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Summary

This thesis deals with the statistical mechanics of lattice models. It has two main contribu-
tions. On the one hand we implement a general framework for a rigorous renormalisation group
approach to gradient models. This approach relies on work by Bauerschmidt, Brydges, and Slade
and extends earlier results for gradient interface models by Adams, Kotecky and Miiller. On the
other hand we use those results to analyse microscopic models for discrete elasticity at small
positive temperature and in particular prove convexity properties of the free energy.

The first Chapter is introductory and discusses the necessary mathematical background and
the physical motivation for this thesis.

Chapters 2 to 4 then contain a complete and almost self contained implementation of the
renormalisation group approach for gradient models.

Chapter 2 is concerned with a new construction of a finite range decomposition with improved
regularity. Finite range decompositions are an important ingredient in the renormalisation group
approach but also appear at various other places. The new finite range decomposition helps
to avoid a loss of regularity and several technical problems that were present in the earlier
applications of the renormalisation group technique to gradient models.

In the third Chapter we analyse generalized gradient models and discrete models for elasticity
and we state our main results: At low temperatures the surface tension is locally uniformly convex
and the scaling limit is Gaussian. Moreover, we show that those statements can be reduced
to a general statement about perturbations of massless Gaussian measures using suitable null
Lagrangians. This is a first step towards a mathematical understanding of elastic behaviour of
crystalline solids at positive temperatures starting from microscopic models.

The fourth Chapter contains the renormalisation group analysis of gradient models. The main
result is a bound for certain perturbations of Gaussian gradient measures that implies the results
of the previous chapters. This generalizes earlier results for scalar nearest neighbour models to
vector-valued finite range interactions. We also require a much weaker growth assumption for
the perturbation. This is possible because we introduce a new solution to the large field problem
based on an alternative construction of the weight functions using Gaussian calculus.

The last Chapter has a slightly different focus. We investigate gradient interface models for
a specific class of non-convex potentials for which phase transitions occur in dimension two. The
analysis of these potentials is based on the relation to a random conductance model. We study
properties of this random conductance model and in particular prove correlation inequalities and
reprove the phase transition result relying on planar duality instead of reflection positivity.
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Chapter 1

Introduction

1.1 Outline

The main focus of this thesis is the derivation of properties of the free energy and Gibbs meas-
ures of realistic atomistic models for crystalline elastic materials using renormalisation techniques.
The purpose of this chapter is to explain the concepts that appear in the previous sentence and
provide the necessary background, in particular regarding statistical mechanics, elasticity, and
renormalisation. Let us now briefly outline the structure of this introduction.

In Section we introduce statistical mechanics which is the mathematical and physical
concept underlying this work. Statistical mechanics is the equilibrium theory of physical systems
with a large number of degrees of freedom. We also introduce spin systems as an important class
of models in statistical mechanics. This class contains systems with a fixed spatial ordering of
particles which arise in the modelling of, e.g., magnetism but also elasticity, the focus of this
work.

Then we discuss our main results and their implications which go in two directions. The most
important results are about realistic microscopic discrete models for elasticity. They are presented
along with the necessary background on mathematical elasticity theory, in particular the Cauchy-
Born rule in Section Our results do not only apply to discrete models for elasticity but to
the more general class of finite range gradient models. The prototypical example are gradient
interface models which have caught considerable attention in the literature. In Section we
discuss our results in the context of gradient interface models.

The next section is devoted to our method: The renormalisation group approach. This is a
powerful technique to investigate the large (or small) scale behaviour of physical systems that
has been employed at various places in physics and mathematics. We will briefly discuss the
historic background as well as the recent advances in the mathematical rigorous theory made
by Bauerschmidt, Brydges, and Slade and we give a brief sketch of the method in the context
of gradient models. Finally, in the last Section of this chapter we will briefly introduce
phase transitions in the context of gradient interface models. This introduction does not contain
original material even though we do not provide line by line references.

