of order N) often has the form

N
const - H (zj —x1)? H w(x;)dz;, (1.1.1)

1<j<k<N j=1
where w(x) is a weight function on R, and where x1,...,x, € R are the eigenvalues (considerer

to be unordered here!). The term [[, ; ;- n (2 —y) is called van der Monde Determinant since
it is equal to — det(z{?l)lgj,kSN. For example in the GUE case, the eigenvalue distribution has
this form with the weight function ws(z) = ¢=*". On the other hand, the choices w, () = 2% "
on Ry with a > —1, or wy(x) = (1 — 2)*(1 +2)? for -1 < 2 < 1 with a,8 > —1, lead to the
so called Laguerre or Jacobi ensembles respectively. The three weight functions ws, wy, and wy
occur in the eigenvalue PDF for certain ensembles of Hermitian matrices based on matrices with
independent Gaussian entries (see for example Forrester [14]) and are called classical weight
functions. In Adler, Forrester, Nagao and van Moerbeke [1], the defining property of a classical
weight function in this context was identified as the following fact: If one writes the weight
function w(x) of an ensemble as w(z) = e 2V(®) with 2V'(z) = g(x)/f(x), f and g being
polynomials in z, then the operator n := f(d/dx) + (f' — g)/2 increases the degree of the
polynomials by one, and thus, deg f < 2, and degg < 1. For a long time, these three examples
have been the only classical weight functions known.

In case the eigenvalue PDF has the form (1.1.1), there is a well known methodology for treating
the distribution of the eigenvalues (see Mehta [26]). In fact we can rewrite formula (1.1.1) using
elementary row and column operations from the second to the third line to obtain

N
const - H (zj — m5)? H w(z;)dx;
1<j<k<N j=1
, 2
=const - (det(:r:f_1 w(xi)hgi,jgN)

2
:const~(det(pj_1(:ci) w(mi))lgi,jSN) )

where p;_; is a monic polynomial of degree j — 1. If now it is possible to define a set of monic or-
thogonal polynomials p; with respect to the weight function w(z) on R, then one defines the inte-



1.1. Introduction 5

gral operator Ky on Lo(R), associated with the kernel Ky (x,y) := ZZV:BI % w(z)w(y).

Using a generalization of the Cauchy-Binet formula (see Johansson [21]), one can show that

2
const - (det(pj,l(xi) w(xi))lgi’j§N> = const - det(KN(mi7mj))ij:1.

Note here that in the GUE, the monic orthogonal polynomial ensemble consists of the monic
Hermite polynomials. Using the kernel K, it is possible to describe probabilities of the form:

E(k,J) := Plthere are exactly k eigenvalues inside the interval J],
where J C R and k € Ny, by the formula (see again Mehta [26]):

k gk
( kl') % det(I — zKn)|zp=1,
where the determinant is a Fredholm Determinant and the operator Ky is restricted to J. A
definition of the Fredholm determinant is given in (1.2.15).
The distribution of the largest eigenvalue as well as the problem of the convergence of the scaled
largest eigenvalue have received much attention (see e.g. [31], [34], [35], [38]). Also the problem
on the rate of convergence has been studied, especially in [17] and [10] for GUE and LUE
matrices, and in [22] as well as in [12] for Wishart matrices. To deal with the largest eigenvalue,
one takes J = (t,00) for some ¢t € R. Then F(0, (¢,00)) is simply the probability distribution
of the largest eigenvalue, denoted from now on by A\ (N), of a N x N matrix in the respective
ensemble. In their pioneering work [37], Tracy and Widom give a system of completely integrable
differential equations to show how the probability E(0,J) can be linked to solutions of certain
Painlevé differential equations. Tracy and Widom apply their method to the finite Hermite,
Laguerre and Jacobi ensembles. Moreover, one can also apply the method to scaling limits of
random matrix ensembles when the dimension NV goes to infinity. The famous sine kernel and its
Painlevé-V representation for instance, as obtained by Jimbo, Miwa, Moéri and Sato [20], arise
if one takes the scaling limit in the bulk of the spectrum of the Gaussian Unitary Ensemble
and of many other Hermitian matrix ensembles (see e.g. [23], [25], [28] and [30]). On the other
hand, if one scales appropriately at the edge of the Gaussian Unitary Ensemble; one obtains
an Airy kernel in the scaling limit with a Painlevé-II representation for the distribution of the
largest eigenvalue (see Tracy and Widom [38]). Similar results have been obtained for the edge
scalings of the Laguerre and Jacobi ensembles, where the Airy kernel has to be replaced by the
Bessel kernel and the Painlevé-1II equation by a Painlevé-V equation (see Tracy and Widom [39]).
Soshnikov [35] gives an overview on scaling limit results for large random matrix ensembles.

E(k,J) =

1.1.3 The Generalized Cauchy Ensemble (GCyE)

Let H(N) be the set of Hermitian matrices endowed with the measure

N
const - det(1+ X*)™N [ dX; [[dXu, X € HW), (1.1.2)
1<j<k<N i=1

where const is a normalizing constant (depending on N), such that the total mass of H(N) is
equal to one. This measure is the analogue of the normalized Haar measure puy on the unitary
group U(N), if one relates U(N) and H(N) via the Cayley transform: H(N) 2 X — U = £t €
U(N). The measure (1.1.2) can be deformed to obtain the following two parameters probability
measure:

N
const - det((1+iX)~*"N)det((1 —iX) " N) [ dXj [] dXu, (1.1.3)
1<j<k<N i=1
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where s is a complex parameter such that ®s > —1/2 (otherwise the quantity involved in (1.1.3)
does not integrate as is proved in Borodin and Olshanski [5]). Following Forrester and Witte
[15] and [43], we call this measure the Generalized Cauchy Measure on H(N). H(N) endowed
with the generalized Cauchy measure shall be called the Generalized Cauchy Random Matriz
Ensemble, noted GCyE. The name is chosen because if s = 0 and N = 1, (1.1.3) is nothing else
than the density of a standard Cauchy random variable. We project this measure onto the space
RN /S(N) of all (unordered) sets of eigenvalues of matrices in H(N), to obtain the eigenvalue
density

N
const - H (zj — x1)? H wp (x;)dz;. (1.1.4)

1<j<k<N

Here wy (x;) = (1 +iz;) "N (1 —ix;)~° ", and the z;’s denote the eigenvalues. As usual, the
constant is chosen so that the total mass of RY /S(N) is equal to one.

As mentioned in the last Subsection 1.1.2, there have for a long time been three classical weight
functions only (wq, wy and wy). But for s € (—1/2,00), the property of being classical also
holds for the weight function wgy of the GCyE. We thus have four classical weight functions
(see also Witte and Forrester [43]). However, the construction of the matrix model for the
GCyF is different from the construction of the other three classical ensembles: A matrix model
for the GCyFE will not have independent entries, but one can construct the ensemble via the
Cayley transform. Indeed, following Borodin and Olshanski [5] (see also [14], [15] and [43])
the measure (1.1.3) is, via the Cayley transform, equivalent to the deformed normalized Haar
measure const-det((1—U)%) det((1—U*)*)un(dU), U € U(N). If we denote by e?, j = 1,..., N,
the eigenvalues of a unitary matrix with 6; € [—m, 7], the deformed Haar measure can, as in the
Hermitian case, be projected to the eigenvalue space to give the PDF

N
const - H e — 1|2 H wy (0;)do;, (1.1.5)
j=1

1<j<k<N

where wy(0;) = (1 — €")5(1 — e7%)%, and 0; € [, n]. This measure is defined on SV /S(NV),
where S is the complex unit circle. Note, that this eigenvalue measure has a singularity at 6 = 0,
if s # 0. Borodin and Olshanski [5] studied the measures (1.1.3), (1.1.4) and (1.1.5) in great
detail due to their connections with representation theory of the infinite dimensional unitary
group U(co).

When s € (—1/2,00), (1.1.5) is nothing else than the eigenvalue distribution of the circular Jacobi
unitary ensemble. This is a generalization of the Circular Unitary ensemble corresponding to the
case s = 0. In fact, if s = 1, this corresponds to the CUE case with one eigenvalue fixed at one.
More generally, for s € (—1/2,00) the singularity at one corresponds, in the log-gas picture,
to a impurity with variable charge fixed at one, and mobile unit charges represented by the
eigenvalues (see Witte and Forrester [43], and also [16]). It is the singularity at one that makes
the study of this ensemble more difficult than the CUE. In the special case when s = 0, one can
obtain the eigenvalues with PDF (1.1.4) from the eigenvalues of the circular unitary ensemble
using a stereographic projection (see the book of Forrester [14], Chapter 2, Section 5 on the
Cauchy ensemble). In fact, in this case, we get that (1.1.4) represents the Boltzmann factor for
a one-component log-gas on the real line subject to the potential 2V (x) = N log(1 + z?). This
corresponds to an external charge of strength —N placed at the point (0,1) in the plane (this
can also be generalized to arbitrary inverse temperature § as shown in the previous reference).
Moreover, note that when s # 0, a construction of a random matrix ensemble with eigenvalue
PDF (1.1.5) is given in Bourgade, Nikeghbali and Rouault [7].

As already mentioned, we are interested in the law of the largest eigenvalue in the GCyE
case (convergence, asymptotic distribution, rate of convergence and characterization in terms
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of Painlevé equations) for all admissible values of the parameter s, namely $ts > —1/2. Due
to the form of the eigenvalue PDF (1.1.4), we will use the methodology with the Fredholm
determinant briefly discussed in Subsection 1.1.2 above.

For the eigenvalue measure (1.1.4), Borodin and Olshanski [5] give the kernel in the finite N
case, denoted by K in the following (see Theorem 1.2), as well as a scaling limit of this kernel,
when N — oo, denoted by K, (see (1.2.12)). Using the kernel K, one can set up the system
of differential equations in the way of Tracy and Widom (see Subsection 1.1.2) for the law
E(0,(t,00)) of the largest eigenvalue A\ (NN), for any ¢ € R. In the case of a real parameter
s, this has been done by Witte and Forrester in [43]. They obtain a characterization of the
law of the largest eigenvalue in terms of a Painlevé-VI equation. More precisely, (1 + ¢?) times
the logarithmic derivative of F(0, (¢,00)) satisfies a Painlevé-VI equation. The same method
suitably modified leads to a generalization of this result for complex s as we show in Chapter
2. However, the method of Tracy and Widom has the drawback that it only works for s with
Rs > 1/2. Forrester and Witte propose in [15] an alternative method which makes use of the
7-function theory to derive the Painlevé-VI characterization for E(0, (¢,00)) for any s such that
Rs > —1/2.

To sum up, for the generalized Cauchy ensemble, it is known that for finite NV, (1 +2) times the
logarithmic derivative of E(0, (t,00)) satisfies a Painlevé-VI equation for ¢t € R. The orthogonal
polynomials associated with the measure wy are known as well as the scaling limit of the
associated kernel Ky, which we note K. One naturally expects A;(V), appropriately scaled,
to converge in law to the probability distribution Fio(t) := det(] — Koo)|1,(t,00), for t >0 (£ <0
is not permissible in this particular case, as we will see in Remark 1.10). We shall see below
that this is indeed the case for all values of s such that s > —1/2. A natural question is:
does (1 + t2) times the logarithmic derivative of F,(t) also satisfy some non-linear differential
equation? And as previously mentioned, what is the rate of convergence to Fi.(t)?

1.2 Results

In this Section, we state our main Theorems. These results are based on earlier work by Borodin
and Olshanski [5] who obtained an explicit form for the orthogonal polynomials associated with
the weight wy as well as the scaling limit for the associated kernel, and Forrester and Witte
[15] who express, for fixed N and for any complex number s with f¢s > —1/2, the probability
distribution of the largest eigenvalue A\;(N) of a matrix in the Generalized Cauchy Ensemble
in terms of some non-linear differential equation. For clarity and to fix the notations, we first
state a Theorem of Borodin and Olshanski [5]. We refer the reader to the paper [5] for more
information on the determinantal aspects. The discussion on the methods we use is postponed
to the next Section 1.3.

Borodin and Olshanski [5] give the correlation kernel for the determinantal point process defined
by the measure (1.1.4). In fact, the monic orthogonal polynomial ensemble {p,,; m < %s—&—N—%
on R associated with the weight wg (), is defined by py = 1, and

pm(x) = (& —9)"2F |—m, s+ N —m, 2Rs + 2N — 2m; , (1.2.1)

1+ix
where 2 Fila, b, ¢; z] = 3, 5 (‘Zi)n(l;), 2™ is the Gauss Hypergeometric Function, and (x), =
z(x +1)...(x +n —1). Using the Christoffel-Darboux formula and the theory of orthogonal
polynomials, the following was proven by Borodin and Olshanski [5]:

Theorem 1.2. The n-point correlation function (n < N) for the eigenvalue distribution (1.1.4)
s given by
PN (w1, .oy ) = det (K n (24, )i =1 s
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where the kernel K, n(z,y) defined on R? is given by:

KN(.T, y) — S N - y Z pran p|7|7; \/in i : ;Zj(ll)?#(x)’ (1'2.2)
0 m
with
o(z) = /Cwg(x)pn(x), (1.2.3)
and
Y(x) =/ Cwg(z)py-1(), (1.2.4)

where wy (z) = (1 +iz) 75N —iz) 75N = (1 4 g2) RN 2sAng(14iz) g4

22Rs T ORs+ N+1, s+1, 541
Ci=COns=—"T { N, 2WMRs +1, 2Rs+2 (1.2.5)
Here, we use the notation:
a, b, e .. T(a)T ()T (c)---
T L =t 1.2.6
[ d, e f, .. } L) (e)I(f)--- 120

Moreover, if x =y, the kernel is given by:

Ky(z,x) = ¢'(2)v(z) — d()¢(2), (1.2.7)
using the Bernoulli-Hopital rule.

Note that py is well-defined (and in Lo(wpg)) only for Rs > 1/2. However, it can be
analytically continued to Rs > —1/2 using the hypergeometric expression py(z) = (z —
i\NoF[-N, s, 2Rs; 2/(1 + iz)], except if ®s = 0. Moreover, Borodin and Olshanski [5]
give a way to get rid of the singularity at s = 0. They introduce the polynomial

s iNs
P (@) = pn(@) - Rs(2Rs + 1)pN*1(m)
2
= (z—i)NoFy | =N, s,2Rs + 1; =l (1.2.8)

This polynomial makes sense for any s € C with s > —1/2 and one can define the kernel in
Theorem 1.2 equivalently by:

CﬁN(x)pN—l(?J) —pn-1(®)pNn (y)
z—y

Kn(z,y) = wr (r)wh (y)- (1.2.9)
We are interested in the distribution of the largest eigenvalue A1 (V) of a matrix in the GCyE.
We have already seen that the probability that A;(N) is smaller than ¢, is

E(O7 (t, OO)) = det([ - KN)'Lg(t,oo)7 (1.2.10)

for any ¢ € R. Hence, we need to consider the operator Ky with kernel Ky (x,y) restricted to
the interval (t,00) to calculate the probability that no eigenvalue is in the interval (¢, 00). This
restriction is symmetric, with eigenvalues between 0 and 1. It is easy to see that Ky, restricted
to any subinterval J (or finite union of subintervals) of R, has no eigenvalue equal to 1, since
E(0,(t,00)) > 0 for any t € R. This is true because

P\ (N) <t)=cst- (zj — 2p)? | | wr (z;)dzy ... doy,
(o0, )N
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and the integrand is strictly positive. Moreover, restricting the correlation function p5™ of
Theorem 1.2 to J gives

PN (@1, )y = [ xo (@)™ (@1, ) (1.2.11)
j=1

= || xs(z;) det(Kn(zi,x5))7 ;=1 = det(x (@) Kn(wi, 25)x0(75))7 1215
j=1
where y; denotes the indicator function of the set J. Therefore, the restriction of Ky to J,
denoted by Ky, s, defines a determinantal process on J with kernel xj(x)Kn(z,y)xs(y) =:
KN,J(':E’ y)

Borodin and Olshanski [5] give a scaling limit for the kernel Ky(x,y) given in Theorem 1.2.
Namely, limy_y0o NKn(Nz, Ny) = Koo(2,y), for any z,y € R* = R\{0}, where the kernel K,
is defined by

1 _Ts+DIGE+D)  P@)Qy) — Q@) Py)

K. = — 1.2.12
=) = 5 TR + 1T (2Rs +2) z—y ’ (12.12)
if x # y, and,
1 T(s+1)I'(5+1) ~, rN
K = P - P 1.2.1
w@:0) = 5 R s ) P W) ~@@Pw),  (1213)
where
I:)(.Z‘) — |2/1‘|§Rse—i/z+ﬂ'SsSgn(z)/21Fl |:S, 2Rs + 1; 22:| ,
X
. . . 23
Qx) = (2/2) 2/ [Foe= /= HmSsSmm@)/2, Fy [ 1242 } |
X
with

1Fy[roq 2] = go (;;ijz'xn’

for any r,q,z € C.

Remark 1.3. The kernel K, defines a determinantal point process (see [5] , Theorems IV and
6.1).

Remark 1.4. If s =0, the limiting kernel K, writes as

1sin(l/xs —1/x
KOO(:'Elva):; (412_562/ 1).

Under the change of variable y = % and taking into account the corresponding change of the

differential dx, K., translates to the famous sine kernel with correlation function

sin(7r(y; — yj)))"

m(yi — yj)

)

pn(yla"'ayn> = det (

ij=1
for any n € N and y1,...,yn € R (see Borodin and Olshanski [5]).

Before stating our main results, we need to introduce one more notation: we note Kyj(,y) the

kernel
K[N]({E,y) = NKN(NJC,N’y), (1214)
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and K|y) the associated integral operator. We also recall the definition of the Fredholm determi-
nant: if K is an integral operator with kernel given by K (x,y), then the k-correlation function
pr is defined by:

pk(l’l, ey Ik) = det(K(xi, Ij)lgi,jgk)~

The Fredholm determinant F, from R7 to R, is then defined by

—1)*
F(¥) ::1+Z ( k') / kpk(xl,...,xk)d:rl...dxk
: (t,00)F

Zdet(I—K)‘L2(t7w). (1.2.15)

Our first Theorem states that E(0, (t,00)) from (1.2.10) can be interpreted in terms of the
solution to an equation equivalent to a Painlevé-VI equation.

Theorem 1.5. For Rs > 1/2, define
d
o(t) =1+ tQ)% log det(I — KN)|L2(,5)OO)
d
=1+ tQ)a log P[there is no eigenvalue inside (t,00)].

Then, for t € R, o(t) satisfies the equation:

(1+3)(0")? +4(1 + t2) (o) — 8t(0') %0 + 402 (0 — (Rs)?) + 8(t(Rs?) — RsJ's
~NSs)oo’ + 4(2t3s(N + Rs) — (Is)? —t2(Rs)? + N(2Rs + N))(¢/)* =0.  (1.2.16)

Forrester and Witte [15] extend this Theorem using 7-function theory to the full set of admissible
parameters s (ie. Rs > —1/2). We will use this extension in the proof of the results below
concerning the case N — oo. Note that this Theorem also generalizes the same result for s real
with Rs > 1/2 given by Witte and Forrester (|43|, Proposition 4).

Remark 1.6. The ODE (1.2.16) is equivalent to the master Painlevé equation (SD-I) of Cosgrove
and Scoufis [11]. Cosgrove and Scoufis, show that the solution of this equation can be expressed
in terms of the solution of a Painlevé-VI equation using a Bicklund transform. In the real case,
this transformation is described in Witte and Forrester [43].

Remark 1.7. To prove the above Theorem, we use the method of Tracy and Widom [37]. Let
us briefly explain the reason why we get the restriction s > 1/2 here (more details follow in
Chapter 2). The method of Tracy and Widom establishes a system of PDE’s, the so called Jimbo-
Miwa-Mori-Sato equations, which can be reduced to a Painlevé-type equation as for example
the one in the above Theorem. These PDE’s consist of a set of universal equations and a set of
equations depending on the specific form of some recurrence differential equations for ¢ and .
The problem is that the method of Tracy and Widom has originally been developed for finite
intervals (or unions of finite intervals). If one applies the method to the case of a semi-infinite
interval (¢,00), one has to consider an interval (¢,a), where a > ¢. Then, one writes down the
PDE’s of Tracy and Widom for that interval and takes the limit in all these equations as a — oc.
Note that the variables in these PDE’s are the end-points ¢ and a of the interval. It is clear that
one has to be careful about the convergence of the quantities involved in these equations, when
a — oo. In particular, one needs in our case that the term (1 + a?)Q(a)R(t,a), where R(x,vy)
is the kernel of the resolvent operator Ky j(1 — Ky )71, and Q(z) = (I — Ky .7) " '¢(z), which
is of order a'~2%*, tends to zero, when a — oo. This implies the restriction $s > 1/2. One
might encounter the same type of obstacle in an attempt to prove Theorem 1.11 below with this
method (we will give the corresponding recurrence equations for ¢ and v in the case of K, in
Remark 3.14).
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The remaining results concern the limiting law and the convergence and can also be found in
[29]:

Theorem 1.8. For s such that ®s > —1/2 and t > 0, let Fiy be the Fredholm determinant
associated with K|yy, and let F be the Fredholm determinant associated with K. Then, Fi
and Fy are in C*(R%,R), and for p € {0,1,2,3}, the p-th derivative of Fy (with respect to t)
converges pointwise to the p-th derivative of Fu.

As an immediate consequence, one obtains the following convergence in law for the scaled largest
eigenvalue:

Corollary 1.9. Given the set of N x N random Hermitian matrices H(N) with the generalized
Cauchy probability distribution (1.1.3), denote by A1 (N) the largest eigenvalue of such a randomly
chosen matriz. Then, the law of A\1(N)/N converges to the distribution of the largest point of
the determinantal process on R* described by the limiting kernel Ko (x,y) in the following sense:

P {Al(N)

B < :L'O:| = det(I — KN)|L2(Nx0,oo) — det(I — Koo)|L2(zo,oo); as N — oo,

for any xo > 0.

Remark 1.10. Note that in the case of finite N, the range of the largest eigenvalue is the whole
real line, whereas in the limit case when N — oo, the range of the largest eigenvalue is RY .
This is because an infinite number of points accumulate near 0 (0 itself being excluded however).
The accumulation of the points can be seen from the fact that due to the form of K, (z, ) (see
(1.2.13)), limeo [ Koo (@, z)dx diverges.

Now, define
leg det([ — Koo)'Lz(‘r*I,oo)
T )
dr
Using the result of Forrester and Witte [15] for the distribution of the largest eigenvalue for fixed
N and Theorem 1.8, we are able to show:

Ooo (T) =

7> 0. (1.2.17)

Theorem 1.11. Let s be such that Rs > —1/2. Then the function 0 given by (1.2.17) is well
defined and is a solution to the Painlevé-V equation on R :
—r2(0"(1))? = [2(70'(7) = 0(7)) + (0'(1))? + (5 — )0/ (7)]
— (0 (7))*(0' (1) — 2is) (0 () + 2i3). (1.2.18)

Remark 1.12. This implies in particular the result of Jimbo, Miwa, Mori and Sato [20] that
the sine kernel, which is the special case of the K, kernel with parameter s = 0 (see Remark
1.4), satisfies the Painlevé-V equation (1.2.18) with s = 0.

Eventually, following our initial motivation, we have the following result about the rate of con-
vergence:

Theorem 1.13. For all xy > 0, and for x > xg,
P M) <z| —det(I — Ky)| < lC(;zc s)
N > 00 )| La(z,00)| = N 0y,9)s

where C(xg, s) is a constant depending only on xy and s.
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1.3 Strategy of the Proof

We say a few words about the way we prove the above Theorems. The first Theorem 1.5 on
the Painlevé-VI characterization in the finite N case is proven by simply checking that all the
equations involved in the method of Tracy and Widom are fulfilled in our case.

For the remaining results on the limiting law we split our proofs into several technical Lemmas
and only use elementary methods. Namely, our proofs only involve checking pointwise conver-
gence and domination in all the quantities involved in the Fredholm determinants of K|y) and
K. We can then apply dominated convergence to show that the logarithmic derivative of the
Fredholm determinant of Kjyj, as well as its derivatives, converge pointwise to the respective
derivatives of the Fredholm determinant of K. This suffices to show that the Fredholm de-
terminant of K, satisfies a Painlevé-V equation because we can write the rescaled finite NV
Painlevé-VI equation of Forrester and Witte ([15], [16] and Theorem 1.5 with the extension to
fts > —1/2) as the sum of polynomial functions of the Fredholm determinant of K[yj and its
first, second and third derivatives. Moreover, the various estimates and bounds we obtain for
the different determinants and functions involved in our problem help us to obtain directly an
estimate for the rate of convergence in Corollary 1.9 (that is Theorem 1.13).

Given Theorem 1.2 and the Painlevé-VI characterization of Forrester and Witte [15], the results
contained in Theorem 1.8 and Corollary 1.9 are very natural; but yet they have to be rigorously
checked. As far as Theorem 1.11 is concerned, Borodin and Deift [4] obtain the same equation
as (1.2.18) from the scaling limit of a Painlevé-VI equation characterizing a general 2F1-kernel
similar to our kernel Ky (Section 8 in [4]). They claim that it is natural to expect that the
appropriately scaled logarithmic derivative of the Fredholm determinant of their 2F1-kernel
solves this Painlevé-V equation. In fact, according to our Theorem 1.11, (1.2.17) corresponds
to their limit, when N — oo, of the scaled solution of the Painlevé-VI equation and solves
the Painlevé-V equation (1.2.18). Borodin and Deift’s method is based on the combination
of Riemann-Hilbert theory with the method of isomonodromic deformation of certain linear
differential equations. This method is very powerful and general. However, we were not able
to apply it in our situation; moreover, it seems that we would have to restrict ourselves to the
values of s such that 0 < s < 1. Our method to prove Theorem 1.11 heavily relies on the result
of Forrester and Witte [15] for fixed N: hence we do not provide a general method to obtain such
Painlevé equations. Nevertheless it is an efficient approach to obtain some information about
the rate of convergence in Corollary 1.9.



CHAPTER 2
The Painlevé Formulation via the
Method of Tracy and Widom

Here, we derive the Painlevé-VI equation in Theorem 1.5 via the method of Tracy and Widom
[37].

Note that this method has a major drawback. Namely, as already mentioned, it only works for
Rs > 1/2 (see Section 2.3), whereas using 7-function theory, Forrester and Witte [15] were able
to prove the result for the full range of parameters. However, this Chapter provides an extension
to the article [43] of Witte and Forrester, where they prove Theorem 1.5 for s real and s > 1/2
via the method of Tracy and Widom.

2.1 The Recurrence Equations

Let us denote the normalized polynomials ’l";’;ﬂ) (see (1.2.1) for the definition of p,,) by pm ()

for m =0,..., N. Then we have the following result:

Lemma 2.1. We have

1/2

o (1) =i~ 2N +Rs m!(N +Rs —m —1/2)T(N + s —m)['(N +35 —m)
it = 27T (2Rs + 2N —m)
Pt () (2.1.1)
Y ()P ),
where PP (z) denotes the usual Jacobi polynomial (see for example Szegd [36] for a definition

of those polynomials).

We use the formula

P8 (z) _:L'Z(Z)(n+a+ﬂ+1)-~~(n+a+ﬁ+l/)- (2.1.2)
T v=0

(a+v+1)--(a+n) (””;1>

of Szegd [36] (p.62) to generalize the Jacobi polynomials to arbitrary complex parameters «, (3
and complex values of .

Proof. From Borodin and Olshanski [5] we know,

7T2—2§Rs
||20m||2 :W' (2.1.3)

2Rs +2(N —m) — 1, 2Rs+2(N —m), m+1
s+ N —m, 5+ N —m, 2%Rs + 2N —m
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Thus, using (1.2.1) and setting y = 1 + iz,

m y\m—k
Do) = ]l (—2iym 3 STl £ N = m)e ()77
— 2§Rs +2N —2m);, k!

Now use (a), = %( 1)™* to get
~ -1 \m (—m)m(s+N_m)m
Pm () =|lpm |~ (—21) (2%5 + 2N — 2m)mm!
2F1 1—|—m—2N—23‘E$,—m71_3_N5%]

mIT(2Rs + 2N — 2m) —N=s,=N=5 (i)

T2Rs+2N —m) ™ '

=llpmll =" (=20)™

The term in front of P,V ~=%~N=%(—iz) is equal to

ml(Rs + N —m — 1)D(s + N — m)r(s+zv—m)>é

-1 m-m2N+9‘€s
(=1)™ ( 27T (2Rs + 2N — m)

and the Lemma follows. O

Note that the definition of p,,(z) is equivalent to the one in Witte and Forrester [43] if s € R
and s > —1/2. This can easily be seen using the following symmetry property given by Borodin
and Olshanski [5]:

pm(—2) = (=1)"pm(2)[s63.
In order to find an ordinary differential equation in ¢ for the probability E(0, (¢,00)) to have
no eigenvalue larger than ¢ in (1.2.10), we will set up some general partial differential equations
in Section 2.2 in accordance with the general method established by Tracy and Widom in [37].

There will be a set of universal equations and a set of equations depending on the specific form
of the following recurrence differential equation for ¢ and :

m(z)¢'(z) = A(z)d(x) + B(z)y(z)
m(x))'(z) = =C(z)¢(z) — Alx)¢(z),

where A, B, C and m are polynomials in z. For that, the next Lemma will be useful.

(2.1.4)

Lemma 2.2. Let o, € C and n € N. Then, the following differential equation is satisfied by
the Jacobi polynomials P>?(x), where o, f € C and x € [~1,1]:

(20 -+ + B)(1 ~ 2%) - Pf(x) =n(a— § — (2n + o+ B)a) P2 (a)

+2(n+a)(n+ ﬁ)Pf_ﬂl(x)

This formula is also stated in Witte and Forrester [43], but they do not give a proof and only
work with « and S real.