1.2 Statistical mechanics and spin systems

1.2.1 Statistical mechanics

Statistical mechanics deals with the study of macroscopic physical systems at equilibrium.
This is an area of mathematics and physics research with a long history and we will only give
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a very brief introduction of the most important notions and refer to the literature (e.g., [56,
114|117, 133]) for a more detailed overview. Macroscopic physical systems consist of a huge
number of particles which is typically of the order 10%3. For a system we denote the state space
of possible configurations by €2 which is then a high dimensional manifold. Classical systems can
be parametrized by the position and the momenta of the constituents. For quantum systems the
state is given by the wave function which is an element of a suitable Hilbert space. It is possible to
describe the time evolution of the system using the Hamilton equations for classical mechanics
or the Schrodinger equation for quantum systems. However, from a practical viewpoint this
approach is completely infeasible: We can neither observe the exact state of the systems, nor
can we calculate its evolution, and moreover the exact state is not very helpful to understand
the macroscopic properties of the system arising from the collective behaviour of the particles.
Therefore the approach of statistical mechanics is to consider instead of a microstate w € €
an equilibrium measure on 2. This measure depends on a (canonical) a priori measure A on €2
(typically the Lebesgue measure in the classical case) and a Hamiltonian, i.e., an energy function
H : Q — R. Then the Gibbs measure (canonical ensemble) for a system that is in thermal
equilibrium with a heat bath at inverse temperature 3 = T~ is given by

e PH) \(dw)

P(dw) = Z

(1.2.1)

where Z = Z(3) denotes the partition function that is the normalisation of the measure, i.e.,
Z = / e PH@) X (dw). (1.2.2)
Q

The exponential weight e “## is often called Boltzmann weight because Boltzmann gave the first
justification for this distribution in [135]. Note that there is a competition between energy, i.e.,
states with low energy are more probable and entropy, i.e., the phase space volume contributes
to the distribution. For zero temperature the measure is concentrated on the minimizers of the
energy. It is also possible to describe systems which exchange particles with their environment
within this formalism using the grand canonical ensemble. In this case there is the number op-
erator N :  — N specifying the numbers of particles in a given state. Then the grand canonical
ensemble for inverse temperature 5 and chemical potential p is the probability distribution given
by

¢~ BH(@) 1N (w)

P(dw) = 7

(1.2.3)

where Z = Z(8, u) denotes the grand-canonical partition function that normalizes the measure.

1.2.2 Spin systems and Gibbs measures

Spin systems are a class of statistical mechanics systems that can be used to describe systems
which are arranged in a fixed spatial configuration that have some internal degree of freedom
(spin) at each point. Here we follow [86, 92| where a detailed exposition is given. Let S be a finite
or countable set. In this thesis we will almost exclusively consider the case of the hypercubic
lattices S = Z% or S = (Z/LZ)%. Let (E,€) be a measurable space which will be the single
spin space. We will mostly consider £ = R™. We investigate fields which are maps o : S — FE
or equivalently o € E® = Q. Corresponding to those equivalent viewpoints it is convenient to
use both, o(x) and o, for the value of the field at x € S and we will switch between the two
expressions in the following. A random field or spin system is a probability measure on the
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space (E°,£%). We will denote the product o-algebra by F = £ and the probability measures
on (2,F) by P(Q,F). Random fields can be used to model, e.g., magnetism (this is where the
name spin system arises), lattice gases, configuration models (height functions for dimer models),
interfaces between phases, and displacements in crystals.

Example 1.2.1. An important class of random fields are Gaussian fields. Let C € RS be a
positive definite matriz indexed by S. Then the centred (i.e., mean zero) Gaussian random field
with covariance C' is the probability measure uo characterized by its Laplace transform

/S 93 o (dy) = ez(:0f) (1.2.4)
R

for any f € RS where (-,-) denotes the standard scalar product on RY. Gaussian fields will play
a central role in this work.

While it is straightforward to consider Gibbs measures as introduced in the previous para-
graph for finite S, the definition of Gibbs measures for infinite S is a major challenge because
the energy is typically infinite in this case. Dobrushin, Lanford, and Ruelle proposed to define
Gibbs measures in infinite volume by the condition that every finite subsystem of the infinite
system is in thermal equilibrium |76} [133]. We will make this idea precise in the following. We
denote by Fp for A C S the pullback of the product o-algebra A on E® along the canonical
projection. We write F = Fg = £°. Recall that a probability kernel from a measurable space
(X, X) to another measurable space (Y,)) is a map 7 : ) x X — R, such that

1. 7(-,x) is a measure on (X, X)) for every z € X.
2. m(A,-) is a X measurable function for A € ).
3. m(Y,x)=1forall x € X.

Let X’ be a sub c-algebra of X'. A probability kernel from (X, X’) to (X, X) is proper if
7(X',) = 1y, for X' € X', (1.2.5)

Definition 1.2.2. A specification is a family of proper probability kernels vz from (E¥, Fye) to
(B3, F) indexed by finite subsets A C S such that ypxryn = yar for A C A
We define the set of Gibbs measures for this specification by

Gy) ={uneP(UF): (A | Fae)(-) =(A,") pas. for A€ F and A C S finite}. (1.2.6)

We will now describe the specifications we are interested in. We restrict ourselves to the case
S = Z% and translation invariant potentials. Consider a finite set A € Z% and let U : E4 — R
be a local interaction energy. For x € Z% we introduce the shift 7, acting on fields ¢ by
(T2)y = Py—z, on sets A C Z4 by 7,A = A+ and on events A € F by 7,(A) = {¢ : 7o € A}.
We define the energy Hjy : EZ' R for A C Z4 finite by

Hy(p) = > U(pr,(a))- (1.2.7)
TEZ: T, (A)NAAD

Here ¢, (4) denotes the restriction of ¢ to 7,(A). We follow the convention used in [116] although
formally one should write U((7z¢)4). We write Ag = {0, e1,...,eq}.
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Example 1.2.3. The Ising model has single spin space E = {—1,1} and energy U(oa,) =
Z?:l Jogoe, + hog where J,h € R denote the coupling constant and magnetic field strength and
e; the standard unit vectors. The study of this model was the starting point of statistical mechanics
and the Ising model is still an active topic of research.

Example 1.2.4. The discrete Gaussian free field has single spin space E = R and its energy is
given by U(pa,) = Z?:l %(cpei —)? = %|V<p0|2 where (Vog)i = Qate; — Pz denotes the discrete

gradient. This thesis is mostly concerned with generalisation of this example.

Example 1.2.5. The single spin space for scalar ¢* theory is E = R and the energy is given by
Ulpa,) = %]Vapolz + %mpg + igwé. This s the simplest and most studied ezample in quantum
field theory. The renormalisation method we use was nitially developed for this model. In the

literature the gradient term 1s usually written with a Laplacian using o summation by parts.

We assume that there is an a priori measure A on E which typically is the counting measure
for finite or countable E and the Lebesgue measure for R™. The Gibbs specification 7/(\] 3 for the
energy U at inverse temperature g is defined by

1 _
(A ) = /e PHNE) TT Aldga) T 0. (dea) (1.2.8)

where Z . g denotes the normalisation. A simple calculation shows that this defines a specific-
ation.

We define for a € R™ the shift ¢, of a field ¢ € (Rm)zd by (ta¢)s = ¢z +a. This should not be
confused with the positional shift 7,. An interaction U is shift invariant if U(p4) = U((tap)a) for
alla €e R™and all ¢ € (Rm)zd. We refer to shift invariant interactions U : (R™)4 — R as gradient
models because U(¢4a) can be expressed in terms of the field differences ¢, — ¢, for x,y € A. The
discrete Gaussian free field introduced in Example is the most prominent gradient model
while ¢*-theory is not a gradient model. In this thesis we will restrict our attention to gradient
models. Gradient models are sometimes called massless using the interpretation in quantum field
theory. Other models are similarly called massive.