Proof. Suppose at first that «, 8 are real and strictly bigger than —1. Then, the equation in the
Lemma, is equivalent to

d

dz (1- x)a+1(1 + x)6+1yn} =(1-2)*(1+ x)ﬁ ((az + b)yn + cyn-1)
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with y, = P3P, y,_y = P

.27 and the constants a, b, ¢ chosen accordingly. Note that

d
(S 2)* (1 4+ 2) 1y, } = const - (1 — 2)%(1 + 2)°2, (2.1.5)
x
z being a polynomial of degree < n + 1. Now, let us remark that

1
di{(l — )" (14 2) Ty, } - p(x)dz = 0, Vp of degree n — 2. (2.1.6)
_1 ax

Indeed, integration by parts gives that the left hand side is equal to

1 1
—/ (1 — )1 4 2) y, 0 (x)de = / Yn - r(x)(1 — 2)*(1 + )P da,
-1 -1
with r a polynomial of degree < n — 1, and this last integral is equal to zero by the orthogonality
property of the Jacobi polynomial y, having degree n. The relation (2.1.6) implies that in
(2.1.5), z = (ax + b)yn, + cyn—1 for some a, b, c.
To finish the proof for o, > —1, all that is left to do is to check the values of a, b, ¢, or
equivalently, to compare the coefficients of the three highest terms on both sides of the equation
in the Lemma. First, note that both sides are polynomials of degree n + 1 in (z — 1) since the
original equation is equivalent to
—2(2n+a+ B)(x — 1)iPO"’6(:E) —2n+a+B)(xz— 1)2i
de™ " dx
~(n(a — B) —n(2n + a+ ) P2 (z) —n(2n + a+ B)(z — 1) PP (a)
+2(n+a)(n+ B) P (),

P (x)

and we can use formula (2.1.2) for the Jacobi polynomials. The coefficient of (z — 1)” in that
formula is

%(n+a+ﬁ+l)---(2n+a+ﬂ)2in.

n

Thus, the coefficient of the highest term in the derivative %P""B(aj) is

(ni1)!(n+o¢+ﬁ+1)--~(2n+a+6)2in.

Therefore, the coefficient of (z — 1)"*!, on the left-hand-side is

~(@n+a+B)s;

ﬁ(n+a+ﬁ+l)--~(2n+a+ﬂ).

This is clearly equal to the corresponding coefficient on the right-hand side. The verification for
the terms (x — 1) and (z — 1)" ! is left to the reader.

Finally, to extend the formula to «a, 8 € C, note that both sides of the equation are polynomials
in « and S and equality holds by analytic continuation. O

We need this Lemma with a« = —N — s and § = —N —5. Moreover, we substitute the variable x
by —iz. This is permissible since the equation can be continued analytically in x. The equation
in the Lemma thus turns into:

d _
(2n — 2N — 2Rs)(1 + xz)%P;N’S”N’S(—ix) =

n[—23s + (2n — 2N — 2Rs)x] P, N =57 N =5 (—ig) (2.1.7)

n

—2i(n—N —s)(n—N —35)P, "N "5 (—ix).
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2.1.1 The Equation for ¢

Recall the definitions of ¢, C' and wy from Theorem 1.2. A direct computation yields:
(14 2%)¢/(z) = /Cwpy(z) [(1 + 2®)ply () + pn(z)(Ss — 2(N + Rs))] . (2.1.8)

Since by (2.1.1), pn(z) = ||pn||pn(x) = HpNHY(N)PJQN_S’_N_g(—i:z:), we have, using equation
(2.1.7) with n = N,
S s Y(N)  lpwll

5S ,

(12 )la) = v

Recall (2.1.3). Using this and the definition of Y'(m) in (2.1.1),

lpnll _Y(N) _  N2Rs+ N
lpN_1| V(N =1) Rs 2Rs+1°

Equations (2.1.8), (2.1.9) and the above finally give the desired equation for ¢:

2
(1+2%)¢ (z) = ¢(x) [—x?ﬁs + S <1 + gs)] + %N%w(z) (2.1.10)

2.1.2 The Equation for 1

As for ¢/, we have:

(1+2)¢(z) = /Cwr () [(1+2*)py_1 (2) + pr-1(2)(3s — (N + Rs))] . (2.1.11)

But py_1(z) = |lpN-1]|]Y (N — 1)P]§J_V1_s’_N_§(—ix), and we can, as for py above again put
this into equation (2.1.7). However, the Jacobi polynomial PIQI_V;S’fog(fix) will then appear.

This calls for the following recurrence relation:

Lemma 2.3. For general complex o, 3 and x, one has:

on(n+a+B)(2n+a+ B —2)PP(z)
=@2n+a+pf-1)[2n+a+B)2n+a+B—2)z+a®+ 2] P (x)
—2n+a—-1)(n+B8—-1)2n+a+ B)P 5 (x) forn=2,3,4,...;

o o 1 1
PMP(z)y=1,  PM(z)= glatB+2a+5(a—p).
Proof. This formula is given in Szegd [36] (p.71) for o, 5 > —1 and x € [—1,1]. The extension
to general «, f and x is done via analytic continuation, since both sides of the equation are
polynomials in «, 8 and z if one uses the explicit expression (2.1.2) for the Jacobi polynomials.

O

Using this Lemma, we express PIQTQ_S’_N_E(fix) as:
N(N +2Rs)(Rs + 1)

P7N78’7N7§ .
[s + 1]2Rs N (—iz)

PNy N T (—in) =

1+ 2Rs . - —N—5,—N—-3 .
+ 5+ 17°Rs [—iRs(Rs + 1)z + iSs(N + Rs)] Py (—ix).
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Combining this with equation (2.1.7) for n = N — 1, one obtains

N(N + 2Rs)
Rs

} PN TN (i),

d _ _
(14 a2%) =Py (—iz) = i PN N (i)
[eY

dx
Ss

N +2 —28s—- N
+[:c( + 2Rs) — 28s s

Therefore,

1+ iy (o) =i B Il B

Cx

+ {x(N +2Rs) — 285 — N;j] pN-1(x).

Inserting this into equation (2.1.11) finally gives the desired equation for :

(1+22)0 () = ¢(a)(—(2Rs + 1)) + ¥() (x?Rs ~ Qs <1 + ;;i)) . (2.1.12)

We can sum up equations (2.1.10) and (2.1.12) in the following Theorem:

Theorem 2.4. For ¢ and iy given in Theorem 1.2, the recurrence equations (2.1.4) hold with:

m(z) = 1+a* =: pg + poa”,

N
A(z) = —aRs + Ss (1 + 3‘3) =: —za; + ag,

s
|s|? 2Rs+ N
B(z)= —N——— =:
(@) = a2V ops 1 — M

C(z) =2Rs + 1 =: 7.

Note that this Theorem only makes sense if Rs # 0, but we will have to restrict ourselves to
Rs > 1/2 anyway in this Chapter.

2.2 Some General PDE’s

To obtain the desired differential equation in Theorem 1.5 for E(0, (¢,00)) we need to establish
some general partial differential equations (pde’s). The following is a restriction to our particular
case of the very general setting given by Tracy and Widom in [37].

Write J = Uzo(a2i+17a2i+2) C R, for some —o0 < a1 < ... < agmy2 < 00 and set K := Ky ;
for the operator with kernel x;(y)Kn(z,y)x(y) restricted to J. If A is an integral operator
with kernel A(z,y), we use the notation A = A(x,y) to relate an operator with its kernel. We
introduce the following:

K(1-K)™" = R(z,y),
(1-K)™' = p(z,y) = 6(z —y) + R(z,y),

where (1 — K)~!:= 372 K' exists since all eigenvalues of K are strictly smaller than one (see
Section 1.2). R is the resolvent kernel of K. Moreover, for k € Ny, let

Qr(x) == [; p(z,y)y*o(y)dy,
Pi(z) = [ p(z,y)y"(y)dy,
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and set qx; := Qr(a;) = limy_4; Qr(x), and py; := Pr(a;) = lim, 4, Pr(7). Note that in the
following, any quantity at some a; is interpreted to be the limit as z — a;, with z € J. We need
the following scalar products:

zw4¢@J=ﬂQmwmwn

v

(W, Q) s = /] Q) (x)dx = /J P(x)¢(x)dz = (6, P),,
w=(),P)y = / P(z)(x)dr,

J

where P := Py and @ := Q.
The following equations hold:

2 logdet(I — K) = (=1 R(a,ay),
8aj

q4iPr — qkDj
R(aj,ak) _ Bk AR

)

a; — ag

%R(aj,aj) = (-1)"R(a;, ar)R(ax, a;), 220
% = (—-1)*R(a;, ar)qx,

% — (—=1)*R(aj, ax)pr,

ou k2 o & ow & 2
8ak _( 1) qi» 8ak _( 1) qkPk, 6CL]€ _( 1) Pk

where j # k and g; := qoj, p; = po;- For the first equation, see for example Forrester [14] (p.325,
ex.7.2). The others can be found in Tracy and Widom [37]. These equations are independent

of the recurrence equations (2.1.4), whereas the following set of pde’s does depend on these
equations: Set

B(x) =: By + b,
C(z) =17 +mnw
Then,
9q;
m(a;) O =(ao + a1a; + y1u — frw — pev)g;
+ (Bo + Brai + 2c1u + 2B1v + pou)p; (2.2.2)
— > (=" R(a;, ar)gxm(ar),
ki

m(ai)aal_ =(—70 — 7 + 270 + 201w — pow)g;
?

+ (—ag — ara; + 1w — y1u + pgv)p; (2.2.3)

=Y (=1)*R(a;, ax)prm(ax),

ki
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m(a;)R(ai, a;) =(yo +v1a; — 2710 — 2000 + paw)q?
+ (Bo + Pra; + 2c1u + 2610 + ugu)pl2 (2.2.4)
+ (ap + aqa; + 11w — frw — p12v)2p;q;

3 (- 1Fma) (gipk — Prai)* ’

ki a; — g
and
a 2 2
Da. [m(ai)R(a;, ai)] =2a1qipi + B1p; + 14;
- Z(—l)km(ak)RQ(ai, a). (2.2.5)
ki

These are special cases of the more general equations in Tracy and Widom [37]. They are also
stated in Witte and Forrester [43].

We restrict our attention to the single interval J = (¢,00), t > 0. That is a1 = ¢t and as — oc.
In order to make sense of the above equations in the limit, we need to make sure that ¢o, po, as
well as the last terms in the equations (2.2.2) to (2.2.5) tend to zero, when ay — co. Moreover,
the integrals defining u,v and w have to be well defined as ay — oo. In Section 2.3, we prove
that these conditions are fulfilled in the case s > 1/2 only. For now, we set

g2 = p2 = 0.

We also introduce the notations ¢; =: ¢ and p; =: p. Equations (2.2.1) now specialize to:

%log det(I — K) = R(t,1), (2.2.6)
du 9

—_— = 2.2.
pri (2.2.7)
dv

—_— = 2.2.
2 (2.2.8)
dw 9

— = —p~. 2.2.
i (2.2.9)

The equations with j # k vanish. The equations depending on the special form of (2.1.4)
(Theorem 2.4 respectively) are:

dq N
2\ — [ x I _
1+t )dt (JS (1 + 5}?8) ths v) q (2.2.10)
|s|? . 2Rs+ N 3 3
* ((Sfts)2 sl s )b
1+t2@:—2§ﬁs—1—w2%5+1 q 2.2.11
dt
+ (—%s <1 + N) + tRs —l—v) D,
Rs
(1 +t)R(t,t) =(2Rs + 1+ w(2Rs + 1))q* (2.2.12)
|s?|  2Rs+ N B 3 9
i ((%3)2 sl R )p
+ (%s (1 + N> —tRs — v) 2pq,
Rs
d
— [(L+#)R(t,t)] = — (2Rs)pq. (2.2.13)

dt
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2.3 Asymptotics for the PDE’s in Section 2.2

In Section 2.2, we need to estimate some quantities which are related to the restriction Ky ; of
the operator Ky, where J = (t,00) for some ¢ € R. In particular, we need to prove that for
t > 0 fixed, the quantities:

R(t,2)Q(x)(1 + z?),
R(t,z)P(z)(1 + z?),
P?(z) + Q*(x)

1 H_ =
(1+2%) . , and

(1+2*)R?(t,2)

tend to zero when z goes to infinity. In order to obtain the Painlevé formulation in the next
subsection, we will need the following: To deduce (2.4.1) from (2.2.8) and (2.2.13), we have to
prove that v and (1 + t?)R(t,t) tend to zero when ¢ goes to infinity. Finally, to deduce (2.4.5)
from (2.4.4), u, w, t(1 +t2)R(t,t) and (1 + t2)((1 +t?)R(t,t))" also have to tend to zero.

In the following, C'(N,s) denotes a strictly positive real number, depending only on N and s.
This constant may change from line to line. We also note that the following calculations require
Rs > 1/2. Now, for all z € R, we have from Theorem 1.2:

En(z,2) = C(N,s) (Py (@)py-1(2) = pv(2)p 1 (7)) wr (2).

Since pypn—1 — PNPy_; i a polynomial of degree 2N — 2, the explicit form of wy in Theorem
1.2 gives for all x € R:
Kn(z,x) < C(N,s)(1+ [a|) 772",

and because K defines a positive self-adjoint operator on Lo (R),
Kn(z,y) < (N, o)L+ [a)(L+ [y 7", Va,y e R.

Now, for p > 2, the kernel of the operator Kﬁ,ﬂ], defined by

K%,J(x’y> = o Kn(z,21) - Kn(2p-1,y)dz1 -+ - dzp1,

satisfies for x > ¢ > 0 :

K%’J(Qﬁ,l‘) < /

Jp—

BN (, 21)[[ K (21, 22)] - [ BN (2p-1, @) ldz - dzpn

p—1

< C(N,s)(1+2) 72720 (C(N, ) / (14 ) dZ)
< C(N,s)Dy(N, s, )P~ (1 +2) 2720,

where Dq (N, s,t) depends only on N, s,t and tends to zero when ¢ goes to infinity (recall that
Rs >1/2). Since R =} -, K}, ;, one obtains, for ¢ large enough and = > ¢:

R(x,x) < Dy(N, s,t)(1 + |z])~272%s, (2.3.1)

if for N, s fixed, Da(N, s,t) > 0 converges when ¢ goes to infinity. Moreover, it is easy to check
that:
Ky, j

T
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is a positive operator, if A < 1 denotes the largest eigenvalue of Ky, ;. Therefore:

K
and (2.3.1) holds for any = € R, since A depends only on N, s and ¢. By positivity of R:
R(z,y) < Da(N,s,t) (1 + |z))(1 + ‘yl))—l—%s _

Now,

|6(x)] < C(N, 8)(1 + x]) 7,
(@) < O(N, s)(1+ [z) =177,

by (1.2.3) and (1.2.4). Hence,

1Q(z)| <|¢(z)] +/t [R(z, y)|o(y)|dy
<C(N,s)(1 + |z|)~ %
+DaNs OO, [al) [ (1 )2y
<D3(N, s,t)(1+ |z])~%,
where D3 (N, s,t) converges when ¢ goes to infinity. By the same argument,
|P(2)] < Da(N,s,t)(1+ |a|) 717,

where Dy(N, s,t) converges when ¢ goes to infinity. We deduce from (2.3.1) and the last two
bounds that for ¢ fixed and x going to infinity:

R(t,2)Q(z)(1 + 2%) = O(z' ™),
R(t,z)P(x)(1 4 %) O(ﬂc—ms),
(1+ ﬁ)M (ml—%ﬁs%

(14 2®)R%(t,x) = O(z~2%).

o)

All these quantities tend to zero when x goes to infinity, as long as s > 1/2. Moreover,
< [ 6@Q@)ds
t

< /OO CN, 8)(1+ [2]) ™ D3 (N, 5, ) (1 + [a]) e
t
— O(t172§Rs),
when ¢ goes to infinity (recall that D3(N, s,t) converges). By the same argument:
v =02,
w = Ot~ 1=2Rs),
for ¢ — oo. Finally,

[t(1+ ) R(t, 1) < Da(N, s, )[t](1 4 £2)(1 + [¢]) 72727
_ O(t1—2§Rs)’
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and, using (2.2.13):

[(L+22) (L + %) R(t,1))'| = 2Rs| P(1)]|Q(1)[ (1 + £°)
< 2R(s)D3(N, s, t)(1 + [¢]) 7"
Dy(N, s, t)(1 + [t)) 7R (1 + %)
_ O<t1—2§)‘és)7

as t — oo goes to infinity.

2.4 Painlevé Formulation

We use equations (2.2.6)—(2.2.13) to state an ordinary differential equation (ODE) for o(t) :=
(L+t*)R(t,t) = Llogdet(I — K). Recall that Rs > 1/2. With (2.2.8) and (2.2.13), one gets:

1+t R(t,t) = 2Rsv. (2.4.1)

The integration constant is equal to zero since both v and (1+t2)R(¢,t) tend to zero (see Section
2.3) if t — co. Now, using (2.4.1) and (2.2.12) and the notations of Theorem 2.4,

[o +w(2Rs + 1)] ¢* + [Bo — u(2Rs — 1)] p?
— [—ap + tRs + v] 2pg — 2Rsv = 0. (2.4.2)

Adding p times (2.2.10) and ¢ times (2.2.11) gives:
(142 (pg) + [vo + w(2Rs + 1)) ¢* — [Bo — u(2Rs — 1)] p> = 0. (2.4.3)
Subtract 2Rs times (2.4.3) from (2.4.2) to get:

{[Bo — u(2Rs — 1)] [0 + w(2Rs + 1)]} — 2Rs(1 + t*)v” — 4Rs t
+ 2Rstv’ — 200" + 2Rsv + 200" =0 (2.4.4)

Again using the fact that u,v,w all tend to zero if ¢ — oo (see Section 2.3) together with the
equations (2.2.8) and (2.2.13), one integrates the above equation to:

[Bo — u(2Rs — 1)] [yo + w(2Rs +1)] = Boyo + (1 + %) [(1+ *)R(t,1)]’

—t1+2)R(L,t) + 1+ 2)R(t, )% — %[(1 +2)R(t,1))].

4(Rs)? ((
Setting o := o(t) := (1 + t?)R(t,t), this turns into:

[Bo — u(2Rs — 1)][v0 + w(2Rs + 1)] = Boyo + (1 + t*)o’ — to + 4(?15)202 - %0. (2.4.5)

With all these equations in hand, we can get the desired ODE as follows: Combining (2.4.1) and
(2.4.3) gives:

_ 27;38(1 + t2)g// = [ﬂo — u(23?5 — 1)]p2 — h/o + w(2§RS + 1)]q2 (246)

Combining (2.4.1) and (2.4.2) gives:

(o +2(Rs)*t)o’ + %a/ = [Bo — u(2Rs — D]p” + [yo + w(2Rs + 1)]¢>.  (2.4.7)

o —

1
2(Rs)?
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Subtracting the square of equation (2.4.7) from the square of equation (2.4.6) leads to:

1 1
(1 +£22(0")2 — 0?4 00 (0 + 2(Rs)%t) — 2L 55

4(%s)? (Rs)? Rs
+ (3?;))3 (0")%(0 +2(Rs)*t) — 4(?15)4(0 +2(Rs)?t)?(0")? — (%)2 (0)? (2.4.8)

+4p?¢*[Bo — u(2Rs — 1)][y0 + w(2Rs + 1)] = 0.

In the last line of this equation, we can write 4p2%¢? = (%15)2 (0')? and for the product of the two
brackets, one uses equation (2.4.5). Equation (2.4.8) is now equivalent to the ODE

(14 t*)(6")? 4+ 4(1 4+ t*)(¢")® — 8t(0') %0 + 402 (0’ — (Rs)?) + 8(t(RNs?) — NsJs
—NSs)oo’ + 4(2tSIs(N + Rs) — (Ss)? — t2(Rs)? + N(2Rs + N))(0”)* = 0.

But this is precisely the ODE in Theorem 1.5 (note in particular that the equation itself is
meaningful not only for Rs > 1/2 but for all s with s > —1/2) with

d
o(t) =(1+ )Rt ) = (14 ¢*)— log det(I — Kn)|1,(1,00)
d
=1+ t2)$ log P[there is no eigenvalue inside (¢, 00)].
Thus, Theorem 1.5 is proved.






CHAPTER 3

Scaling Limit and Painlevé
Characterization

In this Chapter we split the proofs of Theorems 1.8, and 1.11 into several technical Lemmas.
The notations are those introduced in Chapter 1. Throughout the remainder of this part of the
thesis, C(ag,a1,...,a,) stands for a positive constant which only depends on the parameters
ap,ai, .. .,a,, and whose value may change from line to line (we shall not be interested in
explicit values for the different constants). We first bring in an ODE that 6., should satisfy;
then we prove several technical Lemmas about the convergence of the correlation functions and
the derivatives of the kernel K|yj. We shall use these Lemmas to show that 0. (t) is indeed well
defined (i.e. Fio(t) is non-zero for any ¢ > 0) and to prove Theorems 1.8 and 1.11.

3.1 Scaling Limits

We show that when N — oo, the ODE (1.2.16) converges to a o-version of the Painlevé-V
equation (for the full set of parameters s with s > —1/2). This limiting equation is also given
in Borodin and Deift [4] (Proposition 8.14). Borodin and Deift obtain this equation as a scaling
limit of a Painlevé-VI equation characterizing their 2F1-kernel. However, their 2F1-kernel is
different from our kernel K.

Set for 7 > 0,
dlogdet(1 — K oo
0(r) = O (r) 1= 7 1B = BN )laa vt (3.1.1)
dr
Then,
N N N N |o(%)
= ()R (5:7) -7 |z

where R(z,y) is the kernel of the resolvent operator Ky, j(1 — Ky, ;)~" and we use (2.2.6). It
follows that

73 7
o ( ) =~ AT (1) + 20(7) + 70" (7)] = 0" (7).
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Now, put this into the ODE (1.2.16) with ¢ = % After dividing by N2, we obtain:

T2

4 (9“) (0= 0(r) = 67 8 (B2 - ) X0 — o)

-
Js  (Rs)?

(1>2 (730" (1)) + 4 (712) (T0'(1) — 0(1))> + 2(70'(7) —0())> ==

+4 {27 = + 1} (70'(1) — 0(1))* = O(N ).
This gives

9” { 79/ () —6(r) — (?}?8)2) + 28560 (1) (10" (1) — 0(7))
+(7 9( ) o(r }+O ).

Now if one neglects the terms of order O(N 1), it is easy to see that this is precisely equation
(1.2.18). But this is also exactly the o-form of the Painlevé-V equation in Borodin and Deift [4],
Proposition 8.14.

Hence, On(7)(= 0(7)) satisfies a differential equation which tends to the o-Painlevé-V equation
and we have the following Proposition:

Proposition 3.1. The ODE (1.2.16) with the change of variable t = N/7, 7 > 0, is solved by
On(T), and is of the form

ika Bi(7, 05 (7), O (1), 0% (7)) _ 0.

T4
k=0

where m and q are universal integers and the Py ’s are polynomials which are independent of N.
Moreover, Py(7,0n(7), 0 (1), 0% (17))T~9 corresponds to the o-form of the Painlevé-V equation
(1.2.18).

Remark 3.2. We note that 0x(7), given by (3.1.1), is a solution of the ODE (1.2.16), with
t = N/1. Moreover, we know that limy_,co NKn(z,y) = Koo(z,y), for any z,y € R*. Hence it
is natural to guess that 6. (7) should satisfy the ODE (1.2.18).

3.2 Some technical Lemmas

For clarity, we decompose the proof of our Theorems into several Lemmas about the convergence
of correlation functions and the derivatives of the kernel K.

Lemma 3.3. Let K be a function in C*((R%)?,R), such that for allk € N, and z1, 2, ..., x5 >
0, the matriz K(x;,x;)1<i j<k 15 symmetric and positive. Define the k-correlation function py

by:
pr(@1, . wp) = det(K (24, ) 1<i,j<k),

and suppose that for (p,q) € {(i,5); i, € No, i + j < 2}, for some a > 1/2, and for all xq > 0,
one has the upper bound
C(zo)

(xy)>*’
if x,y > xg. Then, py is in C%(Ri)’ﬁR) for all k, and for all xo > 0, x1,...,x, > xo, one has:

opta
QxP Iy

K(z, y)’ < (3.2.1)

(C(x0))"

< _\\R0))
- (xl...xk)m’

| o (3.2.2)

ka(xl, cey Tk)
J
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if pe {0,1,2} and j € {1,...,k}. Moreover,

P
ka(ml, cox) =0 (3.2.3)
J

if pe{0,1}, € {1,...,k} and if there exists j' # j such that x; = xj.

Proof. Fix k € N. The fact that py is in C? is an immediate consequence of the fact that K is
in C2%. For x4, ey Tj—1, Tj41, ..., Tk fixed, the function:

t— pk(l‘l, ...,$j_1,t,xj+1, ,Ik)

is positive by the positivity of K, and equal to zero if ¢ = xj for some j' € {1,...,7 — 1,7 +
1,...,k}. Therefore, t = x; is a local minimum of this function and one deduces the equality
(3.2.3). We now turn to the proof of (3.2.2). By symmetry of pi, we only need to show the case
j = 1. We isolate the terms containing z; in the determinant defining pj to obtain:

pre(x1, ... o) = K(2y,21) det (K (2141, Tmg1)1<t,m<k—1)
+ Z (_1)i+j_lK(xivx1)K(x17‘rj)det(K(lerlJr]lzzifl?xm+1+]lmzj71)1Sl,mSk*2)7
2<i,j<k

where we take the convention that an empty sum is equal to 0 and an empty determinant is
equal to 1. One deduces:

0
afpk(ffl, cooyrg) = (K7 + Kb) (21, 1) det(K (@141, Tmt1)1<t,m<k—1)

+ 3 ()TN ) K (@, 25) + K (2, 20) K (0, 25)
2<i,j<k

det(K(xl+1+ﬂl2i—l y TmA41+41,,> 51 )1§17m§k*2)7

and
82
ka(xl, ) = (KY 3 + 2K 5 + Ky o) (21, 21) det (K (2141, Tmt1)1<t,m<k—1)
+ Z Z+j 1 K”(.Ii,xl)K(l‘l,l‘j)+2Ké($i,I1)K{($17$j)
2<4,5<k

+ K (x5, 21) K7 (21, 27)) det (K (Z14141,55 1> Tt 141,55 -1 )1<lm<k—2),

where for p,q € {1,2}, K, denotes the derivative of K with respect to the p-th variable, and
K;,”q denotes the second derivative of K with respect to the p-th and the ¢-th variable. By the
positivity of K, there exists, for all » € N and y1, ..., s, 21, ..., 2 > 0, vectors ey, ..., e, f1, ..., fr
of an Euclidian space E equipped with its usual scalar product (.|.), such that (e;|f;) = K (vi, ;)
for all 4,5 € {1,...,r}. Now, we can define a scalar product on the r-th exterior power of E by
setting

(U1 A A ’U,T|’U1 A A 1}7-) = det((ui|vj)1§i,j§,.),

for all uy,...,ur,v1,...,v € E. Note that this scalar product is nothing else than a Gram
determinant and we have the upper bound

| det((e:lf;)1<ijer)| < [ lleslle [T 1£illes

i=1 i=1
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|||z being the norm associated to (.|.). This last bound is equivalent to

| det(K (yi, 2)1<ij<r)| < HK(yzayl> H K(zi, zi). (3.2.4)
i=1 i=1
Now, let 9 > 0 and x1,...,x, > xo. The bound (3.2.1) given in the statement of the Lemma

and the inequality (3.2.4) imply

Cl(x k—1
‘det(K(mFFla$m+1>1§l’m§k*1)| < (x(gxi()))xk)h

and

‘ det(K(xl+1+ﬂ12i—1 ) x77b+1+1mzj—1)1§l7m§k—2)|
(Clzo)*2
(Tom3 - @i 1@iqr - ) (V2T3 - T 1 T - Tg)S
() )
($2...$k)2a

<

Hence, each term involved in the expressions of p; and its two first derivatives with respect to z;
is smaller than 4(C(x0))*/(zy - - - 2)?* and therefore, the absolute values of p; an its derivatives
are bounded by 4((k — 1)2 + 1)(C(x0))*/(z1 - - 2x)?* < 4%(C(z0))* /(1 - - - 1), implying the
bound (3.2.2). O

Remark 3.4. In the above proof, the value of C(xz¢) does not change. It is thus possible to
take C'(zo) in the inequality (3.2.2) to be equal to 4 times the value of C'(zg) in (3.2.1).

We now have to prove that the re-scaled kernel K|y satisfies the hypothesis of Lemma 3.3, and
that its partial derivatives converge pointwise to the partial derivatives of K. In the following,
we introduce the notation

Fona(z)=oF [-n,h,a;2/(1 4 iz)],
for (n,h,a) € N x C x R*.