The question of existence and uniqueness of Gibbs measures are two important recurring
questions in statistical mechanics. The uniqueness of Gibbs measures is often a subtle issue and
we will discuss it in slightly more detail in Section If more than one Gibbs measure exists
one says that a phase transition occurs [92]. It was famously shown by Peierls in [130] that phase
transitions occur for the Ising model without magnetic field in dimension d > 2. This shows that
the approach is powerful enough to model materials where different phases (identified with the
different Gibbs states) exist.

The existence question for Gibbs measures is in general simpler and answered positively in
many situations. E.g., for finite spin space and bounded interaction it is rather easy to prove
the existence of a Gibbs measure (see Theorem 4.23 in [92]) using compactness arguments. For
unbounded state spaces the existence problem is non-trivial. We discuss this briefly in the context
of ¥ =R™ and gradient models. For gradient models existence of a Gibbs measure depends on
the dimension. It can be shown that an infinite volume Gaussian free field as defined in Example
exists in dimension d > 3 but does not exist in d < 2. This is the case because the variance
blows up when the size of A is increased. Indeed, in dimension d = 1 the central limit theorem
indicates that E(p2) ~ v/N for the Gaussian free field on A = [~N, N] with zero boundary
condition.

Therefore one often considers gradient Gibbs measures. Roughly speaking this means that
we consider the gradient of a field instead of the field itself, i.e. one restricts attention to the
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o-algebra generated by the gradient variables

Ney = Py — Pz for |=’E — yl =1. (1.2.9)

In particular, the law of Vi is a gradient Gibbs measure if ¢ is distributed according to a Gibbs
measure. The formal definition of gradient Gibbs measure is a bit technical and we refer to
Chapter |5| and the literature [89, 136]. Note that for shift invariant interaction U is measurable
with respect to the gradient variables. Infinite volume gradient Gibbs measures often exist when
Gibbs measures do not exist, e.g., there is a gradient Gibbs measure in d = 1 and d = 2 for the
quadratic potential of the Gaussian free field.

In the context of models for solids or interfaces it is natural to impose tilted boundary
conditions, i.e., one considers ¥ = tp with ¢p(z) = Fx in (1.2.8). This corresponds to a
deformed state or a tilted surface and we refer to F' as the tilt vector (or deformation matrix for
vector valued fields). In this setting no translation invariant Gibbs measures exist, however, in
general translation invariant gradient Gibbs measures exist. For a translation invariant gradient
Gibbs measure we define its tilt by

F = E(Vg(0)). (1.2.10)

An important quantity in statistical mechanics is the free energy density that is defined by

W, 8) = lim —Zres)

1.2.11
A—Zd 5|A| ( )

if this limit exists. Note that for F finite and bounded finite range interactions U the free energy
W does not depend on the boundary conditions. If £ = R™ we are mostly interested in the
affine boundary conditions ¥ r and we write

—In(Z
W(F.B) = lim —2(ZAues),

1.2.12
A—zd BIA| ( )

Let us remark that the existence of the limit is non-trivial and we will briefly discuss this in
Chapter 3

1.3 Mathematical theory of nonlinear elasticity

A body is elastic if it returns to its original shape when an applied force is removed. This is
an extremely common phenomenon observed in a wide range of materials ranging from rubber
to metals. Therefore a sound theoretical understanding of elasticity is very important, e.g., for
engineering applications. Starting with the work of Ball the macroscopic theory of elasticity has
seem tremendous progress. However, it remains mostly open how the macroscopic theory can be
justified from microscopic models. This section explains the difficulties of this problem, gives a
brief overview of the physical background, and explains how microscopic models for elasticity fit
in the context provided in the previous section. We also present a simplified version of the main
results of this thesis. Parts of the following are close to [15] and [115] where a more detailed
exposition is given.