Lemma 3.5. Let ¢ € {0,1}, h € C, a € R}. For N € N, we set n := N —¢€. Then,
x> Fppo(Nz) and x — 1F1[h,a;2i/x] are in C*°(R*), and for allp € N and x € R*:

dP dP .
@(Fn7h7a(Nx)) N:))o @( 1F1 [h, a; QZ/‘T])

Moreover, for all xo > 0 and for all x € R such that |x| > xo, one has the bound

C Zo, h7 a, p)
(Fuava))| < S0

dp
’dxp

Proof. One has

= (—n)p(h 2 :
Fn,h,a(Nx):Z( (a))];i;!)k <1—|—Nix> ’

k=0
where only a finite number of the summands are different from zero. This implies that the
function is C*° on R*, and

k=0
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The term of order k in this sum is dominated by (note that a > 0)

(hy 2
(ki O e

and for fixed x, tends to
(h)k ) (20)"(-1)
(a)pk!™ P akte
when N — oo. One deduces, that for |z| > 29 > 0:

dr o ([2])x 2"
N <
dx p( nha( -77))‘ —k O(G)kk!( )p|$|k+p
1 (1A% 2"
S Dp=o + B |p+1 Z @)k k)l’xlgﬂ
< C(JjOvhﬂavp)
|x|p+1p>0

which is the desired bound. Now, by dominated convergence, one has

dr (1) (20)*(=1)"
75 Funa(N2)) — 2 (a)k’;!( Yo

Hence, Lemma 3.5 is proved if we show that « +1 Fi[h,a;2i/z] is C*° on R*, and that

dr (1) (20)*(=1)"
— (1 Fi[h a3 2i/a)) = ,;J(a),;d(’“)p e (3.2.5)

But the sum in (3.2.5) is obtained by taking the derivative of order p of each term of the sum
defining 1 Fy. Therefore, we are done, since this term by term derivation is justified by the
domination of the right hand side of (3.2.5) by C(x, h,a,p)/|x[PT1»>0 on R\ (—z0, z0). O

Lemma 3.6. Fiz s such that ®s > f%. Define the functions Py and Qn by

~ s 1/2
Pr() = 2% (W) o (Na)v/w (Na),
< 1/2
QN(.’IJ) = 2§Rs+1 (NF(2§};(]—;)]V + 1)> prl(Nx) wH(Nx)u

ujhere PN, PN—1 and wg are given in Theorem 1.2 and the remark below that Theorem. Then,
Py and Qn are C* on R, P and Q, defined below (1.2.12), are C*° on R*, and for all x € R*,
pe NO)

(Sgn(2))N P (z) — PP (z),

N—oc0
(Sgn(@)N QW (@) — QW(a).

Moreover, for all p € Ng, o > 0, one has the following bounds:

D O(Io,S,p)
’Pfé’)(z)‘ S s

and C( )
Zo, S, P
‘Q = |1-|;D+1+§Rs

for all |z| > xy.
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Proof. We define
Oy (z) = D(N,n,s)(N& — )" Fy pa(Nz)(1+iNz) 5 N/2(1 - iNz)(—5-N)/2)

where 12
_my (T2Rs + N +1) _
D(N :2§Rs+(N n) NN n
(N, 5) NT(N) ’
and N —n € {0,1} (see Lemma 3.5). Then, if (n,h,a) = (N, s,2Rs + 1), dy(z) = Py(z) and
if (n,h,a) = (N —1,s+1,2Rs + 2), Pn(z) = Qn(x). Moreover, note that ® is a product of

C*° functions on R.
Now, for § € {—1,1}:

log(1 4 0iNz) = log(1l — di/Nx) + log(N|z|) + igJSgn(x),

because both sides of the equality have an imaginary part in (—7,7) and their exponentials are
equal. Hence,

- N
log(1 —iNz)

—s+ N
2

— (N - n)> log(1+iNz) +

5—N
log(1 +i/Nx)

— N
:( S; —(N—n)> log(1 —i/Nz) +
— (Rs+ (N —n))log(N|z|) + nimSgn(x)/2 + 7SsSgn(x) /2.
This implies:
Oy (z) =D(N,n,s)(—1) 1+zN:13)( SEN)2=(N=n) (1 _ iNg)(—5=N/2E, . (Nx)
(N n, S)( Z) (leD —(N—n) nzﬂ'Sgn(w)/2 7sSgn(z)/2
(171/Na:)(N /2=(N=n)(1 4 /Ng)(T5N/2F, L (Nz)
(Nn S)(S ( )) (QN) Rs—(N—n) (2/| |)B‘€s+N n w\ssSgn(m)/2
( —Z/NJJ)(N s)/2—(N— n)( —‘y—Z/Nl‘) —35— N)/an,h,a(Nx)
=D'(N, s)(Sgu(x))" eS8/ (2 /)N (2|2
(1 —i/Ng)N=9)2=WN=nm) | 1 j/Ng)(=5-N/2F, . (Nz), (3.2.6)

where for s fixed,

T(2Rs + N + 1))1/2

/ _ —Rs—(N—n) _
D (st) - D(N,TL,S)(QN) - < N2§Rs+11"(N)

(3.2.7)

This tends to 1 when N goes to infinity. In particular D’(N,s) can be bounded by some C(s),
not depending on N. We investigate all the terms in (3.2.6) separately in the following.
Let G be the function defined by:

Gy) :=(1- iy/N)(N—s)/2—(N—n)(1 + iy/N)(_g_N)/g,

This function is C*° on R and one has:

Py ZCp, N (=i/N)P"(=(N = 5)/2+ N = n)q

(N +35)/2)p—q (1 = iy/N) (1 + iy /N) =P~



3.2. Some technical Lemmas 31

For s, y, p and N —n € {0,1} fixed, the last sum is dominated by some constant C(s,p) only
depending on s and p and tends to (—4)P, as N — co. Moreover, G(y) tends to e~%, and

i (N—iSs)/2
6 = (12%) (1 ig/N)~ O L4 g N R

A simple computation, yields the following:

—Rs/2
Cwl=ce (1+4:) s

This implies that G®)(y) tends to (—i)?e~* when N goes to infinity, and that
GO ()| < Cl,p)(1+y?)
Now, for all f in C*°(R), the function g defined by z — f(1/z) is in C*°(R*), and there exist

universal integers (1p k)peN,,0<k<p, Such that p, o =0 for all p > 1, and for p € Ny,

g®) (z) = ””’kﬂ“(l/ ).

k=0

Applying this formula to the functions G and y — e~%, one obtains the following pointwise
convergence (for z # 0):

P _ dp
_ —s)/2—(N—-n) ; (=5-N)/2 e~/
— [(1 i/Nz)N (1+i/Nz) ] (e (3.2.8)
with, for |z| > xo > 0,
dP s n) —5— C(ZL’ ,S,p)
— [(1 — i Ng) N9/ 2= (N0 (1 4N N)/ﬂ < mpim, (3.2.9)
Recall that by Lemma 3.5, one has the convergence
dpP dr
ﬁ(Fn7h7a(Nx)) T ——(1F1[h, a; 2i/z]), (3.2.10)
and the bound . Clao.h o )
Zo, N, 4, P Zo, S, P
dxp(Fn’h’a(Nx))‘ S ‘a’;|p+ﬂp>0 S |$|P+]lp>0 ’ (3211)

since (h,a) only depends on s in the relevant cases (see the beginning of the proof). Moreover,

C(s,p)
- |x|§R9+(N n)+p "

dpP

o (3.2.12)

[(2/2)¥ 2/ |2)) "] | <

We can now give the derivatives of @, using (3.2.6). One has for p > 0:

D
Ni(ch (x)) :D/<N7 5>eﬂ'c\\fsSgn(3¢)/2

dxP
D iy PYRESSIUYMILY

lgolqs! dar
q1+92+93=p Q1-q2°43

d42 —
— [(1 — i/ Ng)N=9)/2=(N=n)(1 | i/N$>(—N—s)/2}

d?3
dx3

(Sgn(x))

[Frho(Nz)|.
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By (3.2.7), (3.2.8) and (3.2.10), whenever s, z and N —n € {0, 1} are fixed, this expression tends
to

! dan
7sSgn(z)/2 E p: [(2/ )an(2/| |)§Rs}
e x x
lao!gal
q1+q2+q3=p ila2'gs! dot:
dIJ2 i)z dqg )
quz |:€ / :| dxq3 ( 1F1 [h’? a’; 2Z/I]) ?

for N — oo. But this is precisely the p-th derivative of P at z if ®5 = Py, and the p-th
derivative of @ at x if & = Q. Moreover, for |z| > z¢ > 0, one easily obtains the bound

d? C(x()asap)

%(‘I)N(w)) < EESIE

using (3.2.7), (3.2.9), (3.2.11) and (3.2.12). This completes the proof of the Lemma. O

Lemma 3.7. Let f and g be two functions which are C*° from R* to R. We define the function

¢ from (R*)? to R by
b(z,y) = f(w)g(y; - Z(x)f(y)’

for x # vy, and
o(z,2) = f'(x)9(x) — ¢'(x) f(z).
Then, ¢ is C> on (R*)? and for all p,q € Ny:

(a) If x # y:
opta p g (k) ) _ (k) ) B
‘933”35q =2 266 : (xzz —(:;j))p‘f‘qg—k—(lf-)lf W (1" p+qg—k—1)

(b) If x and y have same sign:

oP+ag “ - 1 o )
S =2 Ch (877 [y 0w - )1 - o)
k=0

— () /01 g (y + 0(x — y))6r(1 - 0)*dd | .

Proof. (a) By induction, one proves that for all p, ¢ € Ny, and for z,y € R distincts and different
from zero, it is possible to take, in a neighborhood of (x,y), p derivatives of ¢ with respect to
x and ¢ derivatives of ¢ with respect to y, in any order, with a result equal to the expression
given in the statement of the Lemma. This implies the existence and the continuity of all partial
derivatives of ¢ in (R*)?\{(x,z),z € R*}. Therefore, ¢ is C* in this open subset of (R*)2.

(b) With the same method as in (a), we obtain that ¢ is C*° on (R*)? U (R%)?. The only
technical issues are the continuity and the derivation under the integral. These can easily be
justified by the boundedness of the derivatives of f and ¢ in any compact set of R*. O

Proposition 3.8. Let z,y € R* and let Rs > —1/2. Then K|yj and Ko are C* in (R*)? and
for all p,q € Ng,

8P+q ap+q

(Sgn(xy))NWK[N] (z,y) Koo(2,y).

4> —
N—oo OxPOy4
Moreover, for any xo > 0, and |z|, |y| > x¢ > 0:

ap+q C($07S7p, q)
DxP Dyl Kiny(z,y)| < | [ Rs P L]y Rstatl”
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Note that the pointwise convergence in the case p = ¢ = 0 corresponds to the convergence result
for the kernels given by Borodin and Olshanski [5].

Proof. One has
N 1 T(s+DI(E+1)
(Sgn(zy))™ Ky (2,y) = o T(2Rs + DI (2Rs + 2)

(Sgn(x))" Py (2)(Sgn(y)) Y Qn (y) — (Sgn(y)™ Pn (y)(Sgn ()N Qn (x)
T—y

for = # y, and

1 T(s+1)IE+1)
27 D(2Rs + 1)[(2Rs + 2)

Kiny(z,2) = (Py(2)Qn(z) — Q () Pn(2)),

with Py and Qy defined in Lemma 3.6. Recall the definition of K., in (1.2.12) and (1.2.13).
Now, Py, Qn, P and Q are in C>(R*) (see Lemma 3.6) and hence, by Lemma 3.7, K}y) and
K are in C®((R*)?).

Moreover, by Lemma 3.6, the derivatives of = — Sgn® (z)Py(x) and 2 — Sgn®™ (2)Qn(z) con-
verge pointwise to the corresponding derivatives of P and Q. Considering, for z # vy, the
expression (a) of Lemma 3.7, and for = y, the expression (b), one easily deduces the point-
wise convergence of the derivatives of (z,y) — (Sgn(xy))" Ky (z,y) towards the corresponding
derivatives of K.

Finally, the bounds given in the statement of the Lemma can be obtained from the bounds of
the derivatives of Py and Qy, given in Lemma 3.6, and by applying the formula (a) of Lemma
3.7 if zy < 0 or max(|z|, |y|) > 2min(|z|, |y|) (which implies |x — y| > max(|z|, |y|)/2), or the
formula (b) if xy > 0 and max(|z|, |y|) < 2min(|z], |y|). O

Summarizing, we have:

Proposition 3.9. Let s be such that s > —%. Then, the restriction to R’ of the scaled kernel

K] and the kernel K, satisfy the conditions of Lemma 3.3. Moreover, for all p,q € Ny, the
partial derivatives
opta
N
axpayq K[N] (J}, y)

converge pointwise to the corresponding partial derivatives of Koo (x,y).

Sgn(xy)

Proof. This follows immediately from Proposition 3.8 and the fact that these kernels are real
symmetric and positive because they are kernels of determinantal processes on the real line (see
remark 1.3 for the kernel K). O

The next step is to analyze the convergence of the Fredholm determinant of Ky ; and its
derivatives to the corresponding derivatives of the Fredholm determinant of K, ;, for J = (¢, 00),
t> 0.

Lemma 3.10. Let F be a function defined from (Ri)’“‘l to R, for some k € N. We suppose
that F is in O, and that there exists, for some o > 1 and for all xy > 0, a bound of the form

C(xo)

0
fF(i}le,J,‘g,...,xk) < 7(.% xk)a,
1e..

ot

for all t,x1,...,x, > x9. Then, the integrals involved in the definitions of the following two
functions from R% to R are absolutely convergent:

IF(t, x1,T2, ...,Jik)| +

Hy:tw— F(t,z1,...,x5)dzy ... dxg,
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and

Hy:t— gF(t,xl,...,:ck)dfcl...dxk
(t,oo)""' at

k
- Z/ F(t,xy,...,x1-1,t, X141, ..., xg)dxy .. . daj—1dziqq . . . dog.
=1 (t,OO)k_l

Moreover, the first derivative of Hy is continuous and equal to Hy.

Proof. Due to the bound given in the Lemma, it is clear that all the integrals in the definition
of Hy and H; are absolutely convergent. Therefore, for 0 < ¢ < ¢/, we can use Fubini’s Theorem
in order to compute the integral
t/
/ Hiy(u)du.
t

Straightforward computations show that this integral is equal to Ho(t') — Ho(t). Hence, if we
prove that H; is continuous, we are done. Now, let t > xg > 0. For t/ > z(, one has

me) -l [ |2

%,F‘(t/7 L1y--- 7.’1’:]‘;)]1{11_"”7Ik>t/}

(z0,00)*

0

—ﬁF(t,ml, . axk)ﬂ{:rl,..‘,zk>t} dry ...dxy
k
’ ’

+ Z/ ‘F(t 3 T1ye e, 1,1 s Ll41y .- 7xk)]l{xl,...,xl,l,rprl,...zk>t’}

=1 ($07°o)k_1
—F(t,zy, .. w1t g, ) Moy ey w401 - dzp_ydagy . day,.

All the terms inside the integrals converge to zero almost everywhere when ¢’ — ¢ (more precisely,
whenever the minimum of the x;’s is different from ¢). Hence, by dominated convergence,
|Hy(t') — Hy(t)| tends to zero when ' — . O

Lemma 3.11. Let K be a function satisfying the conditions of Lemma 3.3. Then, using the
notation of that Lemma,

1
Zkl/( )kpk(xlw--axk)dxl...dxk<oo
k>1 : t,00

for all t > 0. Moreover, the Fredholm determinant F', from R* to R, defined in (1.2.15) is in
C3, and its derivatives are given by

—1)*
Fl(t):Z( k') / )kpk+1(t7x17...7xk)d$1...dxk;,
: (t,00)F

k>0

F”(t)—z(_l)k 9 (t )d d
- k! ( Pr+1\l, L1,y...,TE)ATT ... AT,

k:ZO t,OO)k 61;

" (*l)k 82
F (t) = Z A / @pk+1(t,1‘1,...,$k)d$1...dl‘k,
k>0 : (t,00)*

where all the sums and the integrals above are absolutely convergent.

Proof. For k > 1, we define F}, by

(=D*
Fk(t): %l pk(xh...,xk)dxl...dxk.



3.3. 0O is well defined 35

The integral is finite because of the bounds given in Lemma 3.3. By the same bounds, one can
apply Lemma 3.10 three times, to obtain that F}, is in C?3, with the derivatives given by

-1 k—1
= 4/ pre(t, @y, ..., xp_1)dwy ... drg_1,

(t,oo)k_l

(
(
" _ (_1 kl/ 0
F/(t) = =)t by 8tﬂk(t,$1a~-~>$k—1)d$1-~~d$k—1,
(
(

—1)k1 52
= /(t s wpk(tﬁrla“-axk—l)dfl coodrg_q,

where again all the integrals are absolutely convergent by Lemma 3.3. Note that we use (3.2.3)
to calculate the derivatives above. Moreover, for p € {0, 1,2, 3}, (3.2.2) gives the following bound
for any zg > 0:

T k
sup [P (1) < <(Ck(_°1)§! .

Using dominated convergence, we have that the sum

> Fi(t)

k>1

is absolutely convergent, and that its p-th derivative, p € {0, 1, 2,3} with respect to ¢ is contin-
uous and given by the absolutely convergent sum

ST EP ().

k>1

3.3 0 is well defined

In order to prove that 6 is well defined, we need to prove that Fi.(t) never vanishes for ¢ > 0
(recall from Remark 1.10 that the range of the largest eigenvalue is R% ). We note that Fi(t) is
the Fredholm determinant of the restriction of the operator K., to the space L?((t,00)), which
can also be seen as the operator on L?((ty, o)) with kernel (z,y) = Koo(2,y) 144>, for some
to such that t > t; > 0. This operator is positive, and we note that it is a trace class operator,
since:
Koo(z,z)dr < co.
(t,00)

Therefore, the Fredholm determinant of this operator is given by the convergent product of
1 — Aj, where ()\;);en is the decreasing sequence of its (positive) eigenvalues, with multiplicity.
This implies that the determinant is zero if and only if 1 is an eigenvalue of the operator: hence,
we only need to prove that this is not the case. Indeed, if 1 is an eigenvalue, there exists f # 0
in L?((tp,00)) such that for almost all z € (to,c0):

[ee]
F@) = Lot [ Kealr) S0 .
t
Therefore f(x) = 0 for almost every z < ¢, and

J = D(t,00) Koo, (to,00) f
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in L*((to,00)), where K (1,.00) is the operator on this space, with kernel K, and P(t,00) 18 the
projection on the space of functions supported by (Z,00). Now, if we denote g := Koo (¢,,00).>

o0 oo o0
16122 0000y = / / [ Ko) Keal,2) F0) £2)ddy
0 0 0

By dominated convergence, one can check that ||g\|2L2((t0 o0)) 18 the limit of

/: /too /too Kin)(z,y) Kiny (2, 2) fy) f(2) de dy dz

when N goes to infinity. This expression is equal to ||p(ty,c0) K] f ||i2(R), and hence, smaller
than or equal to ‘|K[N].f~||%2(R), where the operators p(y,,o) and K[y act on L?(R), and where
[ is equal to f on (tp,00) and equal to zero on (—oo,to]. Now, K[yj (as Ky) is an orthogonal
projector on L?(R) (with an N-dimensional image), hence, ||K[N]f\|L2(R) < \|f||L2(R). This
implies:

191122 ((t0,00)) < I F1IL2((t0,00))-

Now, with obvious notation:
||g||%2((t0,oo)) = ||p(t,oo)9\|2L2((to,oo)) + Hp(to,t]9||%2((to,oo))
= 11172 (10,000 F 1Pt0,6191172 ((20,00))

since f = p(t,00)9- By comparing the last two equations, one deduces that

1P (t0,091172((19.007) = 05

which implies that g is supported by (¢, c0), and

f = P(t,c0)d = 9 = Koo,(to,oo)f-

It follows that K (+,,)f (equal to f) takes the value zero a.e. on the interval (Zo,t). Since f
is different from zero, one easily deduces a contradiction from the following Lemma:

Lemma 3.12. Let f be a function in L*((t,00)) for some t > 0. Then the function g from R
to R, defined by:

@)= [ Kalr) f0)dy
is analytic on {z € C; R(z) > 0}.

Proof. 1t is sufficient to prove that for all 2y such that 0 < zy < ¢/2, g can be extended
to a holomorphic function on the set H,, := {z € C;R(x) > zo}. Let (e h,a) be equal to
(0,5,2R(s) +1) or (1, s+ 1,2R(s) +2), and ® equal to P in the first case, Q in the second case.
One has for z € R%:

9 R(s)+e _ N
®(z) = <) e 7emS6)/2 By (R, a; 2i ) x).
X

® can easily be extended to Hy,: for the first factor, one can use the standard extention of the
logarithm (defined on C\R_), and the last factor is a hypergeometric series which is uniformly
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convergent on H,,. Moreover, it is easy to check (by using dominated convergence for the
hypergeometric factor), that this extension of ® is holomorphic with derivative:

' (x) =
Rs+e
gasn (2 .
eﬂ\sS/Z ) e—z/m
X
- [(S“)lm [h, 0; 2i/2] + —= 1 Fi[h, a; 2i /2]
X

3t (1))

With these formulae, one deduces the following bounds, available on the whole set H,,:

ol
C(IOVS)

|®(z)] < W’

C(an )

@' (2)] < [Z[RG) Fer

Now, let us fix y € (¢,00). Recall that for z € R* \{y}:

1 I(s+DIGE+1)  P@)Q(y) — Q)Py)
['(2Rs + 1)I'(2Rs + 2) z—y '

This formula is meaningful for all + € H, \{y} and gives an analytic continuation of z
Koo (x,y) to this set. Now, for z > xg, one also has the formula:

1 T(s+1)I'(E+1) oy o =
%F(Q?RS + DT (2Rs + 2) P(2)Qy) = Q(2)PW)|,
where Z is a uniform random variable on the segment [z,y]. By the bounds obtained for ® and
®’, one deduces that the continuation of z — K (x,y) to the set Hy \{y} is bounded in the
neighborhood of y, and hence can be extended to H,,. By construction, this extension coincides
with Koo (z,y) for € (x9,00)\{y}, and in fact it coincides on the whole interval (zq, c0), since
Koo (z,y) tends to Koo (y,y) when x is real and tends to y. In other words, we have constructed
an extension of x — K (x,y) which is holomorphic on H,,. Now, let us take x € H,, such that
|z — y| > y/2, which implies that |x — y| > C(|z| + y) for a universal constant C. By using this
inequality and the bounds on P and Q, one obtains:

C(s,xg)
[ Koo(z,9)| < W

Keo(z,y) = (3.3.1)

Koo(z,y) =

By taking the derivative of the equation (3.3.1), one obtains the bound (again for = € H,, and
[z —yl > y/2):
C(s,x0)

0
Koo(z,y)| < |l.|§R(s)+2 R(s)+1°

bz
Now, the maximum principle implies that the condition |x —y| > y/2 can be removed in the last
two bounds. By using these bounds, Cauchy-Schwarz inequality and dominated convergence,

one deduces that the function:

T /too Koo(z,y) f(y) dy

is well defined on the set H,,, and admits a derivative, given by the formula:

wH/ ( (z y)) f(y)dy.
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3.4 Proof of the Scaling Limit Theorem 1.8

Note that by Proposition 3.9, K|y and K, satisfy the conditions of Lemma 3.3. For k, N € N,
let pi n be the k-correlation function associated with K|n) and py oo the k-correlation function
associated with K. By Lemma 3.11, Fy is well defined for N € NU{oo}, and C3. The explicit
expressions of Fy and F,, and their derivatives are given in Lemma 3.11 by replacing pp by
pr,N and pg oo respectively. Now, for £ > 1, all the partial derivatives of any order of pi
converge pointwise to the corresponding derivatives of py - when IV goes to infinity. This is due
to the explicit expression of p; n as a determinant and the convergence given by Proposition
3.9. Moreover, by that same Proposition, there exists @ > 1/2 only depending on s such that
or < C(zo,s)*

aT:;l)Pk,N(Ilwu,J?k) S Gor o)

for p € {0,1,2}, and for all 21, ...,z > 2o > 0. In particular, this bound is uniform with respect
to N, and it is now easy to deduce the pointwise convergence of the derivatives of Fiy (up to
order 3), by dominated convergence.

3.5 Proof of the Painlevé Theorem 1.11

Theorem 1.11 follows immediately from Proposition 3.1 and the following Proposition:

Proposition 3.13. Let s be such that Rs > —1/2, and Fy, N € N, and Fy, be as in Theorem
1.8. Then, for N € NU {oo}, the function On from R* to R, defined by

O (7) =7 log(E ("))

is well defined and C*. Moreover, for p € {0,1,2}, the derivatives 955) converge pointwise to
o) (defined by (1.2.17)).

Proof. Recall that for ¢ > 0, Fy(t) is the probability that a random matrix of dimension
N, following the generalized Cauchy weight (1.1.3), has no eigenvalue in (Nt,00). Therefore,
Fn(t) > 0, for any ¢ > 0. Similarly, F.,(¢) is the probability that the limiting determinantal
process has no point in (¢,00), which is also different from zero for any ¢ > 0, as we proved in
section 3.3. Therefore, for all N € NU {co}, Oy is well-defined and

()

N =y

Since Fy is in C3, Oy is in C?, for all N € N U {oo}, and one can give explicit expressions
for O and for its first two derivatives (see Lemma 3.11). It is now easy to deduce from these
explicit expressions and the pointwise convergence of the first three derivatives of Fy assured
by Theorem 1.8, the pointwise convergence for the first two derivatives of 6, when N € N goes
to infinity. O

Remark 3.14. Note that most probably, it is also possible to derive the fact that the kernel
K gives rise to a solution of the Painlevé-V equation (1.2.18) directly by the methods of Tracy
and Widom [37] in an analogous way to the one used to obtain the Painlevé-VI equation (1.2.16)
in the finite NV case. In fact, the recurrence equations (2.1.4) in the infinite case are:

o

Ss s> 1

3?3) P(z) + Rs? 2Rs + 1Q(m),

22P'(z) = (—x§R8+
22Q'(z) = — (2Rs + 1) P(z) — <—x%s + ;’z) Q(z),
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where P and @ are as in the definition of K in (1.2.12) and (1.2.13). However, this method
has several drawbacks, as already mentioned in the Introduction (Chapter 1) and in Chapter 2.






CHAPTER 4

The Convergence Rate

We first need the rate of convergence for the scaled kernel Kjyj(z,y) = NKy(Nz, Ny):

Lemma 4.1. Let x,y > xo > 0. Then there exists a constant C(zg,s) > 0 only depending on
2o and s € C Rs > —1/2), such that

1 C(zo,s)

K (@) = Kool@ )] < 57 orr

In the following proof, C(a,b,...) denotes a strictly positive constant only depending on a,b, ...
which may change from line to line.

1 D(s+1)D(E+1)

Proof. Let z,y > xg, * # y. Then, setting C(s) = = TR DT (2R 73]

from Lemma 3.6, we have

, and using the notations

| Ky (,y) = Koo(2,9)] = (4.0.1)
C(s)| | [P (2)Qn () — Py (1)Qn(a) ~ (P@)Q) - PW)QL2))

<) | {|Pv@)n () - P@)Qw)| + [Prm)Qy () - Pr)Q()| }

<) || {[P(0) = P@)] IQn )] + 1an () — Q) [P(0)

+|Pr(y) - PO lon (@) + Qn () - Q@) | PWw)| } -
Similarly, if 2,y > x, it is easy to check (by using the fundamental Theorem of calculus) that
K (@.9) = Kucl2,9)| < COIE [|P(2) = P(2)]1Qn ()] (4.02)
+1Qu(@) = Q)| |P'(2)| + | Px(a) - Pla)| 1@ (2)] + |Qn(2) - Q' (2)| |P(a)]] -

where Z is a uniform random variable in the interval [z, y].

By using (4.0.1) if max(x,y) > 2min(z,y) and (4.0.2) if max(z,y) < 2min(z,y), one deduces
that the Lemma is proved, if we show that for p € {0,1},

~ ~ 1 C(xg,s,p

‘PJ(\?)(QU)_P(M(@")‘ < N%’ (4.0.3)
and Lo )
Zo, S, P

QE\ZI)) (z) — Q(p)(x)‘ < N pptiiws (4.0.4)

Recall from (3.2.6), the following function (note that = > z¢ > 0):

Oy (x) = D'(N,s)e™>/2 <2>N” (2)%5

x T

i\ (V=9)/2=(N=n) i\ —GHN)/2
1 - — 1 F, N
( N:c) ( +Nz> n’h’a( ),
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and let us define similarly:

9 N—-n 9 Rs _
P(z) = ™5/? () () e/ Fy [h, a; 2i)x]

x xT

where (n,h,a) = (N,s,2Rs + 1) and ®y(z) = Py(x), or (n,h,a) = (N — 1,5 +1,2Rs + 2) and
Oy (z) = Qn(z), for N € N* (recall that N —n = 0 in the first case and N —n = 1 in the second
case). It suffices to show that for p € {0,1}, |<I’§\’,7) (z) — ®P)(z)] < % to deduce (4.0.3)
and (4.0.4). Let us first investigate the case p = 0:

N 9 Rs+(N—n)
() — B(a)| < ™ ()

xT

(4.0.5)
AID W) = 1|1 = i/ (Na)) NN (1 () N2 (N
|1 = i (Na)) NN (1 (NN e | o (Na))

671'/:1:

+

[Funa(N2) = 1Py (b, ;212

We show that the bracket {.} is bounded uniformly by +C(z,s). In the following, we look at
the three summands in the bracket separately. For the first one, we have by (3.2.9) and (3.2.11)
that

‘(1 —i/(Nz)) N2 () (Na)) " N2 B (N2 | < C(ao, 9).

Moreover, it is easy to check (for example, by using Stirling formula) that
'2Rs+ N +1
‘(S++) C(s).

NQ%S‘HF(N) B 1' <

1
- N

Now, if some sequence ay > 0 converges to a > 0 in the order 1/N as N — oo, \/ay — +/a, in
the order 1/N as well, for N — co. Hence,

ID'(N,s)— 1] = < Lo

I@%+N+U1“71
N

N2§Rs+1 F(N)

Thus, the first term in the bracket {.} of (4.0.5) is bounded by C(xo, s)/N. Let us look at the
second term:

[P na(Nz)| < Clz0, 5),

again according to (3.2.11). Moreover,

‘(1 — i) (Nz))N=9)/2=(N=m) (] 4 Ng)~N+9)/2 _ =ife (4.0.6)

< |0 = i (V) VI i (N2 il |1 i (N

+ ‘e*i/w (1—i/(Nz))~N-m _1].

It is clear, that the second term in the sum is bounded by C(z¢)/N. For the first term, the
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second factor is bounded by C(z(), whereas for the first factor, we have the following:

(1 T %2 ) N (W) ey e el o)
—q )\ V2 i i )\ "iSs/2 _
((BLSD) -l (Ghag) || vwon ™"
1 e—ise 1 ;z?ENtism L ‘(1 . 1/(Nx)2)4ﬁs/2‘
e |14 1/v 2)—§Rs/2 B 1'.

We investigate all terms in this sum separately: |(1 + 1/(Nz)?)~%/2 — 1| can be bounded by
C(z0, s)/N using binomial series, and

1—i/(Nz)\ %2 N .
‘ (1—|—Z/(N:£)> = |exp{—SsArg(l +i/Nz)}| < C(zo, ).

Furthermore,

‘<1 - Z/(N:I:))—z%s/Q -
1+i/(Nx)
i (—SSZn 0 2n+1 (1/( ))Qn“)k

— Jexp{~SsArctan(1/(N2))} — 1] < |3 i !
k=0

— lexp{~SsArg(1 + i/(N))} — 1

1
SNC(IO,S).

Here, we use the fact that the Taylor series for the arctangent is absolutely convergent if 0 <
1/(Nz) < 1, which is true for N large enough. Now, by considering the series of the complex
logarithm of 1 +4/(Nz) (absolutely convergent for N large enough), one can show that

(1+i/(Nz))FN? — emi/(2)

NC(ZEO)

The remaining terms in the sum (4.0.7) are clearly bounded by C(zo, s) and hence, the second
term in the sum (4.0.5) converges to zero in the order 1/N.

We investigate the third term in (4.0.5): Clearly, |e*i/z| = 1. The second factor in the third
term requires somewhat more work:

|Foho(Nz) — 1 F1[h, a; 2i /]|

= i(_ ())YlLe)vk2 (1+1Nx> i h)a k! (fﬁ)k

k= =0

S () ()

k=1

)
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where the last inequality is true because of the absolute convergence of both sums. Now,

() - ()

L P GOl
S S (TR

1 N—n+k—1 - N
=5 AL - N'
1| Nondh=1 gy
= A v

Since all the factors in the last product have a module smaller than 1, it is possible to deduce:

o (i) - (2)'

N—-n+k—1

1 N —
x> |veam
% | TN (/)
1 N—n+k—1 l+1/l’
<y > e
To 1 ZINTa N
Sik k2 -+ k/ICO )
zg N
This bound implies easily that:
C(S,Io)

| Fona(Nz) — 1 F1[h, a;2i/x]] <

N )
and we can deduce:
1 C(=zo,s)

[Py (z) — @(2)] < N R (N

Therefore, (4.0.3) and (4.0.4) are proved for p = 0.

It remains to prove that

1 C(xo,s)
@y (z) — '(2)] < Nzt (N—n)+1°

to show (4.0.3) and (4.0.4) for p = 1. But this is immediate using the same methods as above

and the fact that we can write

Py (z) =
Rs+(N—n)
D’(N,s)e”gs/2 (i) : (1 _Z‘/(Nx))(N*SWf(an) (1+i/(Nx))f(§+N)/2
. {(?Rs + JEN b)) PR
i [(1=s/N N-n 1 1+3/N 1
+x2{( 2 N )1—2'/(J\796)Jr 2 1+i/(Nx)}F”’h’“(Nx)

L (D) () )
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and
P (z) =
Rs+(N—n)
eﬂ'%s/Z (2> 671/1:
x
_ N — ;
D i + a2
i (A (20)*k (1)’“*1
prs (a)rk! x ’
This ends the proof. O

Now we prove Theorem 1.13. Let us first prove the following result: for all n € N*, and
for all symmetric and positive n x n matrices A and B such that sup;<; ;<, |4; ;] < «a
SUp;<; j<n |Bij| < o and sup < <, |Ai; — Bij| < B for some «, 8 > 0, one has

|det(B) — det(A)| < Bn?a™ L. (4.0.8)

Indeed, the following formula holds:
1
det(B) — det(A) = / dX Diff det[A + A(B — A)].(B — A)
0

where for C := A+ A(B — A), Diff det[C].(B — A) denotes the image of the matrix B — A by the
differential of the deteminant, taken at point C. Now, C' is symmetric, positive, and |C; ;| < «
for all indices i, j, since C is a barycenter of A and B, with positive coefficients. Moreover, the
derivative of C' with respect to the coefficent of indices i, j is (up to a possible change of sign)
the determinant of the (n — 1) x (n — 1) matrix obtained by removing the line ¢ and the column
j of C. By using the same arguments as in the proof of inequality (3.2.4), one can easily deduce
that this derivative is bounded by o”~!. Hence:

1
|det(B)—det(A)|§/ dra"™ ! Z |Bij — Aijl

0 1<i,j<n

which imples (4.0.8). Now, we can compare the determinants of (Knj(s,7;));;—; and
(Koo(wi,x5))7 j—q for x1,..., 2, > z¢ by applying (4.0.8) to:

A j = (i) MO Ky (i, ),

By j = (@) Koo (w1, 25),
a = C(zg,s), B =C(xg,s)/N.
Here, we use the bounds for K|yj, Ko and their difference given in Proposition 3.8 and in
Lemma 4.1. We obtain:
|det(K[N](a:¢,xj)Zj:1) — det(Koo(SCi,SCj)ijlﬂ

1 n?

S(xl e O

(C(xo,5))".
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This implies

‘P {M(N) < z] — det(I — Koo)|L2(ta°°)‘

NS
- 1 n

< Z — |det(K[N] (24, mj)Zj:l) — det(K oo (x4, xj)m»:lﬂ dxy -+ -dx,
n=1 " J(x,00)"

< =1 n? C’(xo,s)d !

*;E N (roe) YPTT2 Y

IN

1 n C(xg, s "
NG < /. Mdy) < Clao,)/N,

0,00) Y

since the last sum is convergent and depends only on zy and s.



CHAPTER 5
Some Remarks about the Unitary
Group U(N)

With Theorem 1.5 extended to the full range of parameters, we know that the distribution of
A1(N), the largest eigenvalue of a matrix in H(N) can be written as

PP(N) < a] = exp ( / h ffzz dt) (5.0.1)

under the distribution (1.1.3). Using the Cayley transform H(N) > X — U = £t € U(N),
we can map the generalized Cauchy measure from H(N) to the measure (1.1.5) on U(N). The
inverse of the Cayley transform writes as

i0
e” +1 0
9'—>Zei9_1:(30t(2>,

for § € [—m,n]. 6 = 0 is mapped to oo by definition. Using this application, equation (5.0.1)

turns into: |
P[6;(N) > y] = exp (—2/ d¢ o (cot (i))) ) (5.0.2)

0
for y = 2arccot(a), y € [0,2n], and 1 (N) = ’A\i(N)J” 01(N) being here in [0,27] (and not in

[—7,7]!). In other words, the distribution of the largest eigenvalue on the real line of a random
matrix H € H(N) with measure (1.1.3), maps to the distribution of the eigenvalue with smallest
angle of a random matrix U € U(N) satisfying the law (1.1.5). Here, smallest angle has to be
understood as the eigenvalue which is closest to 1 looking counterclockwise on the circle from
the point 1.

According to Bourgade, Nikeghbali and Rouault [6], the eigenvalues {e?: ... e~} (recall
that 6; € [—m,x]) of a random unitary matrix U, satisfying the law (1.1.5), also determine a
determinantal point process with correlation kernel

Ky (e (5.0.3)
iN2GE s (o—ia\OF (piBY) _ o—iNFE )5 (giay)s (o—iB
=dn(s) wU(OZ)’lUU(B)e Qn(e ™)@y (a 2 ¢ —— T QN (e)Qy(e™)

etz —e 'z

b

s+1 s+1 T'(14s)I'(143 — . .
b2 ((;&eli(l):J\)fj'v (Fzr1+2ﬁ(res+) , Q% (z) = 2Fi[s, —n, —n —3; 2] and wy is the weight

defined after (1.1.5). If N — oo, the rescaled correlation kernel 4 K¥ (e?*/V, e#/N) converges to

where dy(s)
r

KY(a, B) (5.0.4)
— e(s)|aﬁ|§Rse—§§?s(8gn(a)+8gn(ﬁ)) elaTiﬁQs(_Z@)Qg(zﬁ) — e—i"‘;B Qg(za)Qs(_Z/B)

= .
where e(s) = 2;%, and Q°(z) = 1Fi[s,2Rs + 1;2] (again according to Bourgade,

Nikeghbali and Rouault [6]). In [6], it is also shown that the kernel KV coincides up to multi-
plication by a constant with the limiting kernel K, from (1.2.12) if one changes the variables




48 Chapter 5. Some Remarks about the Unitary Group U(N)

in (5.04) to a = % and = %, x,y € R*. This not surprising because a scaling x — Nz for
the eigenvalues in the Hermitian case corresponds to a scaling a +— - for the eigenvalues in the
unitary case as can be seen from the elementary fact that for z € R*, and N € N, one has

Nx +1 %+O(N_2).

N = ¢ (5.0.5)

Remark 5.1. Note that because of the O(IN~2) term in the argument of (5.0.5), it is not possible
to give an identity involving the kernel Ky of Theorem 1.2 and the kernel (5.0.3).



CHAPTER 6

Introduction to the Weakly
Self- Avoiding Walk

In the second part of this thesis we look at the weakly self-avoiding random walk. We are
interested in the diffusive behavior of this walk in high dimensions. Eventually, we prove a type
of local central limit theorem for weakly self-avoiding walks in Z%, with dimension d > 9 (d>5
in the restriction to the symmetric case), whose initial distributions are periodic and in a closed
neighborhood of the standard symmetric nearest neighbor distribution 2—2]1{%%”:1}. Due to the
fact that we work on a lattice with discrete time, we need to take care of periodicity issues.
In case of non-periodic initial distributions we get the same result for initial distributions in a
closed neighborhood of the distribution giving uniform weight on the points +e; and +2e;, for
i=1,...,d, where e; stands for the standard i-th unit vector in R?.

6.1 Introduction

Consider the following problem in two dimensions: You are standing at an intersection in a
town where the streets are laid out in square-grid style. Now you start walking around. At each
intersection you choose the next road that you take at random with the condition that you are
never allowed to use a road leading you back to an intersection you have already visited. In
other words you will walk along a random path which is self-avoiding. There are three basic
questions you can ask for such a walk:

e How many paths of n steps starting from the origin are there?

e How many paths of n steps starting from the origin and ending at a given intersection are
there?

e On average, how far from the starting point will you be after n steps?

This problem may be generalized to a self-avoiding random walk on the Hypercubic Lattice 7.,
d > 1. Then, the transition from one Verter along an edge to the next vertex is called a Step.
The above questions are still very natural to ask in this setup. However, the answers are not
known for any but very small values of n € N; except of course in the trivial case d = 1. A more
simple question to ask might be to understand the asymptotic behavior of such a walk. This
is still a hard question and no rigorous results are known for dimensions two and three. It is
believed that the walk is not diffusive in these two dimensions though. Physicists and Chemists
have introduced this type of model to study the growth of large polymer chains such as proteins.
They have applied several methods and produced many results. However most of them are not
proven in a mathematically rigorous way. Some of these results and details of some rigorous
mathematical work on the self-avoiding walk can be found in the book of Madras and Slade [24],
where the above 2-dimensional problem is taken from.

Most mathematically rigorous results have been obtained in high dimensions (d > 5). In the
1980’s, Brydges and Spencer [9] introduced the Lace Ezpansion as a method to study the Weakly
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Self-Avoiding Walk (or Domb-Joyce Model). This is a random walk which may intersect itself,
but each self-intersection is penalized by a parameter 1—\, A € [0, 1]. We explain the lace expan-
sion in Appendix A. It is a renewal-type equation for the Two-Point Function (or Connectivity)
of the walk. Other models for self-avoiding random walks have been proposed and studied,
such as the true (or myopic) self-avoiding walk or the loop erased walk (see Madras and Slade
[24]), but we will only be interested in the weakly self-avoiding walk model, often abbreviated
as WSAW from now on. Using a perturbation technique Brydges and Spencer proved that this
walk is diffusive for d > 5. For the self-avoiding walk (A = 1, no intersection allowed), Hara and
Slade ([19] and [18]) have been able to prove the diffusive behavior for d > 5 at the beginning of
the 1990’s also by using the lace expansion. However, their argument is still perturbative and
relies on a number of computer-assisted estimates. Later on, van der Hofstad, den Hollander
and Slade [40] presented an inductive approach to the lace expansion which they used to prove
a Local Central Limit Theorem (noted local CLT) for a weakly self-avoiding walk in which the
penalty for self-intersections decreases in time. Van der Hofstad and Slade [41] generalized and
simplified this approach to prove a local CLT for the self-avoiding walk if d > 5. At this point it
should be noted that the lace expansion was also applied to various other probabilistic problems,
such as percolation theory and branched polymers.

The early approaches to the lace expansion usually rely on taking Laplace transforms in time
and then inverting this transform. This is a rather difficult problem. The last two articles [40]
and [41] mentioned above avoid this difficulty but the authors still work in Fourier space. A
new approach has however been presented by Bolthausen and Ritzmann in the PhD-thesis [32]
of the latter. They work directly in Z¢, avoiding Fourier or Laplace transforms. Instead, they
use Banach fixed point Theorem to show that the diffusive behavior of the weakly self-avoiding
walk in dimensions d > 5 comes from the fact that the local CLT for a standard random walk
remains stable under small perturbations. The perturbations are coming from the penalties for
the self-intersections. The proof is done by showing that the fixed point of a certain convolution
operator remains asymptotically close to the normal distribution. Note that due to the nature
of the problem, a true local CLT cannot be obtained for the WSAW, since the decay of the error
at the origin is of order n~=%2 in time which is the same as the size of the approximating normal
distribution at the origin. This is due to the fact that the walk will always remember that it
started at zero. Nevertheless, in [32] Gaussian error decays in space are obtained.

In this work, we generalize the lace expansion to perturbed weakly self-avoiding walks. That
is, we do allow not only nearest neighbor jumps and we weight jumps in different directions
differently (we still keep spatial homogeneity though). The generalization of the lace expansion
to these types of walks is straightforward and we present it in Section 6.2 and Appendix A.
We are able to prove a local CLT for distributions which lie in a closed neighborhood of the
standard nearest neighbor distribution (ie. for small perturbations of the standard nearest
neighbor WSAW) for dimensions d > 9. We will make this more precise in the next Section
6.2 and in Chapter 8. We note here that due to the discrete nature of the problem we have
to split the result into the periodic and the aperiodic case. To prove the local CLT, we use an
operator which is slightly different from the one used in Ritzmann [32] switching from discrete
to continuous time and then back. This has the side effect that we only obtain Exponential
error decays instead of Gaussian error decays. For technical reasons we were unable to obtain
the result for d > 5 because we lose the symmetry of the problem when allowing perturbations
of the initial distribution of the walk. However, we show that if we restrict to WSAW’s with
symmetric and rotationally invariant initial distributions, we do obtain the result for d > 5 as
in [32] (with Exponential error decays only though). The key issue is the change in the bound
of the lace function (see Lemmas A.2 and A.4) where we obtain an extra polynomial decay in
the symmetric case, allowing us to lower the dimension in the proof of the local CLT. We do
however believe that it is possible to extend the result in the perturbed case to d > 5 too, since
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the lace functions can be bounded down to d > 5 (see again Lemma A.2) and also, arguing
heuristically, in the non-symmetric case the errors should really decay at least as fast as in the
symmetric case. Possibly, this extension could be done by trying to find Gaussian decay for
the errors and choosing a better norm for the Banach fixed point argument. An additional
difficulty in the perturbed case is that one does not know the asymptotically correct drift of the
walk initially. This is in particular problematic if this drift turns out to be zero. Then, one
encounters continuity problems switching from a very small drift to drift zero if one attempts to
lower the result to dimensions d > 5.

Finally, we remark that our method which uses a fixed point argument very similar to the one in
Ritzmann [32] is rather general and can easily be extended to include the case where the initial
distribution is not on Z¢ but on R¢. In fact, the main local CLT in Theorem 8.1 is then a lot
simpler to prove. However, there is no lace expansion for random walks on R¢. Therefore, this
extension is only a toy result at the moment and we do not enter into details on this.

6.2 Notations and Result

Consider a random walk on Z¢ with one step distribution S(z) := s(x)/u, having bounded
support  C Z%, where Q cannot be embedded in some subspace of dimension strictly smaller
than d. u := || is the total number of points in  and s(z) is some positive function giving
the proportion of weight assigned to each point in . Of course s has to be chosen in such a
way that S is normalized. Moreover, we assume that 0 ¢ Q, ie. s(0) = 0 and Q is a set around
0. Also, we assume that Z9 is embedded in R? in the canonical way. Now let A\ € [0,1] be a
given parameter and set for any s,t € Ny and path w = (w(0) = 0,w(1),w(2),w(3),...) € (ZHN
starting at the origin and with w(i + 1) —w(i) € Q for all 4 > 0,

e ={ ;29740

We define the Connectivity of the random walk to be the sequence (Cy,(z)),>0, with = € Z%, by
Co(x) := dp(z), and for the n-th step (n > 1) by

n

Co@)= Y [] @=Muw)]]sw(r)-wr-1). (6.2.1)

w:0~z 0<I<t<n r=1
|wl=n

Ch(x) simply counts the weighted number of paths from 0 to « in n steps, penalizing each self-
intersection of the path by (1 — A) for some X € [0, 1]. The corresponding total mass sequence is
defined by ¢¢ := 0, and for n > 1:

n =Y Colx). (6.2.2)

z€Z4

(We will always denote measures by capital letters and the corresponding total mass by lower
case letters). The quantity C,(z)/c, gives a distribution for the end point of the random
walk after n steps. Note that C,(z)/cy, is not the distribution of a Markov chain since the
walk hast to remember its complete past at any time. In the case of the standard nearest
neighbor initial distribution we have Q = {+e;,i = 1, ...,d}, where ¢; = (0,...,1,...,0)
is the standard unit vector in R? in direction i, s = 1 on €, and u = 2d. Then, C,(x) =
Zcr:O‘wx [To<icicn(l = AUis(w)). Ie. Cy(x) is the total number of paths going from 0 to z in
w|=n - -

n steps where each self-intersection is penalized by a factor (1 — A). If A = 0 we get the usual
random walk, whereas if A\ = 1, we get the fully self-avoiding random walk. In the following
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we will be interested in the regime 0 < A < 1, and S a small perturbation of the usual nearest
neighbor initial distribution.
Using the lace expansion, one may write the following renewal type equation for C,,:

Cp(x) =uS xCph_1(z) + Z I, * Cp—m (), (6.2.3)

m=2

where the * refers to the convolution of two measures on Z¢ and will from now on often be
omitted. The sequence (II,,,),>2 reflects the penalties for the self intersections. Of course if
A =0, all I1,;,’s are equal to zero. We give the derivation of this equation and more details about
the lace expansion (in particular on upper bounds for II,,(z)) in Appendix A. Furthermore, we
will write ¢, A (z) for the d-dimensional normal density with mean x € R? and covariance matrix
A real, symmetric and positive semi-definite. That is,

1 1 o
D) = Wexp <—2(x — KA Nz — m)) .

Moreover, we write

Or,a(x) = IA{(f/)z exp (—\/(z —R)IPA(z — /-1)) .

Ie. 0, A stands for a d-dimensional “doubly-exponential” distribution with mean s and covariance
matrix A. K(d) is a norming constant. Finally, if X is a random variable with law S, we denote
s := E[X;] the mean of X in direction i, i = 1,...,d, and s¥) := E[X;X;],4,j = 1,...,d, the
second moments of X. This notation is extended to arbitrary moments and to moments of (not
necessarily positive) measures. Moreover, for a general measures G, g := > G(z) is the zeroth
moment.

Our main result is a local CLT for weakly self-avoiding walks in dimensions d > 9 with initial
distributions S that can be viewed as a perturbation of the standard symmetric nearest neighbor
distribution S(z) = 2514 w|=1}(@) (||.]| is the Euclidean norm on R?) and with a penalty
parameter \ that is small enough (depending on the chosen initial distribution S). Before
stating the Theorem, we have to introduce a few more notations and concepts. In the proof of
our main result we will need a distribution p;, t > 0 (see Section 8.2). This distribution depends
on the following set of parameters: a < n < b for some 0 < a < 1 arbitrarily small and some
b > 1 arbitrarily large, m; € [0,1], for i =1,...,d, m;; € [0,1], for 1 <i < j <d, d; € [¢,1] for
i=1,...,d,and d;; € [0,1], for 1 <i < j < d, with Zledi +Zl§i<j§ddij =1.1>¢>0is
some (arbitrarily chosen) parameter that will ensure that we only consider distributions having a
covariance matrix of full rank d. Then, we define the subset C' = {(21,...,%4,¥1,- - -, Ya(d+1)/2)}
of R x R44+1)/2 given by the following set of equations:

x; =nd;(2m; — 1), fori=1,...,d
yi=n(di+ Y dji+ Y dij), fori=1,....d

Jig<t J:g>i
yi:’ﬂdij(Qﬂ'ij—l), forz’:d+1,...,d(d—|—1)/2.

Now consider an arbitrary small parameter 1 > € > 0 and set C* to be the closed set C\{z € C':
Jy € 9C with ||y — z|| < €}. This set will determine the admissible mean (first d coordinates)
and covariance structure (remaining coordinates) of the distribution S. As already mentioned,
we have to deal with the case of periodic initial distributions and aperiodic initial distributions
separately. In this thesis, we call S two-periodic if S™(x) = 0 whenever n and ||z||; do not have
the same parity (||.||1 is the Li-norm and S™ the n-fold convolution of S with itself). Otherwise,
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we call S aperiodic. Let now R € N be a fixed number and write B(0, R) for the closed ball of
radius R around 0 in the Euclidean norm on R%. Then, the set of all aperiodic distributions
S with support in (B(0, R) N Z%)\{0} such that the mean and covariance of S lie in C* is a
closed subset of L (R"Y), N being the number of points in (B(0, R) N Z%)\{0}. Moreover, this
set is a closed neighborhood of the standard initial nearest neighbor distribution i]l{z:”‘w”:l}.
Let us denote this set by Ay .. Furthermore, the set of periodic distributions S with support in
(B(0, R)NZ%)\{0}, for some R € {2,3,...}, such that mean and covariance of S lie in C¢ is again
a closed subset of Lf(RN ). Also, this set is a closed neighborhood of the initial distribution
giving weight 4—1d to the points +e; and +2e¢;, for i = 1...,d, where e; is the standard unit vector
in direction ¢. Let us denote this set of periodic distributions by Py .. From now on, we may
always assume that the upper bound b for n is equal to 2R.

We are now able to state the main result. Note that if we take the standard symmetric nearest
neighbor distribution S(z) = ﬁﬂ{x:m”:l}(m) only, the result also follows by the corresponding
Theorem in Ritzmann [32]. In this case, one can even prove the Theorem for d > 5 and with
Gaussian decay of the error. In the first part the Theorem also recovers a result by Brydges and
Spencer [9]:

Theorem 6.1. Let d > 9 and let R € N and ¢ > 0 arbitrarily small. Then, there are
closed mneighborhoods in LY (RY) x [0,1] of (i]l{x:”xﬂzl},()) (periodic case) respectively of
(ﬁ]l{ﬂ”wue{l)g}},()) (aperiodic case) containing Py . and Ay . respectively, such that for any
pair (S, \) in the corresponding neighborhood,

cn = ap™(1+ 0(n=3/2)),

for some o > 0 and p > 0. For S fized, the last coordinate \ takes values in some interval
[0,Xo(S)], for some Ao(S) > 0. The corresponding \o will be determined more precisely in
Chapter 8 (see in particular equations (8.3.25)—(8.3.27) ).
Moreover, if S is aperiodic, we have for all x € Z% and all n € N,

||K/> J/{’]U ) )
for some k € RY and A a real symmetric and positive semi-definite matriz, as well as for some
K >0 and o > 0 large enough. If S is two-periodic, and n — ||x||; even,

||"5||> ir.io(2)

The constants a and p and the mean k and covariance matriz A depend on \, d and S, whereas
o depends on d and S and K on d and R. Finally, \g depends on d, S, R and e.

Cn(x)

Cn

- ¢n/<c,nA (iC)

n/2
<K |07 0npno(z) + 17 d/QZJ eXp<

‘Cn(iv) — 20nxma ()

Cn

n/2
<K | 20ppmo(x) +n” d/QZJ eXP<

We can also prove this Theorem for d > 5 in the case that S is symmetric and rotationally
invariant (an thus x = 0). This is stated in Chapter 10.

6.3 Strategy of the Proof

Consider the lace expansion formula for the C,,’s:

Cn =uSCp_1 + Zn: IL,Cnm.

m=2
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Now suppose that C, grows exponentially. Ie. C, = p"A, for some p > 0 (the so called
Connective Constant), such that a, = > ;4 An(x) tends to some o > 0, for n — co. Then we
can re-write the lace expansion, setting B,, := PC—" for all m > 2, as

Ap =up ' SAp 1+ XY amBmAn_m, (6.3.1)
m=2
and for the mass sequence:
ap = up tan_1 + A Z Ambmn—m.- (6.3.2)
m=2

In this way, we cancel all the exponential growth out of the involved quantities (C,),>0 and
(IL,)m>2- Now, the proof is split into several parts. In a first step, we have to show the existence
of the connective constant y and the limit «. This is done by showing that if the b,,’s decay fast
enough, the sequence (ay)n>0 given above is the unique fixed point of a certain operator in a
normed Banach space of sequences. This has already been done by Ritzmann in [32] but will for
completeness be included here in Chapter 7. In that Chapter, we also give explicit equations for
a and p as well as the convergence speed for a,, — «. In a second step (Chapter 8) we assume
more specific pointwise decay rates for a general sequence (B,,)m>1. With these estimates in
hand, we obtain a local CLT for A,, again by showing that the sequence (A,),>0 is a fixed
point of some operator. As in the case of the mass sequence, we use Banach fixed point theorem.
This is our main result. It is more general than Theorem 6.1 but tailored to be applied to that
Theorem. Finally, in order to show that Theorem 6.1 is true, we use the pointwise estimates
of the II,,’s in terms of the C,’s from the Appendix A and apply an iterative procedure to
show that the B,,’s in question for the perturbed weakly self-avoiding walk indeed have the
good decay needed for the local CLT in Chapter 8. This iterative procedure also yields the
correct connective constant p for the perturbed WSAW and a sequence of real-valued vectors x;
converging to the correct asymptotic drift x of the distribution C,,/c,. This is Chapter 9. The
method we use is an adaption from the one used by Ritzmann in [32]. Finally, in Chapter 10,
we show that in the case where S is rotationally invariant and symmetric in each coordinate, we
obtain the main Theorem of Chapter 8 and Theorem 6.1 (with a slightly different norm than in
the general case) down to dimension d > 5.



CHAPTER 7

The Mass Constant

This Chapter is taken from Ritzmann’s thesis [32]. We need Propositions 7.1 and Corollary 7.5
for later purposes. The Chapter is merely for completeness of the thesis.

7.1 Existence and Uniqueness

Proposition 7.1. Consider a real-valued sequence (by,)m>1 with B:=Y -, m|by,| < co. Then,
there is a A\g = \o(8) > 0 such that for all X € [0, \o], there exists a unique real-valued sequence
(an)nen, with ag =1, and forn >1

Ap = (1 - A Z ambm)an—l + A Z Ambman_m, (7-1-]-)
m=1 m=1

such that 3, <, an — an—1] < co.

The proof of this Proposition is done via a fixed point argument. Thus we need to introduce
a Banach space and an appropriate operator. Let (Io, ||.||cc) be the Banach space of bounded
real-valued sequences g := (gn)nen, With the supremum norm. The difference operator A :
RNo — RMNo is defined by (Ag)o := go and

(Ag)n ‘=0gp — gn_1, form e N.

For g a sequence with »° -, [(Ag)n| < 0o, define the norm

lgllp == D [(Ag)al-

n>0

Furthermore, define the operator ~ on sequences by

go :=go, and
n o)
gn ::gnfl - A Z gmbm(gnfl - gnfm) + gn-1 Z gjb] . (712)
m=1 j=n+1

This is the correct operator to use for the Banach fixed point Theorem. The following Lemmas
prove that the necessary conditions for the fixed point Theorem are fulfilled on an appropriate
subspace of [,.

Lemma 7.2. Let g € lo, with ||g||p < co. Then we also have ||g|lp < co.
Proof. Let g with ||g||p < co. We have to show that >~ - |(Ag)n| is finite. First notice that

n

Z(Ag)k

k=0

< llgllo- (7.1.3)

lgllce = sup |gnl = >
n€No n€Ng
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From (7.1.2) we have

D 1(29)al =lgol + D 1Gn = Gu—1]

n>0 n>1

oo

:|90| + )‘Z Z gmbm(gn—l —9n-m ) + Z gjbjgn—l

n>1|m=1 j=n-+1
- S eges T
n—1 n
<lgol + A {llgllos DD 1A n—tl D bl +llglZ Y D 1bs]
n>11=1 m=Il+1 n>1j>n+1
L Szmzpd ‘bm‘ SijzjlbjISﬁ
<lgol + A |llglloo D= D= bl Y [Agal + llglZs
i 1>1 m>i+1 n>1
<|go| +228|lgllp, (7.1.4)
where we used (7.1.3) in the last line. O

Lemma 7.3. Let Dp, :={g €l : go =1 and ||g|lp < L}, where L is a constant greater than
or equal to 3/2. Then for all A € [0,1/(68L)] the operator™ is a contraction with respect to ||.||p
on Dy

The value 3/2 above is chosen to keep the constants simple. An analogous statement holds as
long as L is bounded away from one.

Proof. We have to show:
1.geD;, = g¢ge€Dyp,and
2. there exists some e < 1 positive such that ||§ — &||p < €]|lg — h||p for all g,h € Dy,

To see 1., let g € D, be given. We know gy = go = 1. According to (7.1.4) we have

|gllp <1+2A8L* < L

)

W =

L+

[SSI )

whenever A < 1/(65L).