1.3.1 Macroscopic theory of nonlinear elasticity

Since we do not actually work with the macroscopic theory of nonlinear elasticity we will
only give a brief overview of the theory that motivates our results and refer to the extensive
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literature for a more detailed treatment (see, e.g., [8, 58], [59} (100} [124]). In continuum mechanics
one considers a reference configuration @ C R? that is deformed by applied forces and boundary
conditions. This deformation is described by a deformation map ¢ :  — R3. A hyperelastic
(or Greens elastic) material is characterized by a stored energy function Wsg : R¥3 x R, — R
that gives the energy density as a function of a local deformation gradient (strain tensor) and
the temperature. Note that the usual definition of an elastic material is more general than the
case of hyperelasticity considered here (see [100, 61] for a thorough discussion and a justification
that hyperelasticity is a natural condition for conservative elastic materials). The total energy
assigned to a deformation ¢ at inverse temperature 8 = T~ is

I(p) = /QWSE(Dcp(w), B) dz. (1.3.1)

We mostly assume that the temperature is constant throughout the sample and drop it from
the notation. The equilibrium deformations are given by minimisers of this functional subject to
certain boundary conditions for pgq. Indeed, the Fuler-Lagrange equation is equivalent to the
balance of forces for all subsets of ().

Let us remark that from a mathematical viewpoint convexity properties of Wgg are essential
for the existence of minimisers of the functional I. It is well known that (strict) convexity and
minor growth assumptions for Wgpg are sufficient for the existence and uniqueness of minimizers
of I and there are non-convex functions Wgg where minimizers do not exist. However, it is
easy to see that realistic stored energy densities are not convex. Indeed it is natural to assume
that Wsg(13x3) = min Wgg, i.e., the undeformed configuration has minimal energy. Moreover,
frame indifference suggests that Wgp(QA) = Wsg(A) for all @ € SO(3), in particular Wgg is
minimized on SO(3). This implies that Wsg is not convex. To address this problem new no-
tions of convexity like polyconvexity and quasiconvexity were introduced as sufficient conditions
for the existence of minimisers [14]. Under such convexity assumptions on the stored energy
density, nonlinear elasticity theory has been intensively studied and applied to several physically
interesting setting (microstructures, rods, beams, .. .).

In practice the shape of Wgg can be determined from measurements. For a deeper theor-
etical understanding it would be interesting to relate the macroscopic theory to an underlying
microscopic theory of matter. Let us mention two key challenges. First, the samples of suitably
rescaled microscopic models should concentrate on the minimisers of for some stored en-
ergy density Wgg. Moreover, Wgg should be given by the free energy density of the underlying
model and it might be possible to derive (convexity) properties of Wgp from the microscopic
theory. Let us remark that elastic behaviour of different materials arises for different physical
reasons even though their macroscopic behaviour can be modeled with the same approach. On
the one hand, for rubber-like materials that consist of connected polymer chains the free energy
is dominated by the entropy contributions and elastic behaviour arises from the stretching of the
polymer chains (see [60] for a recent approach to microscopic models of rubber elasticity). On
the other hand, for crystalline solids elastic behaviour arises from the change of energy that is
required to deform the lattice ordering. Note that the class of crystalline solids contains many
materials, in particular all metals. In the following we restrict our attention to crystals and we
will briefly review the results for microscopic models.

1.3.2 Cauchy-Born rule

In this section we consider atomistic models for crystalline matter at zero temperature and
review their relation to the continuum theory. For a proper understanding of the interaction of
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Figure 1.1: (left) The affine deformation following the Cauchy-Born rule. (right) A deformation
with lower bulk energy.