To see 2., take g, h € Dy. Since gy equals hg, we have ||§— h|lp = Do (DG — R))n|. We have
from the definition of the operator ~ in (7.1.2):

n

n>1 n>1|m=1

+ Z hmbm[gn—l - hn—l - (gn—m - hn—m)]

m=1

+ > bilgi(gn-1 — hno1) + (g5 — hj)hn_1]
j=nt1



7.1. Existence and Uniqueness 57

We estimate the absolute values of the three summands individually. The first one can be treated
analogously to (7.1.4):

AY D bmllgm = Pnllgn—1 = gn—ml| < ABllg = hllollgllo-
n>1m=1
Similarly, we obtain for the second one:
AST S il gt = Bnet = (Gm = hm)| < ABllAlwcllg — o,
n>1m=1

and for the third one:

2D Y Ibillgi(gn-1 = Bu-1) + (95 = B)hn—1] < ABIllg = hllo(llglloo + [17]loc).
n>1j>n+1

Since both g and h are in Dy, and A < 1/(65L), this yields

.3 2
15— llo < 4XBLlg — hllo < =llg — hllo.

It remains to show the completeness of the space.

Lemma 7.4. The elements of I, with finite ||.||p-norm form a Banach space with this norm,
and Dy, is a closed subset of this space.

Proof. Clearly the set {g € I : ||g||p < oo} is a linear subspace of lo.. Now let (g(")),,cn be
a Cauchy sequence in this space. Since ||g|loo < [lgllp (see (7.1.3)), (9™ )men is also a Cauchy
sequence in (I, ||.||co)- Therefore it has a limit g € I, and it suffices to show that ||g||p < oc.
Since the difference operator A is continuous on I, for each n, the term [|[(A(g— ™))y 0o will
tend to zero as m — oo. Now choose a subsequence (g(™));en with ||g(™:) — g(mi-1)||p < 277

for all 4 € N. Then we have for each 7 € N:

DBl <D HAYTI+ D (A =gl

n>0 n>0 n>0
g™l + 30 D0 W™ =gl
n>0j>i+1
<lg o+ Y g™ = g™
j>itl -
<o0.
The closedness of D follows from an analogous argument. O

Proof. (Proof of Proposition 7.1). Using Lemmas 7.2-7.4, the Banach fixed point theorem yields
for small enough A\ the existence and uniqueness of an element a € Dy, with a = a. Furthermore,
the repeated iteration of 7 with starting point (1,1,...) converges to a. As long as L > 3/2, the
value of L has an influence only on the upper bound for A. This proves the Proposition. O
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7.2 The Connectivity u, the Limit o and the Convergence
Speed
We investigate the limit and the convergence behavior of the “fixed sequence” of Proposition

7.1 in a more particular setting. By choosing L = 3/2 we obtain for all A < 1/(98) a sequence
(an)n>o with ag =1, - -, [(Aa),| < 1/2 and for all n € N

n
-1
Gp = Ul ~Qp—1 + A E ambman—my

m=1

where

T=1-2> ambm. (7.2.1)

m>1

Hence, we have proved the existence and determined the value of the connectivity constant p,
because a is bounded and Y, -, |b,| < co. Thus up ™' remains finite. Note also that for all
n € Ng we have

1/2 < a, < 3/2.

We now investigate the limiting value o = lim, o a,. Since the difference sequence of a is
absolutely summable, « exists and we have
n
a= lim a, = lim Z(Aa)m

n—oo n—o00
m=0

Now recall (7.1.1) and consider for fixed n € N:

anzl—&-Z(Aa)k
—1—)\2 Zam mQk— 1—Zam mOk—m

k=1 |m>1
_1*>\Zammzak 1+Azam Zak—m
m>1 _
=1-—A A b a —A Ambm Ay
PICEDVEESS Zv
="
=1—A\F, — A zn: Ambm (m — D)o+ X Z Ambm mz > (La, (7.2.2)
m=1 =1 k>n—1+1

where

BEDY ambmzn:ak_l < > LwInL < L* Y mib| =0,

m>n+1 k=1 m>n+1 m>n+1
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as n — oo, and

|F2|:Zambmi > (Lak i ST Libml > [(Aa)l
=1 m>I+1

m=1 =1 k>n—I1+1 k>n—Il+1
n/2 n—1
SLY Y bl D [(Qakl+L Y Y (bl Y [(Aa)k| =0,
I=1 m>l+1 k>n/2 l=n/2 m>I+1 E>1
—_———
<B <llallp

as n — oo. Thus, letting n tend to infinity in (7.2.2), we obtain:
a=1-\ Z - 1 am m Qs
m>1

which yields
71+)\Z m— Damby, = up™ +)\Zmamm

m2>1 m>1

In case we know the rate of decay of the b,,’s, we can determine the speed of the convergence
a, — « more precisely. This is the content of the following Corollary. It’s proof is immediate
from (7.2.2), as long as we keep A small enough.

Corollary 7.5. If there exist positive constants € and 8’ such that
lbm| < B'm™27¢  for all m € N,
we get a decay of order n~ "¢ for the difference sequence ANa. More precisely we have
|(Na),| < B'Kn~'"¢ foralln €N,

where K is a positive constant not depending on X and 3'. In particular we have another constant
K such that

oo —an| < B Kn™c foralln e N.






CHAPTER 8

A General Local CLT on Z? — The
Main Result

In this Chapter we consider measures of the type given by the lace expansion formula (6.3.1).
The question we ask is: Considering such measures as the perturbation of the distribution of the
sum of independent identically distributed random variables, how close are they to the normal
density? We obtain a local CLT on Z% in dimensions d > 9, with a correction term of order n~%/?2
near the mean of the walk, and with exponential error decay, improved by a factor n=/2 for z
far away from the mean. As already mentioned, we use a method similar to the one introduced
by Ritzmann in [32]. What we show here is more general than Theorem 6.1 but it is tailored to
fit the WSAW case.

8.1 The Model

For technical reasons we only treat the case of aperiodic initial distributions S. The two-periodic
case will be treated in a short Section at the end of this Chapter.

Let us start by introducing the ingredients we need. Consider at first some positive number
R € N and € > 0 arbitrarily small. Then choose a non-degenerate and aperiodic probability
measure S = s/u with bounded support Q C B(0, R)\{0} in the set Ay . (see Section 6.2).
Also, let (By,)m>1 be a sequence of finite signed measures on Z? such that Y, -, m|b,| < oo

and ) o, bﬁf} < oo, for i = 1,...,d. We apply Proposition 7.1 to obtain the existence of a
unique sequence (ay,)n>0, with ag = 1 and

n
—1
Gp = Ul ~Qp—1 + A E Ambman—m,
m=1

where we write up~! = 1 — AZle ambm for A > 0 small enough. We also know that a, €

[1/2,3/2], for all n and we set
pi=> ambn (8.1.1)

m>1

for later use. We may define the quantities

() up ™ 8D 4 NS, Gmbid

= fori=1,...,d. 8.1.2
L4+ A 51 @mbm(m — 1)’ ort T ( )

Now, we assume that the B,,’s have the following pointwise decay (uniformly for all m > 1 and
r € Z%):

m/2 \/7

—k

B,,(z)| < Km~4? _vym=—Fk Oore 1o (). 8.1.3
[ B (z)| < Km ;exp NG 151l ) Ok ko () (8.1.3)
Here, K is a positive constant whose value may from now on change from line to line and ¢ > 0
is to be determined later. Note that since d > 9, Proposition 7.1 is satisfied even if k = 0 and
Corollary 7.5 holds with € = 3/2.
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Using the above setting, we are able to define a sequence of measures (A,,),>0 on Z% as follows:
Set Ag := &g, and for n > 1:

Ap = up ' SAy 1+ A am B A (8.1.4)

m=1

One might worry that the use of the sequence (a,, ) is ambiguous here. But it is readily checked
by summing over all z € Z% that (a,,),, is indeed the weight sequence corresponding to (4,,)y.
We are now interested in the asymptotic behavior of the sequence (A, /an),. We will see that
the right asymptotic drift (for large n) is given by nk, s from (8.1.2), and the right asymptotic
covariance matrix by nA = n(éij)ﬁjzl, with

1 » g o
8 = —1.69) 4y bl (0 (9)
I TR oy (= Damb 7T mz;l“ D R
+ Ak k) Z (m — 1)2amby, — A Z am(m — 1)) — A\ Z am(m —1)b%) |,
m>1 m>1 m>1

(8.1.5)
fori,j =1,...,d (of course 6;; = 6;;). From now on, we will always assume that A is small enough
to assure that [x()| < 2R, for i = 1,...,d, and &;; € [(s'") — s(Vs0))/2 2(s(1) — 5()s())] for
i, =1,...,d, where s() —s() 50 is the (i, j)-th entry in the covariance matrix of S. In fact it is

not important how big these intervals are chosen precisely as long as the bounds are determined
by R and S only. Note also that the definition of A requires that if k # 0, b, < Km~7/2,
b < Km=5/2 and b9 < Km=3/2 for all i,j = 1,...,d. This is of course guaranteed by the
exponential decay of the moments of the sequence (By,)n, in m (see (8.1.3)). However, we have
to make sure that A does not explode, if x tends to zero, or if £ = 0. In other words, we have to
check that the constant K is independent of . If Kk = 0, we only need the term with bgfﬂ ) in the
definition of A, but this term then decays like m2~%/2 which is fast enough if d > 9. If k # 0,
we have: \bﬁ,’ﬂ)| < > . lzizj||Bm(x)| for i,j = 1,...,d. Combining with the bound (8.1.3), we
see that we have to first bound ) [2;2|0kx ko (). But

D 2510k o () <Y i — kD + k5|25 — ks + ka9 |0 ko (2)
< Zﬁk&kg(aj)ﬂxi — k&9 |z; — kD] + Elz; — kxD|||x]|. . .

ot K|z — kD K]+ K2k
<K (k+ k32||k|| + k2| x|?).

Therefore, [b$)| < K exp (—%Hn”) m~42(m? +m®? 4+ m?) < Km~>/2, as long as d > 9 and

where K is independent of x. Similar considerations for the terms involving b,, and b%) show
that A remains bounded for all values of x near zero.
The goal of this Chapter is to prove the following Theorem:

Theorem 8.1. In the above setting, there exists Ao > 0 such that for any X € [0, Ao, we have

n/2

— Gnrma(@)| < K |07 200, no(2) + 02" j%exp
j=1

An(x)

an

(=211 ) o)
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where the parameters k and A depend on X, d, S and on the sequence (Bp,)m>1 and are defined
above in (8.1.2) and (8.1.5). K = K(R,d) and o = o(d, S) are positive constants independent
of the sequence (By,)m and will be determined in the proof of the Theorem.

8.2 The Distribution p;(x)

Before turning to the proof of Theorem 8.1 we need to introduce a new distribution on Z<.
Consider (Y;);>1 a sequence of iid random variables on 7% with the following distribution: Let
e; be the standard i-th unit vector in Z¢ (or RY), and choose 7;, i = 1,...,d, and m;;, 1 <
i < j <d,in [0,1]. Moreover, let d;, i = 1,...,d, and d;;, 1 < i < j < d, be in [0, 1] with
S0y di+ Y1 <ic;<qdij = 1. The distribution of ¥; is defined by

P[Yizei]lzﬁidi, Z:L,d
P[le—ei]::(l—m)di, Z:L,d

1
P[Y1:Bi+ej]:P[1/1:_ei_ej]Zziﬁijdijy 1<i<j<d

1
PlY1 = ei — ;] = P[Y1 = —e; + ¢ =3

Now set S, := Z?:l Y; for n € N, and consider another parameter n > 0. Then, for ¢ > 0, the
distribution p;(x) on Z< is defined by po(z) := &o(z), and for ¢t > 0,

(1_7Tij)dij7 1S’L<]§d

pi(@) =Y e*ntmp[sn = g]. (8.2.1)

n!
n>0

That is, p; is the distribution of a random walk (X;)i=0 = (X7,..., X!");50 with jumps
Y; and a Poisson distributed number of jumps up to time ¢ (with parameter tn). Note that
pt * ps() = pras(2). Indeed, we use Fubini to get

e (08)" s (18)™
peps(r) = Y pWIps(r—y) =D Y e M PSy =y Y eSS PlSy =z~

yEZ? y n>0 m>0

— S n—+1m nSm
=Dy s D PlSy = y)P[Sm =2 — )
Yy

n
n,m>0
k 1 ok—1 k
B thsh=t k! (s (£ 5))
_ —n(t+s) kplg, — o n(t+s) X" T 2)) prg, —
¢ ;0” Sk x}gl!(kfl)!k! ,;)e ! Sk =1l

= pt+s(I)-

It is also immediate to see that E[Xt(i)] = tnE[Yl(i)] = tn(2m; — 1)d;, for i = 1,...,d. Moreover,
using the formula of the total covariance, we have cov(Xt(i), Xt(j)) = tnE[Yl(i)Yl(j)] = tn(2m;; —
1)d;;, for 1 <i< j<d,and fori=1,...,d, var(Xt(i)) = cov(Xt(i),Xt(i)) = tnE[Yl(i)z] = tnd;,
where dy; == d; + >, dji + 3., dij. We can show the following Lemma:

Lemma 8.2. Setting « :=n(dy (271 — 1),...,dq(2mq — 1)), and A = ((5,”')?’]-:1, with 8y := nd;;,
fori=1,...,d, 6;j :==nd;j(2mi; — 1), and ;; = &;; for 1 <i < j < d, we have for all z € Z¢,
Pn(@) = Gurna (@)] < —=0 (2). for alln >0
Pn nKk,nA >~ \/ﬁ nk,no’ldg ) )

where K > 0 and ¢’ > 0 have to be chosen big enough and depend only on d and an upper bound
form.
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In the remainder of this chapter, we will write ¢y 1a =: ¢ and iy 15714, =: 0;. Also, K and o’
might have to be adapted but will always only depend on d and the distribution of p; (that is
on an upper bound for 7).

Proof. The proof of the Lemma is a combination of large deviation theory and tilting of the
measure p,.

Let Zy ~ p1(z). Then, Z(t) := >, ,a exp ({t,z)) p1(x) exists for all ¢t € R?, and we may define
the entropy function I(§) := sup,cpa{(t, &) —log Z(t)}. By standard large deviation theory (see
eg. Ellis [13]) the laws of p,, (nx) = pi™(nz), n € N, obey a large deviation principle with entropy
function I and rate n. The following properties of I and Z are then easily obtained: I is strictly
convex on R? with (k) = 0 and I > 0 on R%. This implies that  is a global minimum for 7
and therefore, the first partial derivatives of I vanish at k.

The function ¢ — V log Z(t) is an analytic diffeomorphism in R? (see Ellis [13] and note that Z is
analytic). Thus, for any ¢ € RY, there exists a unique t¢ € R? such that Vlog Z(t¢) = &. Finally,
the following points are easily obtained by the aforementioned facts and simple calculations:

o Vlog Z(0) = &,

V2log Z(0) = A = Cov(Z) (here, VZ = V. V),

I(€) = (te, &) —log Z(t¢) for any £ € R, and
o V2I(k) = A1

Moreover, for k = 3,4,5, V¥I (k) depend only on the moments of Z; up to order 5.
Now, for ¢ € R%, set
p1(z) exp ({t, 7))

P(z) := A0

Then, for £ = x/n, we can write
pn(x) = exp (—nl(§)) P (2), (8.2.2)

and we have E[Z\"¢)] = Vlog Z(t¢) = &, if 27<) ~ P,

We now consider ¢ such that || — k|| < n~°/!2. Denoting by A¢ the covariance matrix of P,
we have A,, = A and A¢ depends analytically on £. Setting ¢; the smallest eigenvalue of A, we
consider the set Rp of all £ such that the smallest eigenvalue of A, is greater or equal to d;/2.
This is a closed neighborhood of k, and for ||¢ — k|| < n=%/12, ¢ is in Rp for almost all n. More
precisely, there is some N € N such that £ € Rp, for all n > N. We only prove the estimate for
such ¢ since the remaining cases are contained in a compact and bounded set and may be dealt
with by simply choosing K large enough.

Thus, let € = z/n € Rp with || — k|| = ||(z — nk)/n|| < n=°/*2. We estimate the two factors in
(8.2.2) separately. For the first one we get, doing a Taylor expansion for I around « and then a
Taylor expansion of exp around 0:

5
exp (-nI(€)) = exp (—;noc — ) A7 (o = ) 0 3 TOE 1) + mO((€ - ﬁ><6>>>
i=3
=exp (—;n(x —nk) ATz — m{)) [1 + %T(:‘) (x—\/gﬁ)

+ L (m — n“) + L) (I - ””) + O(n“m)] : (8:2.3)
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where T denotes a polynomial containing i-th order terms only. The coefficients of the poly-
nomials are rational functions of the moments of Z; up to order 5.

We still need to estimate the second factor in (8.2.2). For that, we use Corollary 8.3 stated
below. Using the notations of that Corollary, we obtain

3
P (x) =n~2 Y 072 P (=doa, : I ) ((x —n€)/Vn)| = o(n” (/). (8.2.4)
r=0

Note that the constant on the right-hand side of (8.2.4) needs to be independent of £ which is a
priori not guaranteed by Corollary 8.3. However, calculating the constants in the proof of that
Corollary given by Bhattacharya and Rao in [2], it can be shown that they only depend on the
moments of Z; up to order 5.

Now, in the above so called Edgeworth polynomials P.(—¢o.a, : {x.})((z —n&)/\/n), the co-
efficients of P, depend on the moments of P;, up to order 5, and since { = xz/n, only P.(.)(0)
appear in (8.2.4). But Py(.)(0) is the centered normal density with covariance matrix A itself.
Thus, Taylor expansion around s yields Py(.)(0) = m + TP (- k) +0((& — r)W),

and P5(.)(0) = ﬁ + O((¢ — k)®). Moreover, P; and Ps vanish at zero because the

odd derivatives of a centered normal density do so. K and the error term depend only on the
moments of Z; up to order 5. Thus, (8.2.4) simplifies to
1
Pri(@) =——g—— [14+T@ (6 = 0) + O((€ = 0)@) + 71T (¢ — )
V2|2

+0(n~1(§ = 1)@) + o(n~?/?)]

1 T —nk T —nk
S — Ny ) <> +n1TO® <> +O0(n=3/? } . (825
V' |A]2 { v v )

Inserting (8.2.3) and (8.2.5) into (8.2.2) yields the desired estimate whenever ¢’ is chosen large
enough (depending on A and thus on an upper bound for 1) and ||€ — x| < n~=%/'2 with ¢ € Rp.
Note that the constants only depend on the first five moments of Z; and therefore only on 7 since
the ;’s and the 7;;’s as well as the d;’s and the d;;’s which are also involved in the definition of
the distribution of Z; are contained in a bounded compact set.
It remains to check the case || — | > n~%/12, We estimate p,(z) and ¢,, separately. For ¢,,
since n'/? < ((x — nk)/v/n)®, and ||z|* exp(—2?) < K exp(—z2/v/2) for any fixed k € N and for
all z € Z%, we have

bn(x) < Kn~1%0,(x), (8.2.6)

for ¢’ > 0 large enough depending on A and thus again on an upper bound for n. For p,(x),
we note that I is strictly convex with I(k) = 0 a global minimum. Thus, we may bound ()
away from zero by I(£) > %HE — kK| = %w, for some ¢ > 0. ¢ will again depend on an upper
bound for n. Thus, with (8.2.2), we obtain

(2) < n ||z — nkl| < 1 ||z — nkl|
) <exp|——"+—"—7-—7— exp | ———— | .
Pn = OXPp c n = xp ¢ +/n

Choosing ¢’ > 0 large enough and using the same argument as for (8.2.6), we obtain the desired
estimate in the latter case. This finishes the proof. O

The following Corollary is from Bhattacharya and Rao [2].

Corollary 8.3. Let (X;);>1 be a sequence of iid lattice random wvectors with values in RE,
Assume that E[X1] = p and that Cov(X,) = TT" =V, where T is a nonsingular k X k-matriz,
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and P[X, € ZF] = 1, ZF being also the minimal lattice of X1. If ps := E[|| X1 — p||*] < oo for
some integer s > 2, then

SUp (14 Y |°) [P (Yn) = s Waun)| = 0 (027272
a€Zk

>~ (o) = tnsWan)l = 0 (n7C7272) (0 = o),
€Lk

where

Yo :n_1/2(a —np), Pn(WYan) =PXi+...+Xp=0a) (a€ Zk),

Jj=1
s—2

Gn,s =0 F/? Zﬂ_r/ZPr(—%,v {x 1),
r=0

Xv being the v-th cumulant of X1 and P.(—¢o,v : {x.}) the r-th Edgeworth polynomial (see also
[2] for a definition of these polynomials). In particular, Po(—¢o v : {xv}) = ¢o,v-

Note that in our case, X3 = Z;, V = A, p = k and all cumulants x, exist.

Now consider a function f on Z?¢. We define the forward difference of f in direction i,i = 1,...,d,
by A;if(z) == f(x + e;) — f(x), where e; is the i-th unit vector in canonical coordinates. We
also denote A;; f(z) := Ai(A;f)(z), for 4,5 =1,...,d, and similarly for higher order differences
(note that A;; = Aj;). We get the following Lemma for forward differences of p,(z):

Lemma 8.4. For all x € Z% and all t > 0, we have the following estimates:

K
[Aipe(2)| < Wﬁt(m) fori=1,...,d (8.2.7)
K .
|Aiipe ()] < 79t($) fori,j=1,...,d (8.2.8)
K .
[Agjepe(x)] < Wﬁt(x) fori,jk=1,...,d, (8.2.9)

where 04(x) = 04100 (z). o’ >0 and K > 0 have to be chosen large enough.

Proof. For (8.2.7), recall from Lemma 8.2 that [p,(z) — ¢i(x)] < %Gt(az). This immediately
implies that for i € {1,...,d},

pe(e + er) — pila)] < /O 168 (2 + gie:)|dys + %at@ fe)+ %at(x) < Z0a)

Here, ¢£i) is the partial derivative of ¢; in the direction of e;.
For (8.2.8) and (8.2.9), we first note the following relation valid for all z € Z¢, t > 0 and
i=1,...,d:

Aipi(T) =0 Z Pt/2(y)Pt/2($ -y | = Zpt/z(y)ﬁiptm(x —y)

yEeLL

- Z Aipty2(Y)pej2(T — y).
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Using this relation, we obtain for ,5 € {1,...,d},

gat(‘f%

|Nijpe(w)| = |ZAipt/2(y) b2z —y)| < — Zet/2 (¥)02(x —y) <
Yy

where we use Lemma B.1 for the last inequality and of course (8.2.7). This proves (8.2.8) and a
similar procedure yields (8.2.9). O

We also need a “diffusion equation”, ie. an expression for the time derivative of p;(x) in terms
of the forward differences of p,(z):

Lemma 8.5. We have

d d
- Z d; 1T + Z + Z ” zzpt ) Z di(2ﬂ-i - 1)A1pt($)
i=1 Ji<i Jij>i i=1
+ ) di(2my; — 1) Aipi(x) + E(p,t, ),
1<i<j<d

E(p,t,x) being the error term. For this error term the following estimate holds:

K
|E(pa t) JJ)| S metmta’ (x)a
where K > 0 and o’ > 0 have to be chosen large enough.

Proof. We have

(’)t 0 _nt )" —nt )" —nt )"t —
i()—gm(e ”(nn!))P[Snzx]znZ(—e %‘F@ n%)P[Sn—x]

=n Z et (nt)

[Snﬂ = 33] - Upt(fﬂ)

n>0
= Z —oe (08)" {Zd —¢;|mi + P[Sp, =2 + ¢;](1 —m;) — p(2))
n>0
+ Z (mij(P[Sn, =2 —e; — €] + P[Sp, =z +e; +¢5])
1<i<j<d
+(1 — 7 )(P[Sp =2 —e; + ¢j] + P[S, =z +¢; — ¢j]) — 2pi(x))}
d
:Uzdi(ﬂipt(x —€;) + (1 —m)pe(z + €) — pe(2)) (8.2.10)
i=1
+1 Z L [mij(pi( — ei — ¢j) + il + e + ;)
1<i<j<d

+(1 —mij)(pe(x —ei +e5) +pe(xz+e; —€;)) — 2p ()] - (8.2.11)
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Hence, for the first sum over the i’s we have:

d
(1_7Tz)d Azzpt +2Z 1_7Tz lpt Z 1_7Tz iPt J}—@l)
i=1

{Q
Il
_

-

1
~(8.2.10) =
U

d
+ Zﬂ'idipt(x —€) — Zdipt(m)

d
(1 = m)diDNiipe(x — €;) Z 2m; — D)d; Nipe(x — e;)
i=1

I
‘MQ_
-
Il
N

i=1
d d
=3 di(milipe(x) — (2m — D) Aipi(2)) + > By (p,t, 2, 4),
i=1 i=1

with Fq(p,t,z,1) = —m;d; Niiipe(x — ;). Using Lemma 8.4, we can bound this error by ﬁ%&t(m).
It remains to check the second summand (8.2.11): Note that for any 1 <1i < j < d, we have

Aiipe(z —ej) = pe(z + €i) — pe(w) — pe(w — e + ;) + pe(x — €j),

and
Nijpe(x —€;) = pe(x +€5) —pe(x — e + €5) — pe(x) + pe(x — ;).
Moreover,
Nijpe(x) = pe(a + i +¢5) — pel@ + €) —pe(z + &) + pe(),
and

ANijpe(r — e; — e5) = pi() — pe(@ — ;) — pe(x — €;) + pe(x — €; — €5).

Thus, in (8.2.11), we have for each summand:

Tij(pe(@ — ei — €j) + pe(x + i +¢5))
+ (1 =mij)(pe(z — € + €5) +pi(a + € — €5)) — 2pi(x)
=m; (DNijpe(x) + pe(x +€j) +pe(x+e;) + Dijpe(z —e; —ej) +pe(x—e;) ...
oz —ej) —2p(z))
+ (1= m ) (—=Ljpe(z —e;) + pe(z 4+ ) + pe(x —€;) — Dijpe(x —ej) + pe(x +e;) ...
A p(r—ej) —2p(z)) — 2pi(2)
=Tij (Dijpe(x) + Digpe( — €;) + Dijpe(x — €5) + Dijpe(x — i =€)
— Dijpe(z — i) — Dijpe(x — €5) + pe(@ — €5) + pe(@ + ;) + prlx — &) + pe(7 + €)
— dpy(z).

The last expression is equal to

=47 Nijpe(x) — 205pe(x) + Diipe(2) + Djipe(z) + Ea(p, t, 2,1, 5)
=2(2m;; — 1)Dijpe(x) + Dispe(x) + Djipe(x) + Ea(p, t, 2,1, 5).

As for the error Fp, we can write this error in terms of 3rd order forward differences and
thus |Ea(p,t,x,4,7)] < tgz i(z) for all 1 < i < j < d. Together with the calculation on the

term (8 2.10), this finishes the proof of the Lemma by setting E(p,t,z) := Zi:l Ei(p,t,x,i) +
Zz<] N E2(ptat :L',Z,j) U
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Finally, we need to establish a “discrete Taylor Theorem” for p;(z +y), =,y € Z%, t > 0, yielding
a development of p;(x + y) around z in a forward differences series. We also need to estimate
the error terms in these series. Let us first consider the case d = 1. In this case, p:(z + y) may
be written in the following way:

pe(z +y) =pe(x) + yoe(z,y) (8.2.12)
=pe(z) + yApe(z) + y(y — 1) Ave(z,y) (8.2.13)
=pt(x) + yApi(x) + @Npt(x) + WA%(@, ), (8.2.14)

where for the error terms we have:
vl y) = P y; i) (8.2.15)

if y # 0, and v(x, ) = 0. Moreover,
y) _p@+y) —pz+1)  pz+y) —px)

Avy(z,
y—1 y
_pi(+y) —pi(x) —y(pi(z + 1) — pi(2))
B y(y— 1) ) (82.16)
if y ¢ {0,1} (v(z,y) = 0 in that case) and
A2u,(z,y) _pzty) —p(e+2) pety) —plz+1) N pe(@ +y) — po()
(T, = = ;
1
:m(y(y—l)(pt(x+y) —pi(z+2))... (8.2.17)

=2y(y = 2)(pe(x +y) —pe(x + 1) + (y = 2)(y — D(pe(z +y) — pe(2))),

if y € {0,1,2} (v¢(x,y) = 0 again in that case). These developments can be found in Boole [3].
Note that in the above, A acts on the first coordinate of v;(.,q) = M:p”(').

We turn to the estimate of the error terms above. In the following, we freely use Lemma 8.4.
For (8.2.15) we have (again with Hm tor =: 01):

0, (z + iy)di. (8.2.18)

For the error (8.2.16), we may write

Pe(z +y) = pi(z) = y(pe(z + 1) = pi(2))

(pe(z+i+1) —pei(z+i) — (pe(x + 1) — pe()))

Using this, we obtain:

|Avt(;v,y)| S

I K K [!
dj/ dz?ﬁt(a:—kz) < 7/ (1 —9)0(x + iy)di. (8.2.19)
0

0
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Finally, for the last error (8.2.17), we obtain similarly:

9 y—3y—2—j zj:
| APy (2, y)| = N3py(z + 1)
yy-Dly-2) = = =
) y—3 y—2—j J
<— d / dl di—=0¢(x +1
yly— 1y —2) Jo J 1 0 t3/2 ( )
<K 1dl1—z29 l (8.2.20)
=¥3/2 0 ( ) t(‘r+ y) i

For higher dimensions d > 1, one can apply the development in (8.2.12)—(8.2.14) iteratively to
each coordinate of p;(x) to obtain:

pe(x +y) =pi(x +Zyz (8.2.21)

:pt<x)+zyiaipt +Zyz yi — Do (2,9) + Yyl (@,y)  (8.2.22)

1<j
Yi(yi
=pi(x +Zyz ipe(x Z “pt(ﬂc)JrZyiyinjpt(x)
i<j
yi(y: — (ys — 2 Ny
-y ;< ol )+ Y iy — DA )

; o

Yiyi D Disk
Z o> (,y) + Z yiysuos” M (@, y). (8.2.23)

1<j i<j<k

Here, we have for the error terms:

1
— (pe(®1, - T, T+ Yis oo Ta + Ya) — Pe(T1, - Tim1, Ty - Ta + Ya))

i

0 (2, y)| =

d 1
K
ffZ/ dlf(x1, ... w1, + Y, Tig1 + Yig1, -5 Ta + Ya) (8.2.24)

for the error terms in (8.2.21). For the error terms in (8.2.22), we have

i 1
Aiq}t( )(x7y) = ) (pt(xlw'wxiflyxi+yi7"'7xd+yd)~~-

yilyi — 1
o= e, X Tt F Vil - T Yd) - -
o= Yipe(wr, e, v + L i + Ykt -, %ad F Ya) — pe(@1, - Ty Ta + Ya)))

and

i 1
oD (,y) = — (Bipe(z1, - 1,25 + Yy, da+Ya) -
J

.. _Aipt('rlw"vxjaxj-‘rl +yj+17~-~>$d+yd))-

Hence,

K 1
1808 (2, )] < 7/ A1 = D0y (x1, - @i, @+ Wi, Tigr + Yig1, - Ta +ya),  (8.2.25)
0
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and

1
Nij K
|’U£ J)(x7y)| < 7/ dl@t(xl, X1, X5 F lyj,ij+1 + Yj+1,Tq + yd)- (8'2'26)
0

Finally, reasoning as before and extending the notation for the errors from (8.2.21) and (8.2.22)
in a natural way, we obtain for the error terms in (8.2.23):

i K [
|Aiivt( )(ffyy)| < W/ Al(1 =120 (21, s im 1, Ti + Wiy Tig1 + Yit1s - Ta + Ya), (8.2.27)
0

y K [t
\Ajv,EA”)(SE,y)\ < W/o dl(1 =100 (x1, ..., xj—1, 2 + lyj, Tjp1 + Yjg1,- -, Td + Ya), (8.2.28)

K [!
|U£AHJ)(1‘, y)l S ?3/2’ / dl@t(xl, e X1,y + lyj, Tj4+1 + Yj+1y-+-,2d + yd), (8.2.29)
0
and

1
A K
|Ut( Jk)(x, y)l < 13/2 Al (x1, ..., The1, T + WYk, Thg1 + Ykt1, -+ - Td + Ya)- (8.2.30)
0

8.3 Proof of the Main Theorem 8.1

We prove Theorem 8.1 by establishing a norm on the space of sequences A = (A,,),>0 which
turns this space into a Banach space. Then, we define a contraction operator on a subspace of
this Banach space of sequences and use Banach fixed point Theorem. Finally, we show that the
sequence defined in (8.1.4) is the limit point of a sequence of sequences given by the iterated
application of the contraction operator applied to a certain initial point.

Let
N |G ()] . g
W= G = (Gp)nen, sup + sup |Go(z)] < o0, Gy, a signed measure on Z% »,
n>1,x€Z4 Xn(x) €74
(8.3.1)
where ,
n/2 —
Xn (@) = 1"V 20,0 o (@) + Y2 ij exp (—7\1/; i "f”) Ojr.jo ().
=1

o > 01is to be determined later (this is the same o as in Theorem 8.1). On this space, we define
the obvious norm [|G||1/2 := sup,>1 ez |Gn(®)|/xn (%) + sup,cza |Go(x)|. Then, (W,].]|1/2)
is a Banach space. Now consider F' := (F,)nen, a sequence of probability distributions on Z¢
with Fy = dp, and define the operator ¢z acting on elements of W by ¥ (£)o := &, and for
n>1:

n l
YE(€)n = Fabo+ Y &ni [(1 ~M)SF1 = F+ A amBmFiom| (8.3.2)

=1

m=1
for any £ € W. The sequence F we will use from now on is:
k k
F = (1 — N> Sk NPk for kK < N,
F, :=pg, fork > N,

where N € N has to be chosen large enough and will be determined later. S* stands for the
k-fold convolution of S with itself. The distribution of p;, ¢ > 0, will be chosen such that its
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mean is exactly ¢k and its covariance tA at time ¢, where x and A are given in (8.1.2) and
(8.1.5). This is why we have to choose S € Ay .. Moreover, this also poses restrictions on the
size of A as we will see in (8.3.25)—(8.3.27). To simplify notations, we set ¢ := ¥p. We now
show that 1) is a contraction on the subspace Wy := {£ € W| & =0} C W.

Lemma 8.6. Let £ € Wy. Then, for N big enough and \ small enough (depending on N ), there
exists € € (0,1) with

V()12 < €lléllr/2-

Recall that K denotes a positive constant, possibly changing from line to line, and depending
only on d, on S and on an upper bound for 1. But due to the choice of S and because §;; €
[(s) — s(Z (1))/2,2(s) — 5 s0))] we obtain that 1 is bounded by 2R and K depends on d
and R only.

Proof. Let us do some preliminary calculations around p;: Using (8.2.23) we have

Spia(x) =Y SWpi1(x —y) = pial ZS()Azpl 1
yezZd
1<
+ 5 Z s(l]) z]pl 1 ZS( )Azzpl 1
5
+ Z S(y)EP(z,y,1 — 1), (8.3.3)

where

d
+1 +2
EP(z,y,l—1) Z iy ): )A“Ul 1 (z,— +Zyzy] yi — DA Ul( 1])($, )

1<j

yz Yi — ii Niik
+)° y]vl( @)+ Y Cuu)o S (@ ). (8.3.4)
i<j <j<k

But the support of S is a bounded set around 0. Therefore, we can bound the error in (8.3.3)
simply by

K
|ZS VE(2,9,1 = 1)| < 750 100 (), (8.3.5)

using (8.2.27)—(8.2.30) and choosing K and o’ large enough. From Lemma 8.5, we also have:

d d
djs di;
proa(@) =Yy [ dimi+ > % + > 7j Ngipioa (@) =0 Y di(2m; — 1) Aipy_y ()
i=1 J:g<i Jij>i =1
+n Y di(2my — D) Agpa(z) + E(p,l - 1,2),

1<i<j<d

with |E(p,l — 1,7)| < KI~%/%0,, 1,/ (2), and one more application of that Lemma together with
Lemma 8.4 yield:

d
Proi(z) =n° Z &7 (2m; —1)* Diipr—1 (z) +17° Z did;(2m; —1) (27 — 1) Aijpi—1 (x) + E*(p, 1 -1, z),
i=1 it
(8.3.6)
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where for the error E? we again have |E?(p,l —1,2)| < ls%olﬁ,la’ (). Hence, we get from Taylor
expansion of p; in time:

d

pl(z) :pz_1(l‘) - nzdi(2ﬂ'i - 1) iDl— 1 + 772 d;m; + Z + Z ” upl—l(x)

i=1 Jig<i Jig>i

+ n Z dij(277ij - 1) Upt + o ZdQ 27T1 - 1 upl—l(x)
1<i<j<d
> did;(2m — 1)(2m; — D)Aipia () + B (p, 1 — 1, 2), (8.3.7)
1<i<j<d

with |[EY™¢(p,l —1,2)| = |E(p,l — 1,2) + E?(p,l — 1,2) + D 1_¢(z)| < L/leg, (x), since € is in
[0,1] and P;_¢(x) is bounded using Lemmas 8.4 and 8.5.
Similarly, for [/2 <l —-m <1 —1,

d
Piom (@) =pia (@) + (m = 1)n > di(2m — 1) Nipr () (8.3.8)
i=1
ji ij
- 1)772 dim; + 27 + 27 Niipi—1(x)
i=1 jiy<i Jig>i

m—1)2 ¢
> dylems — Dogn@) + o2 S @ om - 181 ()
i=1

+(m—1)%n Y did;(2m — 1)(27; — DAy (2)
1<i<j<d

—(m—1)E(p,l—1,z)+ (m—1)?E*(p,l — 1,z) + (m — 1)*P;_¢(2),

where | — ¢ € [1/2,1—1].
Finally, we have for ¢,7 =1,...,d,

d d
A 1 g
Bupi-1(z) =bmpi-1(x) = > _ b3 Aiproa (x) + 5 > b Ayipia (@)
i=1 i=1
0
y P ( _

d
B Agpi1(z) :bmquz_l(x)—ZbU aili—1( +ZB (y)E2eP(z,y,1—1), (8.3.10)
i=1

B Dgrpi—1 () =bm Dgrpi—1(x) + Y B (y) B2 (2, y,1 — 1), (8.3.11)
)

where EP(x,y,l — 1) is given in (8.3.4),

Ngi Ngi]
E%(z,y,1 1) Zyz yi + DA @ —y) + Y w0 S v (2, —y),

i<J

and
EAarP(z,y,l — 1) = Zyz (Bart) (2, —y).
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Using these equations together with (8.3.8), we get

Bmplfm( ) mpl 1 + Z Azpl 1 ( ) + b ( - 1)77dl(27r2 - 1))

b b .
+ Z Aiiplfl(x) <2 + o (m — l)ndibgn)(%ﬁ' — 1)

djq di; —1)?
—(m — Dby | dim; + Z % + Z 7j + (mT)nQd?bm(%ri —1)?

J:3<i j:g>i
+ Y Bapea(e) (657 = (m = b d;(2m; — 1) = (m — nbdi(2m; — 1)
1<i<j<d
+bm(m — 1)2772didj (27T'i — 1)(27Tj - 1) - bm(m — 1)77dij (271'1']‘ — 1))
+>  Bu(y)E(m,p,z,y,1 - 1). (8.3.12)
Here,
d
E(m,ppr,y,l - 1) = Ep(l',y,l - 1) + (m - 1)772611(2771 - 1)EAip(x7yvl - 1) (8313)
i=1
_1)2
+ Z m—1)n | dim; + Z i + Z i 71) n?dZ(2m; — 1)% | 24P (z,y,1 — 1)
Jii<i Jig>i
= Z — ndi;(2mi; — 1) — (m — 1)*n?d;d; (2m; — 1)(2m; — 1)) E29P (2, y,1 — 1)
i<J

—(m—=1DE({l-1Lz-y)+(m-1°E*p,l—La—y) +(m—1)°D_¢(x—y),

where | — ¢ € [l/2,1 — 1], and the error terms are collected from the above calculations
(8.3.8)—(8.3.11). Note that there are two types of errors in the above formula. EP(z,y,l — 1),
E%P(z,y,l — 1), E®4P(z,y,l — 1) and E®iP(x,y,l — 1) are coming from the discrete Taylor
development of p;_1(x — y) and its discrete derivatives, whereas the errors on the last line come
from the Taylor development of p;_,,(z — y) in time.

We want to show that

K K
> [Bm(y)E(m,p,z,y,1 - 1)| < Wem,la(iﬂ) + W‘an,lo(ﬂﬁ) (8.3.14)

for some o > 0 large enough in order that ZUQ >y 1By E(m, p,x,y,l — 1) < ld/Q 011,10 ().
We check all terms in (8.3.13) separately, freely making reference to (8.2. 21) (8.2.30). The first
term, EP(z,y,l — 1), can be bounded by:

13/2 Z Iylyqul/ dsbin ior (1, - - -, g1, 8q = 5Yq: Tq+1 — Yq+1, - - > Td — Ya)- (8.3.15)

1<j<q

This has to be folded with B,,. But now recall the bound (8.1.3) for B,, and note that
WiVl Okrko (y) = (i — ke + kx®)(y; — k@ + k@) (yq — kD 4+ k&D)|0p ko (y) <
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K (K363 + k°/2||]|2 + k|| 5]l + k*/2)0,. vz, (). Thus, folding By, with (8.3.15) we get:

Z|B (2, 9,0 = 1)
_13/2 Z ‘yzyqul/ dSZB elnla (1‘1,.. sy Lg—1,Tgq — SYqy Tg+1 — Yq+15- - - xd_yd)‘

1i<j<q
m/2

vm —k
qMZﬂMMZHWHWWH%me% %nm

E ek,@ fko gln o’ (1’1,...,$q,1,$q — SYqry Lg+1 — Yg+1,---5%d _yd)~

We want to fold each of the d coordinates separately in the last line above (using Lemma B.1).
This can be done by multiplying the variances by 2 and bounding the above by a multiplication of

di -di ional ind dent doubly- tial distributi i L >
corresponding one-dimensional independent doubly-exponential distributions, since W\\y” >

(lya] + .- + |yal) and similarly for 6;, ;- (.). Special care has to be taken when folding

1
RV 2v2ko

the g-th coordinate with the integral over s. For that coordinate we have (now assuming that

the 6’s are one-dimensional):

/ ds Z 916@,2\[190 yq)alﬁq,Qlo ( Syq)

YqEL

SK/ dss_leknq+lnq/872\/51604_210//32(xq/S)
01

SK/O dseSknq+lnq,2\/§S2kU+2lU'(zq)
1

SK/O A5 31, 410,20/ k0+210 (Ta)

1
<K / dsgskﬁﬁlnq,la (zq),
0

k|“q| < \f\/‘gq‘% S

ﬁ

where we use that k < m/2 <[/4 and set o > 0'1 NI Now note that 2

Vmlrg| Thus, using the subadditivity of any norm,

220
Sk )
exp _qu‘ /Odseskﬁqﬂnq,lo(xq)

Vm|kq|
< ———(1-1/v2) ) O, .16 .
exp (=5 (1 1)) 1o )
Together with much simpler calculations for the remaining coordinates (we do not have to
integrate over [0, 1]!) and again with the subadditivity of the norm we end up with:

Z\B EP(z,y,1 = 1)

K m

ﬁmmW%mcx;wm—uﬂommm+wﬂw%wmw+WW%wm
K

Sngn,la(x)v
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since d > 9. Thus (8.3.14) is satisfied. This finishes the calculation for the first term in the error
(8.3.13). We turn to the second term in that error. Recall from the beginning of this Section
that by choice of the distribution of p;, nd;(2m; — 1) = ) for all 4 = 1,...,d. Therefore, the
second term in the error can be bounded by terms of the form

mH"ing/QZ\yzyﬂ/ dSZ‘B |9lnlo— (xla-- sy Lj—1,L5 — SYj, Tj41 — Yj+15--- xd_yd)

i<j

Similar considerations as for the first term again lead to the desired bound (8.3.14). Alike
calculations lead to the desired bounds for all errors on the first three lines of (8.3.13).

We turn to the last line of (8.3.13). For the first summand on that line, we have (m — 1)E(p,l —
Lz —y) < mls%é?m,lgz(a: —y) by Lemma 8.5. Thus, folding with B,,, we have (again using
Lemma B.1):

M em 1o (= y)

m/2

K \/7
Smml d/2 Z exp < H “) Zokn ko Gln Jdo’ (£U - y)
k=1

m/2

K vm
<——m!-d/? ex (— K >9,€ (T
<an ; D (=5 gl ) Orio(2)

K o as Vm
Smm exp —2\/%”/1” 11,10 ()

K
Swaln,lo (x)a

since d > 9 and o > a'%m, and using again that £ < m/2 < /4 and the subadditivity of the

norm. To handle the second term on the last line of (8.3.13), we need to look at the error term
in (8.3.6). Analyzing this error term shows:

1
E*(p,l — 1,z — )<K< +|n||ls/2>9m,za/($—y)~

Folding this bound with B,,, we obtain by similar arguments to the ones use for the first error on
the last line of (8.3.13) that the second error on the last line is also bounded by (8.3.14). Finally,
for the last error, we obtain by a still more careful analysis of the iterated time derivatives in
Lemma 8.5:

Procte =l < K (4 Il s + 1eIP g + I61P 7s ) ot = ),

and folding this with B,, again leads to the good bound (8.3.14).
Therefore, we obtain for the error in (8.3.12),

K K
|ZBm(y)E(m7P’CC7E/J -1 < W9m,za($) + Weln,la(m)v (8.3.16)

for all values of  (in particular also for x = 0), as long as d > 9. Moreover we set from now on

oc=0—2—
1—v2/2°
With these preliminary calculations in hand, we turn to the main part of the proof.
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What we need to show is [1(&)n| < €[[]l1/2Xn, for all n € IN and some € € (0,1). For this we
split (8.3.2) as follows:

n /2
Ol <D &l # [ |(1=Ap)SF1 = Fi+ A amBmFiom

m=1

+Z|§n | * | Z B Fi_m| - (8.3.17)

m=l/2

We start with the second term. Note that |¢,—;| < [|€l1/2Xn—1 and split x,—; into (n—1)~1/26,,_
and (n —1)~%/? Z(n l)/2j2exp( vl . ||HZ||) 6;, where for simplicity, 0y := Okx ko and 0}, =
Ok ko in the following. For the first part this leads to

n—1 l
> tn=07200 1% > am|Bu|* Fiop
1=1 m=1/2
n—1 I’I’L/2
K -0 Y m d/zzexp< vim ||ﬁ|> Ol
— \f -
1=1 m=1/2 <Ko s
n/2 l m/2
0,5 3 w3
=1 m=l/2
n—1 l m/2 k
RS 3 S (P
l=n/2 m=l/2 k=1
<K |n='20, +n=9/? "Z_:l mz:/QeX —\/mikH/@H 0 Zn—l 1/2
= n ~ = p pu n—m-+k
—n/d k=

<n—m

— n—m/2
<K *1/29 + 2 Z Z k exp <—

k
||f<|> O
m=n/4 k=n—m+1

/8 n 1
<K |n7'20, +n=Y2 " kb exp ( Fllﬂl)

k=1 m=n—k+1
————
L <k

<KXn,
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where we use ¢ > ¢’ and d > 9. For the second part, we split the sum and find

n/2 (n—1)/2
Z (n—1)~%2 Z J exp( \/ ||m|>0 * Am|Bm| * Fi—m
m=l/2
n/2 (n— l/2 P —
<Kn~Y? =ty
n 2y 0 iPexp | =y ———llsl|
n/2

=1 j=1
m/2 k
Z m=/? Zexp <— |’f||> Oj+kti—m
m=l/2
SKn_d/2 Z m—d/2
(n/2)/\(2m) m/2 (n— l)/2+k
: 5 exp ( \/ H I -
I=m k=1 j= 1+k;
Sexp (—y/ 25 k)
n/2 (n/2)A(2m) (n+l—m)/2 S
<Kn~? Z mi=d/? Z Z j% exp (—\/j||/<:||> 0
o

=m j=14+l-m
3n/4

<Kn~4? Zy EXp< ||ﬁ>

<KXxn,

||If||> jt—m

again using d > 9, and finally

n—1 (n—1)/2 " I ]
— "2 2 Y S
S0 Y e (/e

I=n/2 j=1

<(n—1)2
m/2
Z m~/? Zexp ( |f€||> Ojthti-m
m=l/2
m/2 2
<K Z 1)2-4/2 Z m d/2Zexp (— ||/$||>
l=n/2 m=l/2

(n—=1)/2
Z eXP( L ||’€|> J+k+Hl—m

SKn*d/Q Z (TL— Z)2 d/2
l=n/2

/2 (I-m)/2 (n—1)/2 I—m—k n—l—]
Z Z Z €xXp (‘\/ f“’in -\ U||'f||> 0;+k+m
m=0 Jj=

Sexp(, /%HHH)
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IHII> 0

/2 (n4+m)/2
1d/2z zd/zz Z exp<

l=n/2 m=0 j=1+m
(2n+l)/4
nl d/2 Z 2 d/2 exp< [n ||I<L|> ; Z 1
l=n/2 j=1
3n/4 "
<Kn 1 P exp ( / |n||>
= 7
<KXn,

where in the ninth line we use d > 9. Thus we get

second summand of (8.3.17) < KA||€||1/2Xn,

and it suffices to choose A small enough.

It remains to check the first summand of (8.3.17). For this summand we have that it is equal to

(DN 1—1 -1 I I
— 1-2p)1——)S'"+ (1= Xp)——Sp_1 —(1— —)S' — —p; ...
; [€ntl | (1=Ap)(1 = —=)S" + (1= M) Sp1 = (1= 1)8" =
1/2 1/2 I—m
)\ m m - t=m >\ m m; —m 3.1
-+ Za )S + mzla P (8.3.18)
n—1 {/2)A(1—=N)
+ Z |£n7l‘ * (1 - )‘p)splfl — DL + A Z amBmplfm e
I=N+1 m=1
2 l—m l—m
A mBm (1 — ——)gl=m 1 = . 3.1
i m:g\ﬂrla <( N )S " N b > (83 9)

For the moment, we are interested in the second sum which is present only if n > N + 1. We
have:

n—1 /2
(8:319) < > |&lljoxn—ix [ |(1=A)Spiot =P+ A D amBmpi—m
I=N+1 m=1
/2 I—m
+ A am B | (1= ——)(S""™ — pi_ > . 8.3.20
> (0= = ) (8.3.20)

Now we use the calculations from (8.3.3) to (8.3.16) and collect terms coming with the same
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discrete derivatives to write:

1/2
(1=Ap)Spi—1 —pr+ A Z amBmpi-m
m=1
1/2
= T=2) =1+ A ambm | P (8.3.21)
m=1
d 1/2 1/2
+ Z nd;(2m; — 1) — (1 — Ap)s®D — A Z amb$) 4+ And; (2m; — 1) Z b (m —1) | Dipi—1
i=1 m=1 m=1
(8.3.22)
d l/2 /2
(1- )\ g nPd2(2m; —1)
+Z A=29) iy _ 1 7(” Za b0 — And; (2m; — 1) Za bl (m — 1)
N 1/2
+ 172d227n Zamm —1 -7 dm—i—z ”—i—z ”
Jij<i J:3>i
1/2 £ L
— 1 dm+z DD &ij Zamm )+ 51— 20) + Zamb“ Niipr
Jii<i Jig>i
(8.3.23)
1/2
+ Z (1= Xp)s') — p2d;d; (2m; — 1)(2mj — 1) — ndij (2mi5 — 1) + A Z A b
1<i<j<d
1/2 1/2
— And;(2m; — 1) Z ambD (m — 1) — And;(2m; — 1) Z amb) (m — 1)
m=1 m=1
1/2 1/2
+)\772d2dj(271'l - 1)(27’('] — ].) Z ambm(m - 1)2 — )\nd”(Q’/T” - 1) Z ambm(m — ].) Aijplfl
m=1 m=1
(8.3.24)
+ B,

where |E(1)(.)] < 13/2 011,10 () due to (8.3.16) and the bounds on all other errors at the beginning
of the proof. We analyze the terms above separately: For the term in front of p;_; in (8.3.21),
we have:

1/2

(L=20) =14+ A D ambm| K D |b| = 017%?),

m=1 m=l/2

using the definition of p in (8.1.1) and the decay rate of the b,,’s. For the remaining terms, we
ask n € [a,2R), m € [0,1], i = 1,....d, m; € [0,1, 1 < i< j<d, d €[0,1],i=1,....d,
and d;; € [0,1], 1 < i < j < d, to satisfy the following system of equations (recall that
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dii = di + Zj:j<7; dji + Zj:j>i diz):

Zd+ > dij=1,

1<i<j<d

up~ts® 4+ A > m>1 bl

@) =pd,;(2m; — 1) = 8.3.25
K nd;(2m ) 1+/\Zm21ambm(mf1)’ ( )
1 . .. .
055 :=ndy; = u/fls(”) + A ambfjl’) — k(D2
L+ A2, 51 @mbm(m — 1) m221
AR S (= 12— 2060 3 anm = 105 | (5.3.20)
m>1 m>1
1

6ij ::ndij(zfrij — ].) =

u,u_ls(ij) A Z amb%j) — (@)

m>1

+ Ak k) Z (m — 1)2amby, — Ae® Z amb) (m — 1) — Ae() Z amb' (m — 1)

m>1 m>1 m>1

L+ A, 51 @mbp(m — 1)

Thus as already mentioned, the mean and the covariance of p; should be exactly the (scaled)
asymptotic mean and covariance of A, /a,. We now need A < 1 in order that these equations
can be satisfied. In fact, the above system of equations should be viewed as a perturbation of the
same system with A = 0. One has to first make sure that the system with A = 0 has a solution.
This will work only, if S is in Ax . Then, after fixing such an .S, one may increase A slightly in
order to perturb that initial system of equations. In order that this is always possible, we took
away an € boundary from the set C' (see Section 6.2).

Plugging the x(")’s into (8.3.22), we get that the terms in front of the /A;p;_;’s are of order [=3/2.
Plugging the d;’s and x(*)’s into the terms in front of (8.3.23), and using that for i = 1,...,d,
the last four terms in that summand converge to —nd;; /2 at rate [=3/2, we have that for each
summand, the term inside the bracket converges to 0 at rate {~/2. The same is true for (8.3.24).
Thus, collecting the above and combining with the bounds on p;_; and its discrete derivatives
from Lemma 8.4, we have:

1/2
K
(1 - /\p)Spl—l(m) - pl(‘r) +A Z amBmpl—m(x) < Welmlo(x)a

m=1
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and hence the first summand in (8.3.20) can be bounded by

n—1

1
K||€||1/2 Z WXn—l*el&,lU
I=N+1
n—1
<K€l > 1732
I=N+1
[ (n 1)/2
(n_l)_l/z‘gnﬁ7n0+( =10~ ¢/2 eXp( \ ||“||>] 9l+g)n (I+j)o
j=1
<[1€ll1/2
[ n/2 (n—1)/2 -
N2 -1/29 Kn—4/2 ]3/2 _ n—l—j 20 )
n nﬁ,no’"’ n Z Z eXp o ||K:H J (7). (I+5)o
i I=N+1 j=1
n—1 (n—1)/2 -
+ NVt Y 1123 o (/S ) 20000
p pu K O +5)k,(+5) 0
l:(n/2)\/(N+1) j=1

C(N)KIIE]l1/2xn,

where C(N) goes to zero when N — oo, and hence C(N)K <, if N is large enough.

For the second summand in (8.3.20) we have:

n—1 /2
l—m m
R A (R (G )
I=N+1 m=Il—N+1
n—1 /2 m/2 i
DKz D (n=D7 3" m d/QZGXP (- |f€||> Ok+n—m
I=N+1 m=l—N+1
n—1 (n—=1)/2 l/2
AK€z D (n— 1)~ Z S om?
I=N+1 m=l—N+1

m/2 .
n—l+m-—j5—k
-Zexp<—\/ e ||n||>9k+j+1m.

k=1

We need to make a distinction again. Suppose at first that n > 2N and note that the sum over
m is empty as soon as [ > 2(N —1). Then, it follows that (n —1)~* = n~*. Therefore, it is clear
that the above can be bounded by €|[{||1/2xn if A is chosen small enough (reasoning similarly
as for the second part of (8.3.17)). On the other hand, if n € [N + 2,3N], it suffices to choose
A = N~ke=sN for some k and s large enough to get the desired bound. Thus, we end up with
(8.3.19) < €l|€l1/2Xn-



8.3. Proof of the Main Theorem 8.1 83

We turn to the term (8.3.18). It can be rewritten in three sums as follows:

(n—1)AN 1/2

1
(8:3.18) <€]l1/2 S X x|1=A)S' = (1= Xp)Spi1 + A Y amBpmS T
= m=1
1/2
m=1
(n—1)AN 1/2
€z D Xnor#k [-ApS' A B ST (8.3.29)
=1 m=1
(n—1)AN I 1/2
gl D xn-rk 5 (M8 H (L= A0)Spa —pr =AY am B ST
=1 m=1
1/2
A D m Brnpiom| - (8.3.30)
m=1

The three sums have to be treated separately. Let us first consider the last one (8.3.30). We
have:

(n—=1)AN 1/2

l
(8:3.30) <[lelhys Y xn-1 A |pS' - ZamB sl

=1
(n—1)AN I 1/2
el D x5 (1= 2A0)Spio1 =P+ A D am B -

=1 m=1

Using again the calculations from (8.3.3) to (8.3.16) we can regroup the terms on the second line
as in (8.3.21)—(8.3.24) to get

(n—1)AN 1/2

! . _

(8.3.30) <||€]l1/2 ; Xn-1% 5 [ A pS! —mzamBmSl + KI173/%0;, 1, (8.3.31)
K (n—1)AN A (n—1)AN /2

<<€l 2 ; IV 2% 0+ N||§||1/2 ; IXn—1 % |pS" — mz;lamBmSl_m )

The first term above is easily bounded by €|[{[|1/2X» by considering the two cases n < N +1 and
n > N + 1 separately and by noting that in the first case, Y, L= 1/2( l)_l/2 is of order one,
whereas in the latter case the same sum is of order n 1/2\/N When folding with the first part of
Xn—1 (ie. with (n—1)~1/26,,_;), and by splitting the sum in two cases with n > 2N and n < 2N for

the folding with the second part of x,,_; (ie. with (n —1)~%/? ZEZIZ)/Z j% exp(— ”\Fl l11)6;)-
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For the second term, we get

) (n—1)AN 1/2
N”f”lm ; Ixn—1 % |pS' — mzzjlamBmSl_m (8.3.32)
A (n—1)AN
SKN||§||1/2 Z Ixn—1 %6 (8.3.33)
) l(:nl—l)/\N 12
+ KN||5||1/2 Z ! Z Xn—1 % | B | * 01—, (8.3.34)

=1 m=1
<ell&ll/2xn;

where (8.3.33) is bounded using Lemma 8.7 and choosing A\ small enough for the folding with
the first part of x,,_; and again by splitting into the cases n > 2N and n < 2N for the folding
with the second part of x,—;. (8.3.34) is similar to the second term in (8.3.17). Thus, we get
that (8.3.30) < €|l /2n /2.

Let us look at the second term (8.3.29). This one is essentially equivalent to (8.3.32) and using
again Lemma 8.7, we obtain (8.3.29) < €||¢]|1/2Xn-

Finally, for the first term (8.3.28), we have

(n—1)AN
K _
(83.28) < llélliz D xn-t%|S7T" —pia
=1

(n—1AN 1/2
* 2H£H1/2N Z Xn—1* Z amm|Bm| * el—m
=1 m=1
1 (n—1)AN
<Kl Do Xn# 18" = pial + elléll2xn, (8.3.35)

=1

where we have to choose N large enough and A small enough and the second term is dealt
with similarly as the term (8.3.34). For the first summand in (8.3.35), we are using the fact
that |S! — p| < |S! — q~$l| + | —pi| + |0 — q~51|, where ¢; is a normal density with mean vector
I(sM, ..., s) and covariance matrix /Cov(S), and ¢; is a normal density with mean lx and
covariance matrix [A = l(5ij);{j=1. Using Lemma 8.2 and an argument similar to the one in
the proof of that Lemma for the difference |S' — ¢, we get that [S' — ¢| + ¢y — pi| < 5501
Moreover, since (k,A) — ((s0), ..., s(®) Cov(S)) as X — 0, it follows that |¢; — ¢;| < C (N8,
where C()) is a quantity tending to zero as A — 0. Thus,

1 (n—1)AN
K 1€l > X xS —pi]
=1
(n—1)AN (n—1)AN
SEHEHI/Q Z Y25+ 0+ %”5”1/2 Z Xn—1 % 01 < €l[€]l1/2Xn,
=1 =1

where we argue for the two terms separately as for the second term in (8.3.31) and for the term
in (8.3.33) (without [ here!) respectively. This implies (8.3.28) < €||¢]|1/2xn, and the proof of
Lemma 8.6 is finished. O

Lemma 8.7. If N is large enough, then
1 (n—1)AN

N Z (n—1)"12 <an=Y/2
I=1
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Proof. If n > N + 1, then

N

1 1 /M 2

N E (n_l)_1/2 S N/ x_l/de: N[nl/2—(n—N_1)1/2]
n—N-—1

=1
n n 1/2 n . 1/2
N+1 N+1 N+1 ’

If N is large enough, we have 2% < 4, and since for t > 1,

(-1 =

we get the desired bound in this case.

~

N+1

If n < N, we simply get

n—1
1 “12 2 a2 —1/2
N;(nfl) < N <2n .

O
We also need the following Lemma to prove Theorem 8.1:
Lemma 8.8. Let &, = a,F,. Then,
(&) =&l < K,
where K is a positive constant depending on R and on the constant N.
Proof. First of all, we note that we can re-write ¥ (£),, given in (8.3.2) in the following way:
n l
1/’(5% = gn - ZFn—l gl — (1 - /\p)sgl—l - A Z amBmgl—m‘| . (8336)
=1 m=1
Thus, it suffices to show that
n l
S | Fuci |aF = (1= Mp)Sai1Froy = A am@i-m B Fi— | | < Kxn. (8.3.37)
=1 m=1

Now it is obvious that it suffices to consider the case F,,_; = p,,_; and F; = p; since for the finite
number of remaining cases it follows immediately that if | < N, |F,,_; F;| < Kp,, using the fact
that S' has compact support for [ < N and vice versa if n — [ < N. Then the left hand side in
(8.3.37) is bounded by

n IN(n/2)
S laF, — (1= Ap)Sac1Foci =X Y ami—mBmFoom
=1 m=1
n l
A D |amt—mBmFoml . (8.3.38)

l=n/2m=n/2
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For the second term in (8.3.38) we get:

n l
A Z Z |amal—mBan—m|

l=n/2m=n/2
m/2 i
SAK Z Z m*d/QZexp <_ ”K‘|> 9k+n—m
l=n/2m=n/2

n n— m/2
<AKn~%? Z (n—m) exp( \/ ||/-1|> O

m=n/2 k=14+n—m

||H||> k
(n/2)\/(n k+1)

3n/4
<A\Kn~%? Z 0 exp (

<k?
<AKXn-
It remains to check the first term in (8.3.38). Writing d; = m;d; + D j<i ‘% + D 2 , that
term is given by
n IN(n/2)
Z aipn — (]- - )\p)alflspnfl - )\ Z amalmempnfm (8339)
=1 m=1
n IN(n/2)
S Z a; — (1 — )\p)alfl - A Z alfmambm |pn71‘
=1 m=1
n IN(n/2)
+ Z (1- )\p)s(i)al,l + A Z al,mambg) —nd;(2m; — )y
=1 i=1 m=1
IN(n/2)
7)\77d1'(27'ri — ].) Z (m - 1)al—mambm ‘Aipn—1|
m=1
n d 2 12 2 l/\(’rL/2)
n-d; (2m; — 1) 1—Xp (i1) Ao 2 2
+ ZZ 5 a; — 5 s\"a;_1 — 57} d; (2m; — 1) Z (m — 1)*ama—mbm
=1 1=1 m=1
IN(n/2) ) A@/2)
+And;(2m; — 1) Z A @j—m(m — 1)b Z A} —m Q. (i)
m=1
_ B IN(n/2) S( i) IN(n/2)
+77d7,'al + )\ndz Z amalfmbm( - 1) - 7(1 - )\P)al 1= 35 Z Am Q) — mb( ) |Aupn 1|

m=1 m=1
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+ Z Z ‘7] did;(2m; — 1)(2m; — 1)a; — (1 — Ap)s gy + nd;; (2mi; — Day
1=1 1<i<j<d

IN(n)2) IN(n/2)
- A Z @b + And;(2m; — 1) Z Um—mbD (m — 1)
m=1 m=1
IN(n/2) IN(n/2)

+ And; (2m; — 1) Z Ami—mb) (m — 1) — AP dyd; (2m; — 1)(2m; — 1) Z U@y — Dy (M — 1)?
m=1 m=1
l/\(n/2)

+Andi; (27 — Z Ami—mbm(m — )| |Agpi_1| + E(n)(.),

where we use the calculations from (8.3.3) to (8.3.16) in the proof of Lemma 8.6 and regroup
terms according to their discrete derivative in the place variable as in that Lemma. Similarly to
those calculations we have E(n)(.) < f{/z 0,(.). We check the remaining terms above separately.

For the term in front of [p,—1]|, we get

IN(n/2) l
—(1=Xp)aj—1 — A Z Al—mGmbm | < A Z Am Q) —mbm < Kn_3/2,
m=1 m=n/2

using the decay of the b,,’s, (6.3.2) and Proposition 7.1. Thus, S, |.|[pn—1(z)| < Kn=1/20,,(x).
For the terms in front of the |A;p,—1]’s, i = 1,...,d, we use the fact that a; — « when [ — oo,
for some a > 0, and |a; — a| < K173/2, which follows directly from Corollary 7.5 with d > 9, to
get

IA(n/2) IA(n/2)
(1- /\p)s(i)al_l + A Z al_mamb%) —nd;(2m; — V)a; — And; (2m; — 1) Z (m — Daj—mambm,
m=1 m=1
IA(n/2) IA(n/2)
<a|(1=xp)sD 4+ A Z ambl®) — nd;(2m; — 1) — And; (2m; — 1) Z (m — V) ambm| + KI73/?
m=1 m=1

< KI73/2,

where the last line follows from the definition of 1, d; and 7; in (8.3.25), and the decay rates for
the moments of the B,,’s. Thus, 37, 2% | .|| Aipn_1(z)| < Kn~1/26,,, because |Ap, 1 (z)] <
%Qn(x), for i = 1,...,d (see Lemma 8.4). By the same Lemma, |A;p,—1(z)| < £6,(z) for

i,7=1,...,d, and using the same considerations for the terms in front of the |A;;p,—1(x)|’s as
for the terms in front of the |A;p,_1(z)|’s we obtain for any ¢ =1,...,d:
2 72 2 IN(n/2)
n°di(2m — 1) 1-Xp (i4) Ao 2 2
5 a———s"a-1 -5 d; (2m; — 1) mz::l (m — 1) amai—mbm
l/\(n/2) \ N2
+And; (2m; — Z A @—m(m — 1)b ’) - — Z Al—mambyy, (i)
i ) l/\(n/2) ) 3 A@/2)
+nd;a; + And; mX::l amal—mbm(m - 1) - 7(1 - /\p)al 1— 5 mzzl A @y —mb |Ampn 1( )|

< K17V, (2).
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Thus 37, S0 L1 Aipn1(2)] < Kn=0,(x) Yr_, 171/2 < Kn~1/26, (z). With the same argu-
ments, the terms in front of the |A;;p,_1(2)|’s (i < j) are also of order I=/2, implying that also
Doy Ycicj<a 1 Digpn—1(2)] < Kn~'/20,,(z), and hence (8.3.39) is bounded by Kn~='/20,,(z)
and finally by Ky, as desired. This finishes the proof of Lemma 8.8. O

Using Lemmas 8.6 and 8.8, we are now able to prove Theorem 8.1:

Proof. (Proof of Theorem 8.1).

Let A¢ > 0 be such that for A € [0, o], Lemma 8.6 and Proposition 7.1 hold. Now, taking (a)n>0
from that Proposition and (F,),>0 from below (8.3.2) with x and A from (8.1.2) and (8.1.5),
we set F':= (apFy)n>0. Then, by Lemma 8.8, ¥(F) — F € Wy. Hence we may apply Banach
fixed point Theorem to the sequence (%) (¢)(F) — F))g>o in the Banach space (W, [-ll1/2) to
find that it converges to the unique fixed point (G,,),>0 € Wy. But that fixed point is G with
G, =0, for all n > 0. Since 1) is linear this implies that the sequence (1)) (F));>0 converges to
a (unique) limit, say (Ay)n>0, satistying

1. Ay = b,
2. Y(A),(z) = A, (), for all n > 0 and z € Z4, and
3. |F— All1jz < K.

The last point follows because

1E = Allaye = 1Y @O (F) =9 EDlhye < [9(F) = Fllijz ) e < K,

1>1 1>1

using Lemma 8.6 in the first inequality and Lemma 8.8 in the last inequality. But clearly,
(Ap)n>o is the sequence defined in (8.1.4). Thus, |4, (z) — an,Fr(z)| < Kxn(x), for all n > 1,
and using Lemma 8.2 we get |a,F, () — and,(z)| < Kn=1/26,,(x), for all n > 1. This implies
Theorem 8.1 with the parameters A\, k and A given above. O

8.4 The Two-Periodic Case

In case we start with an initial distribution S € Py, which is two-periodic, and also with a
two-periodic sequence (B,)m>1, we obtain the following variant of our main Theorem 8.1:

Theorem 8.9. In the above setting, there exists Ao > 0, such that for any \ € [0, \o], we have
that if n and ||z||, have same parity:

n/2 -
An z — _ . n —
) 2 @) < K07 ) 4072 S o (<L) o)
n i=1

where the parameters are as in Theorem 8.1.

The only change is that we have a factor 2 in front of the approximating normal density due
to the parity issue. The proof is exactly the same as for the Theorem in the non-periodic case,
except that we plug in 2p; instead of p;. This is in particular necessary at the end of the proof
of Lemma 8.6 where instead of |S' — ¢;|, one plugs in |S* — 2¢;| in order to make the argument
in Lemma 8.2 work. The reason for this is that the minimal lattice changes if one starts with a
two-periodic distribution S (see Bhattacharya and Rao [2] for details).



CHAPTER 9

Application to Perturbed Weakly
Self- Avoiding Walks

We come back to the specific context of the perturbed weakly self-avoiding random walks, where
the main objects of study are the two-point functions C,, with total mass ¢,. Recall that they
satisfy the lace expansion formula (6.2.3). That is,

Cp =uSCh 1+ Y MpuCp,
m=2

In order to prove Theorem 6.1, we have to show that By, := II,,/(A¢y,) actually has the decay
behavior assumed in (8.1.3) for any S € A, respectively S € Py and A small enough.

Lemma 9.1. There are positive constants Ao, o and L, such that for all X € [0, \g] and for all

m > 2 we have, setting B, (v) := £,
m/2 T
LTS 7 ST Ca L ) e}
el
with k = (kKM ,..., kD) and where

up s A by

L)
L4+ A5 @mbm(m — 1)

fori=1,...,d. (9.0.1)

Proof. We construct a sequence x; € R% converging to x as i — oo and show that the B,,’s
have the right decay both at the same time via a double iteration technique. For notational
convenience, we set

m/2

G (@) = m= 2 exp
k=1

(_m

P i) Ok (o)

Note first that to be consistent with the definition of the sequence (B,,;)m>1 in the last Chapter
8, we may set By (x) = 0. Now consider x; := sV, s(1) being the expectation of S. We easily
have

|Ba(a)] < L5 (@),
for LY = LU (S, d, o) large enough, since wgl)(O) < 2*d/2%6’2”“1”/ﬁ, and By(z) = 0if x #

0. Now, choose Bél) (z) in such a way that x; can be defined via the sequence (Ba, Bél), 0,0,...).
Ie.,, fori=1,...,d,
H(i) B uﬁ—ls(i) + AZng Embgfz) (1)

1 — )
1+ AN g @bl (m — 1)
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where the quantities with a bar () are the usual quantities defined via the auxiliary sequence
(Bél)7 Bél), 0,,0...), with Bél) = By and B,(cl) = 0 for k > 3. Note that Bél) can be chosen with
support in the whole of Z¢ and such that |B§1)(x)| < 2rM™ él)(x), if X\ is small enough. An
application of the main Theorem 8.1 and then of Lemma A.2 yields

-3 32 -3
|By(a)] < KL 23423 7 1m0 (2) < LEyiD (@), (9.0.2)
C3 1 Cc3

where K does not depend on L™ if X is chosen small enough (see Lemma 10.5 for some more
details on this step). The second inequality follows by choosing L large enough. We fix this L
for the rest of the proof.

The next step is to define ko in the same way as x in (8.1.2), but using the sequence
(Ba, B3,0,0,...) and to set L(?) = L) (S,d, ) such that |Ba(z)| < L(2)¢§2) (). We now choose
BéZ)(m) with support in Z¢ such that ko is defined via the sequence (Bg,Béz),O,...), where
for A small enough, we may assume that |B§2) (z)| < 2L(2)z/)§2)(x). Applying again Theorem
8.1 and Lemma A.2, we obtain |Bs(z)| < Lz—jwéz)(x) for A small enough. We thus have that
| By ()] < L% éz)(x), k = 2,3 and one more application of Theorem 8.1 and Lemma A.2 yields
|By(z)| < L%l/}f)(l‘). We now define k3 via the sequence (B3, Bs, By,0,0,...).

Continuing this scheme, we assume that for some general k& > 3, we are given ki via the
sequence (B, ..., Br11,0,0,...), and we have L*) = L(*)(S,d, o) such that |By(z)| < L(k)wék).
Now suppose that for some m < k + 2, |B;(z)| < Lwl(k) (z), for 2 <1 < m —1 and choose B
with support in Z? in such a way that sy, is defined via the sequence (Bs, ..., Bpn_1, B,(,lf), 0,...)
where we assume A small enough such that |B7(f)(a:)| < 2L(k)w7(,]f)(x). Use once more Theorem
8.1 and Lemma A.2 to obtain |B,,(z)| < L% (x) for A small enough. The procedure is repeated
up to m = k + 2. Then, we define kj; via the sequence (Bs,..., Bk12,0,0,...) and restart the
procedure.

By repeatedly applying Theorem 8.1 and Lemma A.2, we thus obtain

—m m/2
_ M= e (R)
|Bm(x)|§L/:—m 2N VIS IO, ) (),
m i=1

where we still have to show that Z—m remains bounded in order to prove the Lemma. However,

defining C,, via the sequence (Bs, ..., By _1, B,(,If), 0,0,...) in the m-th step of the k-th iteration
by setting C,, = 1" A,,, we have C,, = C,, for n < m, by an application of the lace expansion
formula (6.2.3). Now apply the lace expansion formula to the total weight sequence to obtain:

m
Cm =UCm—1 + § TkCm—k
k=2

m
=" 1 + > T o, (9.0.3)
k=2

where 7, denotes the total mass of IIy. An application of Lemma A.2 to 7 yields |mg| <
MK L 7i*k'=%/2, Inserting this into equation (9.0.3) leads to

if A= \(d, S, L) is small enough. Hence, E—m does remain bounded.
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With the above procedure we obtain x*) — k and the bound in the Lemma for L large enough
and A € [0, ], for some Ay > 0, if the sequence (L*)); remains bounded. However, this
sequence does remain bounded because of the decay of the moments of the B,,’s. This proves
the Lemma. O

Proof. (Proof of Theorem 6.1). Using Lemma 9.1, the second part of the Theorem follows
directly from either Theorem 8.1 (non-periodic case) or from Theorem 8.9 (two-periodic case).
Using Corollary A.3, the first part follows from Corollary 7.5. O






CHAPTER 10

Restriction to the Symmetric Case

As already mentioned, we can extend both, the local CLT 6.1 for perturbed weakly self-avoiding
walks and the main Theorem 8.1 (8.9 respectively) to dimensions d > 5 in case we start the walk
with an initial distribution S which is symmetric in each coordinate and rotationally invariant. In
case of the weakly self-avoiding walk, this implies that the B,,’s are also rotationally invariant
and symmetric. Also, there is considerable simplification of the main proof in this case. In
fact, this extension is true not only in the above case, but whenever we know a priori that the
asymptotic drift is equal to zero (ie. x = 0). However, this is essentially impossible to know
from the initial setting unless we are in the symmetric and rotationally invariant case.

The main reason why the results can be extended to dimensions d = 5,6,7 and 8 is because we
can apply Lemma A .4 instead of Lemma A.2 where we gain an extra k'~%/2 in the bound for
the IT,,’s. Moreover, we never have to account for corrections in the mean and in Lemma 8.8,
it suffices that |a — a,| < ﬁ and it need not to be summable since in (8.3.39), the term in
front of A;p,_1 vanishes for all ¢ =1,...,d, and n > 1. We give the proof of the local CLT in
this special case in the following.

10.1 The Main Theorem in the Symmetric Case

For the entire Chapter, d > 5. Consider a positive number R € N. Then choose an aperiodic sym-
metric and rotationally invariant probability measure S with bounded support  C B(0, R)\{0}
(in the following, we abbreviate rotationally invariant and symmetric by simply writing sym-
metric). As in the non-symmetric case we only treat aperiodic measures, but the extension to
the two-periodic case is again a triviality. Now let (Bp,)m>1 be a sequence of symmetric and
rotationally invariant measures with

m/2
| B ()| < Km~%2> " k=420, (), (10.1.1)
k=1

where we write 0, := 6y 1, and K is a positive constant whose value may change from line to
line. Again, ¢ > 0 will be determined later. This definition of the B,,’s immediately implies
that |b,,| < Km~%? and bgf) < Km’(d’l)/Q, foralli=1...,d, and of course the first moments
vanish. Thus, Proposition 7.1 and Corollary 7.5 are satisfied and we may define the mass
sequence (an)n>0 With ag := 1 and for n > 1:

= a1+ A Ambman—m, (10.1.2)
m=1

where up~! =1 — A\p and a,, € [1/2,3/2]. Using this mass sequence, we define the sequence of
measures (A,)n>0 by A¢ := Jdp and for n > 1:

Ap = up "SA,_1 + A Z amBmAn—_m. (10.1.3)

m=1
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In this case, the right covariance matrix to approximate the asymptotic behavior of the sequence
(An/an)y is given by A = §Idy, where

up ™t s 4 AD 1 b
14+ A ZWZI(m — Dambpn,

0= (10.1.4)
Of course we have s('V) = 50 for any i = 2,...,d, and s(¥) = 0 if i # j. The same applies to
all B,,’s. We assume from now on that A is small enough such that 3(11)/2 < dé < 2501,

The main Theorem then states as:

Theorem 10.1. In the above setting there exists A\g > 0, such that for any X\ € [0, \¢], we have

that
n/2

<K |07 2000 () + 02 j0i0() |
j=1

‘ An ()

n

— dns(2)

where the parameter 6 depends on X\, S and the sequence (By,)m>1 and is defined above in
(10.14). K = K(R,d) and o = o(d,S) are positive constants independent of the sequence
(Bm)m and will be determined in the proof of the Theorem.

10.2 The Symmetric Distribution p;(z)

We again need the distribution p;(x) of Chapter 8. However, we may fix d; = ... =dy = 1/d
and m = ... =mg = 1/2. Also, we set d;; =0, for all 4,j =1,...,d. Then, E[Xt(l)] =0, for any
i=1,...,d, and var(Xt(l)) =...= Var(Xfl)) = tn/d. Of course, all off-diagonal entries in the

covariance matrix of p; now vanish. The relation between the time derivative and discrete space
derivatives of p; given in Lemma 8.5 changes to:

Lemma 10.2. We have
d

10 1

77pt(x) = ﬁA”pt(x) +E<pat7$>7
i=1

where |E(p,t,z)| < tS%Htmgz (x), for K > 0 and ¢’ > 0 large enough.

Note that in the case of symmetric and rotationally invariant initial distributions, we automati-
cally have that S € Ay for any small € > 0, and also, we may even choose ¢ = 0 (see equation
(10.3.19)).

10.3 Proof of Theorem 10.1

This time we set

G,z
sup M + sup |Go(x)] < oo,
n>1,z€Zd Xn(l‘) zeZd

W = {G = (Gn)n>0

G, a signed symmetric and rotationally invariant measure on Zd} ,

with
n/2

Yn(2) = 0720, (x) + n~Y? Zjﬂjg(:zr).
j=1

o is to be determined. The operator ¥ from Chapter 8 remains unchanged.
The contraction Lemma still holds:
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Lemma 10.3. Let £ € Wy. Then, for N big enough and A small enough (depending on N ),
there exists € € (0,1) with

V()12 < €ll&ll1/2-

The proof of this Lemma is almost a copy of the proof of the corresponding Lemma 8.6:

Proof. Let us do the same preliminary calculations around p; as in the proof of Lemma 8.6:
Using (8.2.23) we have

Spia(z) =Y S@pa(z —y) =pia(x)

yeZ?
1
+3 Zl s Nipya (z) + Z S(y)EP (z,y,l = 1), (10.3.1)
where again
d
—yily; +1)(y; +2 .
Ep(x7yal - 1) :Z ( 2)( )A“’UZ 1 517 - +Zy1yj ' A U[ ])(I, *y)
=1 1<j
Yil—Yi — N Nk
+y ( 5 oy L), ead (e _y) Sy S @, —y),  (10.3.2)
i<j i<j<k
and we get
1> S EP(z,y,1—1)| < t3/29w( z), (10.3.3)

using (8.2.27)—(8.2.30) and choosing K and o’ large enough. From Lemma 10.2, we have:

pl 1 —nz2dAupl 1( )‘i‘E(pvl_Lx)a

with |E(p,1 — 1, )| < K1~3/%0,,/(x). Hence, we obtain, doing a Taylor expansion in time,

pi(z) =pi-1( —H?ZMAMM 1(2)

+ Etime(p,l —1,x), (10.3.4)

with [E#me(p, 1 —1,2)| = |E(p,1 — 1,2) + ji_e(2)| < Zz1s 100 (x) since € is in [0,1] and ji_e(x)
is bounded using Lemmas 10.2 and 8.4. Note here that we only have to expand p; to the first
time derivative instead of the second one as in Lemma 8.6. Similarly, for [/2 <1 —m <1 —1,

d
Prm() =pa (@) = (m = 10> o Aiipr ()
i=1

- (m - 1)E(pal - 17:17) + (m - 1)21.jl—§(x)a (1035)
where | — & € [1/2,1—1].
Finally, we have for ¢,7 =1,...,d,
1
Bmpi-1(2) =bmpi-1(z) + 5 ; BN Ajipi_i ()
+ZB (z,y,1—1), (10.3.6)

BmAqqplfl( ) =b Aqqpl 1 +ZB EAqqp CL‘ y7l—1) (1037)
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where EP(x,y,l — 1) is given in (10.3.2), and

B (2,y,1 1) = Zyz S (@, —y).

Using these equations together with (10.3.5) we get

Brpi—m(x) =bmpi—1() (10.3.8)
d b(ll) n
Ny m_ -1 i
+ FZI 1Pl 1(5(5) < 2 (m )bm 2d>

Here,

E(m,p,z,y,l —1) = EP(z,y,l — 1) — —1n EA“”(xy,l—l)

HM&

—(m— 1)E(p,lfl,z*y)+(m* 1)?pi—e(x —y), (10.3.9)

where | — ¢ € [I/2,1 — 1], and the error terms are collected from the above calculations
(10 3.1)-(10.3.7). We again need to show that > |By.(y)E(m,p,z,y,l —1)| < m@lg(:ﬂ) +
m1/212 015 (x) for some o > 0 large enough. Thus we again check all terms in (10.3.9) separately.
The first one, EP(x,y,l — 1), can be bounded by:

13/2 Z |yzyqu\/ dsbio (T1,. .., Tg—1,Tq — SYq, Tqt1 — Ygqt1y-- - Td — Yd)- (10.3.10)

1<j<q

This has to be folded with B,,. But recalling the bound on B, from (10.1.1) and noting that
1Yi¥jYq|Oo (y) < Kk3/29k\/§g(y) we get:

Z|B EP(z,y,1—1)|

_l3/2 Z \yzy;yq|/ dSZB Yo (1, -, Tg—1,Tq — $Yq: Tq+1 — Yg+1, - - - Td — Ya)|

1<j<q
m/2

_13/2 Z/ dsm_d/2 Z k3/2k1 d/2

ZG\[,W 910 xl,...,xq_l,xq — Syq,xq_H —yq+1,...,xd —yd).

We want to fold each coordinate separately above (as in the corresponding Lemma 8.6). As in the
proof of that Lemma, this is done by multiplying the variances by 2 and bounding the above by a
multiplication of corresponding one-dimensional independent doubly-exponential distributions.
Again, special care has to be taken when folding the ¢-th coordinate with the integral over s.



10.3. Proof of Theorem 10.1 97

Here, we have (now assuming the 0’s are one-dimensional):

1
/0 ds Z 05 /3ko (Ya) 02100 (T4 — 5Yq)

YqEL

1
<K / dss™ 0, /31001102 () 9)
1
S](/0 d892\/552k0+210'(xq)
1
SK/O 505 /310 42100 (Tq)

1
<K / dsbt(zq)
0

SKGIU (l'q),

where we use that k < m/2 <1[/4 and set o > 0’17\2/5/2. As in Lemma 8.6 we end up with:

Z|B EP(z,y,1—1)|

m/2

Sﬁ%m_d/zelo Z 5/2—d/2
k=1

K

since d > 5. This finishes the calculation for the first term in the error (10.3.9). For the second
error term, similar considerations as for the first term again lead to the desired bound (10.3.11).
We turn to the second line of (10.3.9). For the first error on that line, we have (m — 1)E(p,l —
Lz —y) < mls%elgf(:v —y) by Lemma 10.2. Thus, folding with B,,, we have:

ZB 13/291‘7 (z—y)

K m/2
S YD W

m/2

K -
Smml d/QZkl d/29la(x)
k=1

K
Sﬁml d/QGZU(x)

K
/2,372 b1 (2),

since d > 5 and o > o’ To handle the second term on the last line of (10.3.9), we note

2

1- f/2
2

that \n% ﬁpl_l( )| < %£6,,. Folding this bound with B,,, we obtain by similar arguments to

the ones used for the former error that the second error on the last line is bounded by Wﬁla.
Therefore, we obtain in (10.3.8),

K K
\ZBm(y)E(m,p,x,y,l—l)|<l3/2 573010 (%) + 575010 (@), (10.3.12)
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2
1-v2/2°

as long as d > 5, and we set from now on o = ¢’

We now turn to the main part of the proof.

Again, we need to show that [¢(£)n] < €[[]l1/2Xn, for all n € IN and some ¢ € (0,1). Thus we
split (8.3.2):

n /2
Onl <D &t % | |(1=Ap)SFa = Fi+ XY amBnFim

m=1

m=l/2

As in the non-symmetric case, we start with the second term. Note that |, | < [[£[|1/2Xn—1 and
we split x,,_; into (n —1)~/20,,_; and (n — 1)~%/? Zy;l)/z jb;, where for simplicity, 0 := Oi»
and 6}, := 0y, in the following. For the first part this leads to

n—1 l
Z(n - l)71/20n—l * Z am‘Bm| * Fi_m
I=1 m=1/2
n—1 m/2
gKZ(n— —1/2 Z m d/QZkl Y20, %0, %0,
=1 m=l/2 <KOn—min
n/2 l m/2
<Kn71/20 Z Z mfd/QZkl d/2
=1 m=1/2
n—1 l m/2
+ and/Q Z (n o l)71/2 Z Z klid/29n7m+k
l=n/2 m=l/2 k=1
n—1 m/2 n—1
<K |n~1/26, + n~4? Z Zkl g Z (n—1) —1/2
m=n/4 k=1
L <n—m
_ B nem)2

<K |n='?0, +n=9/? Z > k(k—(n—m)' Y20,

m=n/4 k=n—m+1

7n/8 n—1
<K |nY?%0, +n=9/? Z k0, Z (k— (n —m))t=4/2
k=1 m=n—k-+1

L <K
<KXn,



10.3. Proof of Theorem 10.1

99

where we use ¢ > ¢’ and d > 5. For the second part, we split the sum and find

n/2 (n—1)/2 !
Z:(n—l)_d/2 Z j0; * Z Q| Bm| * Fl—m
=1 J=1 m=1/2
n/2 (n—1)/2 1 m/2
<Kn_d/2 Z Z Z m— /2 Z Ll—d4/2g. ikt
j= m=l/2

n/2 (n/2)A(2m) m/2 (n—=1)/2+k
ST SRS Vi SIS o

m=1 =m j=1+k

n/2 (n/2)A(2m) (n+l—m)/2
SO SR S

= l=m j=1+l-m

3n/4
<Kn~%? %" j0;

j=1
<KXn,

again using d > 5 and finally
n—1 (n—1)/2 l m/2
S0 Y Y Y e,
I=n/2 i=1 o m=l/2 k=1
m/2 (n—=1)/2
<K Z 1 d/2 Z mfd/2zk1 d/2 Z 9j+k+l "
l=n/2 m=l/2
n—1 /2 (I-m)/2 (n—=1)/2
et § g S S
l=n/2 m=0

n—1
<Kn~? Z (n—

/2 (n+m)/2

l)l_d/2 Z Z 9]_

l=n/2 m=0 j=14+m
n—1 (2n+l1)/4 j—1
SKn_d/2 Z n 1 d/2 Z 9] Z 1
l=n/2
3n/4
SKn_d/2 Z ]9]
j=1

<Kxn.-

Thus we get

second summand of (10.3.13) < KM[[][1/2Xn,

and it suffices to choose A small enough.

It remains to check the first summand of (10.3.13). For this summand we again have that it is
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equal to
(n—1)AN
-1 -1 l l
o] # (1= Ap)(1 = =)'+ (1 = Ap)——Spr1 — (1 — —)S' — —
; [€nt |(L=A)(1 = ) 8"+ (1= M) Spa = (1= 15)S' = Lo
2 l—m /2 l—m
— e —
+>\ZamBm(1—T)S + A amBn w7 Prm (10.3.14)
m=1 m=1
n—1 (1/2)A(I=N)
+ D x| =2A)Spr—pi+ A D amBmpiom
I=N+1 m=1
2 l—m l—m
_ . —
+A _;VHQMBM <(1N)S +— pl_m> : (10.3.15)

For the moment, we are interested in the second sum which is present only if n > N + 1. We
have:

n—1 /2
(10'3'15) < Z ||£||1/2Xn—l * (1 - Ap)Spl—l —ptA Z amBmpi—m
I=N+1 m=1
/2 I—m
+A ) awBn ((1 ~ (S pl_m)) . (10.3.16)
m=Il—N+1

Now we use the calculations from (10.3.1) to (10.3.12) and again collect terms coming with the
same discrete derivatives to write:

1/2
(1=Xp)Spi—1 —pr + A Z A BmPi—m
m=1
1/2
=[@=2) =1+ ambm | P (10.3.17)
m=1
d 1/2
(1—=Xp) (11) A (11
o3 (54 et
=1 m=1
1 1 &
N5~ )\nQ—d mzz:lambm(m —1) | Aiipi—a (10.3.18)
+E0)(),

where |E(l)(.)] < ﬁ%ﬂla(.) due to the error bound in (10.3.12) and the bounds on the other

errors at the beginning of the proof. We analyze the terms above separately: For the term in
front of p;_; in (10.3.17) we have:

/2 )
(L=20) =14+ A D ambm| K D |b| = 017%?),

m=1 m=l/2

using the definition of p in (8.1.1) and the decay of the b,,’s. For the remaining terms, we choose
1 > 0 such that

P up s AN bt (10.3.19)
T2 1HAY s Gmbm(m—1) 3.
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Plugging 4 into the terms in (10.3.18), we get that for each summand, the term inside the bracket
converges to 0 at rate [~'/2. Thus, collecting the above and combining with the bounds on p;_;
and it’s discrete derivatives from Lemma 8.4 we have:

1/2

K
(1= Ap)Spi—1(z) — pu(z) + A Z A Bmpi—m ()| < lgﬁalo(x),
m=1
and hence the first summand in (10.3.16) can be bounded by
n—1 1
K|€[[1/2 Z 7372 X1 * 010
I=N+1
n—1 (n—1)/2
<SK[Elliye > =17 000 + (n =17 > 00450
I=N+1 j=1
n/2 (n—=1)/2
<l€llye [ NTVPERT 20,5 + K~ YT 073203 60045
I=N+1 j=1
n—1 (n—=1)/2
+ N"V2Kkp~t > =02 0040
I=(n/2)V(N+1) j=1

<C(N)K||&ll1/2xns

where C'(N) goes to zero when N — oo, and thus C(N)K < e, if N is large enough.
The remainder of the proof essentially carries over word by word from the proof of Lemma 8.6
(setting k = 0 and changing the norm appropriately). O

We still also have the symmetric version of Lemma 8.8:
Lemma 10.4. Let &, := anF,, for alln > 0. Then,
(&) —&llhye < K,
where K is a positive constant depending on R and on the constant N.

Proof. Again, the proof carries over almost word by word from the proof of Lemma 8.8: First
of all, we note that it again suffices to show that

n l
D |Foet @B = (1= Ap)Sa—1Fis = A Y Gy B Fiem | | < Kxn-
=1 m=1
But the left hand side above is again bounded by
n IN(n/2)
S laF, = (1= Ap)Sas1Foct =X Y ami—mBmFoom
=1 m=1
n l

A D |amt—mBmFoml (10.3.20)

l=n/2m=n/2
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and we may assume that F,, = p,, for all n as in Lemma 8.8. For the second term in (10.3.20)
we get:

n l
A Z Z |amal7mBan7m|

l=n/2m=n/2
m/2

aEY Y R M

l=n/2m=n/2

n n—m/2
<AKn~%? Z (n—m) Z (k— (n—m)) =20,
m=n/2 k=14n—m
3n/4 n

SAKn~ 23" 0 > (k — (n—m))=42k

k=1 m=(n/2)V(n—k+1)
<AK Xn.

It remains to check the first term in (10.3.20):

n IA(n/2)
Z aipn, — (1 — Ap)aj—15pn—1 — A Z UG —m BmPn—m (10.3.21)
=1 m=1
n IN(n/2)
< ar— (1 —=Ap)aj—1 — A Z Al—mmbm | [Pn—1]
=1 m=1
n )\ B IA(n/2)
-3 S
=1 i=1
IA(n/2)

1
2dal +>\772d Z A Gi—mbm (M — 1)| |Diipn—1]

m=1

+E(n)(),

where we use the calculations from (10.3.1) to (10.3.12) in the proof of Lemma 10.3 and regroup
terms according to their discrete derivative in the place variable as in that Lemma. Similarly
to those calculations, E(n)(.) < 52 0.,(.). We check the remaining terms above separately. For
the term in front of |p,_1|, we get

IN(n/2) l
—(1=Xp)aj—1 — A Z Al— O bm| < A Z U@l —mbm < Kn=3/2,
m=1 m=n/2

using the decay of the by,,’s, (10.1.2) and Corollary 7.5. Thus, >, |.|[pn—1(z) < Kn=1/20,,(z).
By Lemma 8.4, |A;ip,—1(z)| < £6,(z) for i = 1,...,d, and using again Corollary 7.5 we have
fori=1...,d,

Y A IA(n)2) . IA(n)2)
—Ts(ll)al— Z ar— mamb(u) + 772dal + >\772d Z Amag— mbm(m - 1) |Aiipn—1(1:)|

m=1

< K17V, (x).
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Thus Y7, S0 |1 Aipn1(z)] < Kn='0,(x) X, 1Y/2 < Kn='/29, (). Therefore (10.3.21)
is bounded by Kn~'/26,(x) and hence by K, as desired. This finishes the proof of Lemma
10.4. O]

The proof of Theorem 10.1 is now a copy the proof of Theorem 8.1.

10.4 Application to Symmetric Weakly Self- Avoiding Walks

It remains again to apply Theorem 10.1 to weakly self-avoiding walks with symmetric and
rotationally invariant initial distributions S. The Lemma corresponding to Lemma 9.1 giving
the good decay for II,,,/(Ac,,) now states as:

Lemma 10.5. There are positive constants Ao, o and L, such that for all X € [0, Ag] and for all

m > 2 we have, setting By, (x) := HA%SC)’
m/2
|Buu(@)| < Lm=*2 3" K120, ().
k=1

The proof of this Lemma is a lot simpler than the proof of Lemma 9.1, since we already know
the correct asymptotic mean (it is zero!). Therefore, we do not need to make a second iteration.
The proof can also be found (with Gaussian decay and for S the symmetric nearest neighbor
distribution only) in Ritzmann [32].

Proof. For convenience, we set

m/2
Ym(x) = m~ /2 Z k’l_d/QQkU(m).
k=1
It is easy to see that |Ba(z)| < Ltpa(x), for L large enough (depending on d, o and S). The
induction now goes as follows: For m > 3, assume that |Bg(z)| < Lipg(x) for all 2 < k < m.

Define the truncated sequence (B,,),>2 by

_ [ Bal(z), if[Bu(z)| < Lipy(2),
n(@) = { L, (z), else.

oS

This sequence satisfies Theorem 10.1 and we thus obtain a sequence (4,,),>0 of measures with

— n/2

‘A"(x) —¢,5(2)| <K [n7Y%0,,(x) + n=4/? Z kO () | - (10.4.1)
k=1

n

(In the two-periodic case, put a factor 2 in front of ¢, 5 and consider only n and |z||; of same
parity). As long as A is small enough, the positive constants K and ¢ do not depend on L.
Defining C,, := fiA,,, and using (10.4.1) as well as the fact that § < o and both are of comparable
size, we have

C(z) < Kepbno(z) < K(@+ Kn™ Y00, (x) < LE"0p (2),

where L is a positive constant. But since B,, = B, if n < m, we also have C,, = C,,, for n < m,
using the lace expansion formula (6.2.3). Therefore, applying Lemma A.4 we have

m/2

I3 m—d/2 Z K420, (2).

| By (2)] < KL —
Cm k=1
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It remains to show that @™ /c,, is bounded. But this is done exactly as in the proof of Lemma
9.1. This finishes the proof. O

With this Lemma, the second part of the local CLT-Theorem for symmetric distributions follows
immediately:

Theorem 10.6. Let d > 5 and let R € N. Then, for any symmetric and rotationally invariant
distribution S with support in B(0, R)\{0}, there exists \o(S) > 0, such that for all X € [0, \o],
and for alln € N,

cn = ap™(1+0(n=?)).

Moreover, for if S is aperiodic, we have for x € Z¢ and n € N,

n/2

<K |07 2000 (z) + 072 050 (2) |
J=1

’Cn(x) — dns ()

Cn

and if S is periodic and n — ||x||; even,

C (QE) n/2
‘Z —2005(2)| < K |0 2055 (2) + 02N b0 ()
n j=1

The constants o > 0 and p > 0 and the variance § depend on X\, d and S, whereas o depends on
d and S and K only depends on d and R.

The first part of the Theorem again follows from Corollary 7.5.



APPENDIX A
The Lace Expansion and Bounds for
the Lace Expansion

A.1 The Lace Expansion

We give a short introduction to the Lace Ezpansion and show how equation (6.2.3) is obtained
in the fist part below. For more details on this topic we refer to the book by Slade [33] or by
Madras and Slade [24]. The lace expansion was first introduced by Brydges and Spencer in [9].
The following Subsection is an adaption of van der Hofstad, den Hollander and Slade [40] (they
deal with the symmetric nearest neighbor initial distribution only). The second part is devoted
to bounds for the lace expansion in terms of the connectivity.

A.1.1 Definition

First, we introduce some terminology. Given an interval of integers I = [a,b] C Z with 0 < a < b,
we call the pair {s,t} =: st (s < t) in I an Edge. A set of edges is called a Graph. A graph T’
on [a,b] is said to be connected if both a and b are endpoints of edges in I' and if, in addition,
for any ¢ € (a,b) there is an edge st € T such that s < ¢ < t. The set of all graphs on [a, ]
is denoted by Bla,b], and the subset consisting of all connected graphs is denoted by G[a,b]. A
Lace is a minimally connected graph. That is a connected graph for which the removal of any
edge would result in a disconnected graph. The set of laces on [a,b] is denoted by L[a, b], and
the set of laces on [a, b] consisting of exactly N edges is denoted by £")[a,b]. It is possible to
associate a unique lace Lr to each connected graph T" in the following way: Lr consists of the
edges sity, sato, ..., with ¢1, s, ta, So,... determined in that order by

t1 :=max{t: at € '}, 51 =a,
tiy1 := max{t: s < t; such that st € '}, s;41 := min{s: st;11 € ['}.

Given a lace L, the set of all edges st ¢ L such that Ly s = L is denoted by C(L). Edges in
C(L) are said to be compatible with L.
Recall the definition of C), from (6.2.1). We can rewrite that definition as:

n

Cp(z) = Z K[0,n](w) H s(w(r) —w(r —1)), (A.1.1)

w:0~~zx r=1

where the sum is over all permissible paths from 0 to z of length n and for a < b,

Kla,bw)== J[ 0-Aaw)= > [J[alw (A.1.2)

a<s<t<b reBla,b] stel’

We also define a similar quantity in which the sum is restricted to connected graphs:

= > J[Walw (A.1.3)

regla,b] stel’
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This last definition leads us to the definition of the Lace Functions:

= S 0wl TT stetr) — wtr — 1), (A.1.4)

w:0~x r=1
|w| m
for any m > 2 and = € Z¢. Note here that IT; = 0 since w(i + 1) # w(i), for any path w and any
i > 0. The lace expansion formula (6.2.3) is given in the following Lemma:

Lemma A.1. Forn>1 and x € Zd,

z)=u Y SECoa@—y)+ Y Y n(2)Coom(z — 2).

yyeN m=2 zeZ4d

Proof. Tt suffices to show that for each path w we have (suppressing w in the formulas):
K[0,n] = K[L,n] + Y _ J[0,m]K[m,n]. (A.1.5)
m=2

Indeed, the Lemma is obtained by summing on both sides over all paths w of length n, going
from 0 to z, multiplying each summand with the product []"_; s(w(r) —w(r —1)) and factorizing
the sum. To prove (A.1.5), we note from (A.1.2) that the contribution to K[0, n] from all graphs
T for which 0 is not in an edge is exactly K[1,n|. For the contribution of the remaining graphs,
we proceed as follows: If I' does contain an edge starting at 0 we suppose that m < n is the
largest integer such that the set of edges in I with at least one end in the interval [0, m] forms
a connected graph on [0,m]. Then, resummation over graphs on [m,n] gives

K[0,n] = 1n+z Z H —A\Ug)K[m,n).

m=2T€g[0,m] stel’
Together with (A.1.3) this proves (A.1.5). O

Note that this Lemma is of course valid in the particular case where S = Qldll{m: Jzl=1} (Symmetric
nearest neighbor initial distribution).

We need to bound the lace functions (A.1.4) in a good way. This in fact turns out to be rather
tricky and we have to rewrite the definition of these functions: First, we rewrite the right-hand
side of (A.1.3) to obtain

Z Z H )\Ust H (_)‘Us’t')

LeL]ab) T: Lr=L steL s't/€T\L
= > JIwa I Q- AUw). (A.1.6)
LeL[ab] steL s't’ec(L)

For 0 < a < b, we define JN)[a,b] to be, up to the factor (—\)V, the contribution to (A.1.6)
coming from laces consisting of exactly N edges (N > 1):

N) [a/, b] = Z H Ust H (1 — )\Uslt/),
LeL(N)[a,b] stEL s't’eC(L)

Then,

ab:i Na, b],

N=1
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and defining

m

N (z) = Z JMN0, m](w) H s(w(r) —w(r—1))
w:0~sz r=1
|w]=m
=> > T« ] Q=-2a)]]swr)—wr-1), (A1)
T)W?;;'f LeLN)[0,m] steL s't’eC(L) r=1
we have together with (A.1.4)
I, (z) = i(-A)NHgV)(x). (A.1.8)

N=1

A.1.2 Bounds on the Lace Expansion

We bound the II,,,’s in terms of C,,’s. This allows us to give specific bounds for IL,,(z) if we
assume Exponential decay for the C,,’s in . We bound the terms in the sum (A.1.8) separately.
For N =1, we have:

m

I () =60 [ (1= Aew() [] s(w(r) —w(r-1))
w0 0<s' <t' <m r=1
|w|=m 't £0m
<6or Y sty) >, I Q=AU ][] s@r) - wir-1)
y:y€eN | uf:ywo 1<s'<t'<m r=2
w|l=m-—1
:50;@115 * Cm_l(O), (Alg)

where we use that (1 — AUpy(w)) < 1, for any [ € {1,...,m — 1}. Turning to the case N > 2,
we remark that a walk giving a non-zero contribution to 1Y) must intersect itself at least N
times in order that Ug # 0, for all st € L. Then we can split the walk into 2N — 1 subwalks
of lengths my,...,mon_1, where only ms, ms, ..., mon_3 may be zero, and ), m; = m. Using
again the fact that 1 — AUy < 1, and replacing 1 — AUy by 1 if w(s’) and w(t') belong to
different subwalks, we get the estimate

TN (@) <> D Co(21)Cony (—21) Cong (22) Coy (21 = 22) Cong (w3 — 1) - -

Mi xy,...,eN_2€Z

T Cm2N—3 (x - xN—?))szN—z(xN—? - x)CmQN—l (Cﬂ - xN—Q)v (A]-]-O)

where the sum over the m;’s is restricted to the set described above. Below, we give an example
of a trajectory for N = 7 (slashed lines denote subwalks which may be zero, non-slashed ones
must contain at least one step).

(IN/N/
Lemma A.2. Fizxm > 2, and d > 5. Assume that for all x € Z¢, and n < m, n € N,

|Cn(l‘)| S Ll,unanl/,no(x),
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with constants p1 > 0, Ly > 1 and 0, 1o a “doubly-exponential” density with mean nv, v € R¢
and covariance matriz noldg, o > 0 (see Section 6.2). Then, for A = A\(d, o, v, L1) small enough,
we have

m/2
vm —k
ITL, ()] < ALK p™m~4? Z exp (77\1/5

v) B o (1), (AL11)
k=1

where K = K(d,v,0,5) >0

Note that if v = 0, the rate of decay of the sequence (II,,/u™),, is completely different than if
v # 0. In the former case, the decay is merely polynomially in m, whereas in the latter case, the
decay is exponential in m (see also Corollary A.3).

Proof. For notational convenience we set

m/2

Um(z) :=m d/2ZeXp( v \F ||y||> Ov ko (A.1.12)

The idea is to again use the sum (A.1.8) and bound each term s )(m) separately by induction.
For N =1, we have, using inequality (A.1.9) and the assumptions in the Lemma:

6 (2) < SopuLip™ " Z SW)O(m-1)v,(m-1)0 (—Y)-
yeN

But since the support € of S is bounded,

Z S(W)0m-1)v,(m—1)0(—Y)

yeN

S\/% max exp ( (mll)U” —y—(m— 1)V|>

<(Ifn(jij;)2maxexp< F‘l—y (m —1)V||)

ST < ||u||> ey (2=
< xp< ||u||>

Hence,
) () < K(d, S, 0,0) L™ (). (A.1.13)

For N > 2, we set 0 o(x) := 0o, and define

PT(nN)(x) = Z Omrv,mio (Y1)0mow,mao (—Y1)Omaw,mao (Y2)Omawmao (Y1 — y2) - -

Yi My

: '0m2N—3w,m2N—30(x - yN*3)9m2N—2w,m2N—2ﬂ(yN*2 - x)gmzN—lw-,mzN—lﬂ(x - yN*Q)v

where y1,...,ynv—2 € Z%, and my,msz,ms,...,maon_3 € Ng, ma,my,...,Mman_2,Man_1 € N
such that ), m; = m (note that in contrast to the lace expansion, we allow the first path to be
zero in order to give the induction below). With (A.1.10) and the assumptions in the Lemma it
follows that

M (z) < L2V PN (z). (A.1.14)
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We use induction to show that there is a constant Ly depending on d, o and v such that
P (z) < LY thy (). (A.1.15)
(A.1.13), (A.1.14) and (A.1.15) then imply
I (@) < K(d,v, 0, S)LY LIV 1y ().

The Lemma follows by plugging the above inequality into (A.1.8) and choosing A = A(d, o, v, L1)
small enough.

The induction step for N > 3 reduces P,STN) to P,(nN_l) by merging four subwalks in the lace into
two as shown in the following figure:

< J( \ “. - merges to /_\/ oS = < ;o

We use Cauchy-Schwarz inequality and abbreviate 6; := 6;, 1, in what follows.

ST N 00 @)y (w = )0, ()0 (y — 2)

urtuz=ut1+ta=t yc7zd
u1,u2>0 t1,t22>1

1/2 1/2
< > > 0o, (w—y) PR ACN AR . (A.1.16)
ultus=u yEZd yEZd
t1+ta=t
t1,t2,21,u1,u2>0 A 4

Ifu=0,u; =uy =0,and A = §y(w) = by(w), and hence, A'/? < Kfy(w). If u > 0, and u; = 0,

u = us, and
1/2

A2 = Z 0o(y u2 (w—1y) =0, (w).

yezd

The case u > 0, and us = 0 is equivalent. Finally, if uy,us > 0, we use (B.0.1) and Lemma B.1
to get

1/2

302 ()02, (w—y)| < K(do)[03 %02, (w)]"’

yeZ4
<K(d, U)(ulug)_d/4a_d/2(HW’(U/Q)U(w))l/Q < K(d, U)ud/4(u1uQ)_d/49u(w),
and therefore,

1/2

oo DD wer,(w—y)

uituz=u \yezd
u1,u2>0

K(d,o) <2 + ud/4 “Z_: ufd/4(u - u1)_d/4> O (w)

U1:1

K(d7 U)euu,ua (U}),
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where we use that d > 5 and hence, u%/* 25:1

all u. For B, we apply the same reasoning as for A. Inserting these bounds into (A.1.16) yields
Zﬁul Oy (W — y)0s, (—y) 02, (y — 2) < K(d, 0)0y(w)0:(—2). (A.1.17)

Using (A.1.17) with 1, ys, y2, m1, ms, ma, and my instead of y, w, z, w1, us, t; and to
respectively, we get

ul_d/4(u —u1)~%* can be bounded uniformly for

PV (@) = > Oy (42)0ms (1 = ¥2)0rms (—Y1)0m, (91)0ms (U3 — Y1) 0me (y2 — y3) - -
mi,Yi
< K d 0 Z ng y2)0m2+m4(_y2)0m1+m5 (y3)9m6 (yQ - y3) T
< K(d, o) PNV (), (A.1.18)

finishing the induction step.
It remains to show the case N = 2: In this case, the lace is three-legged and we have

PP (@)=Y Oc(@)0u(—2)0;(x) = doul +J,

k41+j=m
1,j>1,k>0
where
m—1
1= 61(0)0m—1(0)
1=1
N ED v L
_l; ol (I(m —1))4/2 p( \/EII( W)l \/mu( (m —1) )|>
« K(d) 1 5 1 ) 1/2
K 1
= nid/z)gdm eXp( \/7V|)
SK(d,U,I/)@Z}m( ),
and

J = Z 01 (2)0;(—2)0;(x)

k+j+l=m
k,,j>1
-y Ed (—Lx—kun — Ll
k+j+l=m o B2 (kjl)4/ ko Jo
klj>1
)
\ﬁ
_ _ 1 |l — kv||
K(d,o [~/ 2y —d/2 ex (
) § (k)72 P\ Vo
k+7+j;m
1 /1 1 1/2
S v (jISCII2 — (z,v) + jlv* + jllxll2 + (z,v) + l||V||2)
m/2

3 e (- L0 b0

K(d, U)wm(m),
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where we use the subadditivity of the square-root function. I and J together thus imply
P (x) < K(d,0,v)thm (x). (A.1.19)

Setting Lo to be the maximum of the constant in (A.1.18) and (A.1.19), we get (A.1.15). O

Under the assumptions of Lemma A.2, the next Corollary which gives explicit decay rates in m
for the moments of the B,,’s follows immediately.

Corollary A.3. Let v # 0. Then, for B,, defined by B,,(x) := H;;Eff’ for all m > 2, with C,,

A and p satisfying the assumptions of Lemma A.2, we have that the first three moments of the
B, s decay exponentially in m. More precisely,

> |Bu(@)| < Ko exp(—kov/m),
S el Bun()] < Ky exp(— k).
Z |z;2;||Bm(z)| < Ky exp(—koy/m), and

Z |z;x 21| | B (2)] < Kzexp(—ksy/m), fori,j,k=1,...,d,

x

where K1, Ko, K3, k1, ko, k3 are positive constants depending on d,o,v,S and L.

If v =0, this changes completely. The first moments of course vanish. For the zeroth moments
we get a decay of order m~94=2/2 and for the second moments a decay of order m~(4=/2 The
decay of the third moments is then of order m—(4=5)/2,

The above Lemma A.2 is valid for any drift ». However, in case v = 0, we can give a slightly
better bound for the II,,,’s than the one stated above. This is the content of the next Lemma:

Lemma A.4. Under the same assumptions as in Lemma A.2 with v = 0, and for A = A\(d, L1, 0)
small enough, we have

m/2
M ()] < ALy Kp™m ™2 " k4200 40 (2), (A.1.20)
k=1

where K = K(d,0,5) > 0.

Proof. The proof of this Lemma is essentially a copy of the proof of Lemma A.2. First, we
replace (A.1.12) by

m/2

Y () := m~? Z kl_d/zeon, (A.1.21)

k=1

and put v = 0 everywhere in that proof. The only place where things change is the calculation
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of J:

J= > O(2)0i(—2)0;(x)

k+j+l=m
kl,j>1

y oA L el =~z - — e
= — X _—— _— _——
0(3/2)d(kﬂ)d/2e P Vko v Vo v Vio v

k+j+l=m
kil,i>1
< —daj2, —daj2_ 1 <||l’||>
<K(d,o) 1<;<j l m (o) 72 exp Vo
k+l4+j=m

m/2

<K(d,o)ym™ > " k00 ko ()
k=1

<K(d,o)¢m(z),
where we use the symmetry of J in k,l and j. This amounts for the change in the Lemma. [

This of course also gives better bounds for the moments of the B,,’s:

Corollary A.5. Under the hypotheses of the last Lemma and setting B,,(x) := H)\"/;Eff) for all
m > 2, we have that the first moments of the B,,’s vanish. The zeroth moments are of order

m~%2 the second moments of order m~(4=3) and the third moments are of order m~—(4=7/2),



APPENDIX B

The Discrete and the Continuous
Folding of “Doubly-Exponential”
Distributions

We explain here how to fold (or better bound the folding of) two “doubly-exponential” distribu-
tions on R?. For that purpose, let t1,t € N, uy, o € R%, and 0,02 > 0. Then, for z € R?,

/Rd dy@tl#l,tlo'l (y)atzﬂzhﬂz (.’K - y) < K(d)0t1#1+t2#2,t101+t202 (x) (BO]-)

Indeed, we have

/ dyehuhtldl (y)6t2/1«2,t202 (.17 - y)
R4

[.a k) ( Lyt - et )
= dy—————exp |- y =ty — —— [l — tapo — y
R4 \/t1t20'10'2d Vi1 V620

K(d) (
= dy——————exp| —
R4 Viiteoi109

1 1
Jiior lyll — \/ﬁ |z =t — tape — y)

K(d) d

1/2
1 1 )
= —d dyexp | ——— |yl - —— (i — tipas — tapioi — i)
/t1t20-10-2d R4 Vitio \/lfQUQ ; ' ! ' !

For simplicity, we set p; := x; — tip1; — tope; for ¢ = 1,...,d. In the following we change
variables from y1,...,yq to hyperspheric coordinates (r,¢1,...,¢q—1), and denote by J :=
r?=1sin?"2(¢;) - - -sin(¢4_2) the corresponding Jacobian. Moreover, I := [0,00) x [0, 7]@2) x

[0, 27] is the area of integration under hyperspheric coordinates. The above then turns into:

_ﬂ ex 2 2 1/2
= O [ e (- el = s (I + 1ot ~200.0) ")

K(d) / ( 1 5 2 1/2
<———— [ dyexp —7Hy||—7 yl= + llpll= = 2[lylIp|l
\/tltgdlo'gd R4 Vi1o1 V202 ( )

_ K@) ox
¢a@ﬁ@d/ dy p(an ¢HM|MQ

1
=——— [ drdgy---dpg_1|J| exp (— r— |r —||p )
\/t1t20'10'2d /I ‘ Vtio1 V202 H|

K(d Vi Vi
Si( ) = / drr®=t exp <— 292, L7 |r — ||p||) .
Viitaoios J[0,00) Vititaoi1o9 Vititaoiog
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It remains to integrate this. Assume that 209 < t107 and apply d — 1 times partial integration
to obtain:

d d
- K9 VOl2010y _ ppiyvier V0o (e—\lpll/m - e—upu/m)
Voot \ (Vior + Vizo2) (VEio1 — V/T202)d

< K@) pvieTme - KA (_ |z =t — tzmll) _
Vitiol +t20’2d Vitiol —l—tgagd Vtior + 1202

This is precisely the desired result in (B.0.1). The reasoning for t;0o > t101 is analogous.
Moreover, if ty01 = ta0o9, partial integration again yields the same result.

We still need to check that the discrete folding of two doubly-exponential distributions can be
bounded from above by a continuous folding of the same two distributions.

Lemma B.1. Let 04, 4,0, and Opypy 1,0, be two doubly exponential densities with t1,t2 € N,
w1, po € R and 01,09 > 0. Let x € Z¢. Then

Z etlul,tlﬁ (y)etzuz,tszz (x - y) SK(CL 01, 02) /d dyetlm,hm (y)9t2u2’t202 (‘T - y)

yeZ4 R
SK(d’ 01, 02)9t1u1+t2u2,t101+t202 (1‘)
Proof. Note that it is sufficient to prove the Lemma for 1 = pus = 0. Let I := [-1/2,1/2]¢
and y + I¢ be the shifted cube. Then, using (B.0.1) and Jensen’s inequality on the third line,
0isor+120s(@) 2K Y [ 0110, (510012002 = 5 (B.0.2)
yEZd y+Id
03 [ o (<l bl = il s =l ) ds
yezd Id t10'1 t20'2
>0y exp (/ L syl + o —s y||ds) ,
yezd 7d \/1510'1 \/tQO'Q
where C' = %. For the first term in the exponent, we use again Jensen to obtain

d 1/2 d 1/2
1 9 1 / 9
S; + Vi ds S S; + i ds
T (Z;( vi) ) — (2} (st w) )
d

. d 1/2 . 1/2
— 2 4 25 + y2d < 2 K(d,o1).
m(;/‘wsz—i_ SiY +yz S —\/H Zyz + ( 501)

i=1

The second term is treated analogously. Reinserting into (B.0.2) gives

90,t101+t202 (J?) > K(d) €xp (_K(d7 Ul) - K(d7 02)) 00775101 (y)eo,tmm (1’ - y)

This finishes the proof of the Lemma. O
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