atoms in crystals it is necessary to consider the (quantum mechanical) interactions of the electron
hulls using, e.g., Thomas-Fermi theory (see [120]). Here we restrict our description to theories
with an effective interaction between atoms that are considered as classical point particles. For
ease of notation we only consider pairwise interactions of atoms at positions z,y € R? given by
V(|x — y|) for some potential V : RT — R. A typical example of a potential that models the
interaction of (free) atoms is the Lenard-Jones potential V(r) = Ar='2—Br=Cfor A, B > 0. Here
the first term models the strong short scale repulsion and the second term models the attraction
due to van der Waals forces. The general shape of the Lenard-Jones potential that includes short
distance repulsion and long distance attraction also applies to interaction potentials for bound
atoms. We remark, however, that for a realistic model of crystalline solids it is not sufficient to
consider only pairwise interactions. For n atoms with positions x; € R? the associated energy is

En(x1,.. . wn) = V(|zi — 25]). (1.3.2)
1<J

For zero temperature the system configuration is concentrated on minimizers of the energy F,.
Empirically it can be observed that in several materials, namely crystals, the atoms are arranged
in regular periodic patterns in the solid phase. Even the simple question, when minimizers of
the energy exhibit a periodic structure is not solved for general potentials V. This question
is well known under the name crystallisation conjecture (see |34] for a recent review). We now
consider a potential such that the minimizers of the energy arrange in the shape of some lattice
A C R3. Then the connection between the free energy density W introduced in the previous
subsection and the microscopic model is typically made using the Cauchy-Born hypothesis. This
refers to the assumption that the lattice follows an applied linear deformation A of the boundary
in an affine way, i.e., the lattice A is mapped under the linear boundary condition Ax to the
lattice AA. Then the stored energy density Wgg(A) of some linear map A in the reference
configuration is given by the energy density of the transformed lattice AA. For a cubic lattice
this amounts to (see [80])

WSE(A)I% > V(|Az]). (1.3.3)
zezM\{0}

In the literature the consequences and validity of this rule have been widely discussed, see |81,
153| for an overview, but several questions remain open. Let us present some of the results that
are related to our analysis.
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Figure 1.2: The creation of a slip plane through the motion of a dislocation from top left to
bottom right.

For certain potentials it has been established by E and Ming in [80] that for affine boundary
conditions close to the identity the affine transformation of the lattice is indeed a local min-
imum of the energy, thus justifying the Cauchy-Born rule. Let us emphasize one important
observation: The affine transformation of the lattice is in general only a local minimum, not the
global minimum of the energy [80]. The reason is that for volume preserving transformations
(e.g., shears) large scale reordering allows to transform the bulk of the sample to a translation
of the energy minimizing lattice A at the prize of certain boundary contributions. This is illus-
trated in Figure[I.I] We conclude that elasticity is not an equilibrium phenomenon in the strict
sense. However, elastic deformations of solids persist on geological time scales and are therefore
metastable.

The reason for this stability is that a reduction of the energy requires large scale reordering
of the lattice (in particular through the formation of slip planes by the motion of dislocations)
as illustrated in Figure For small loads this is prevented by the large energy barrier. Note
that for large loads such non-reversible deformations occur frequently and this is studied in the
theory of plasticity.

Since large scale reordering is rare for small deformations, it is of interest to consider models
that exclude any reordering by fixing the neighbourhood relations of the atoms in the crystal.
Note that fixing the neighbourhood relation excludes all types of defects (point defects, line
defects, etc.) that appear in solids and influence their behaviour [107].

This type of model is sometimes called mass and spring model because it can be thought of as
atoms arranged in a fixed pattern and neighbouring atoms are connected by a spring modelling
their interaction and preventing the atom to leave its position in the lattice (see Figure .
Friesecke and Theil use a model where only nearest and next to nearest neighbours interact
through potentials V4 and Vo. They assume that V3 and V, are quadratic, i.e., the atoms
interact as if ideal springs were attached between nearest and next to nearest neighbours. In
[87] they establish that the Cauchy-Born rule holds for an open range of spring constants for the
potentials V1 and V5 in dimension d = 2 but there are also parameters for which the Cauchy
Born rule does not hold.
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Figure 1.3: Schematic illustration of a nearest-neighbour mass and spring model

Their result was generalized to more general potentials and arbitrary dimensions by Conti,
Dolzmann, Kirchheim, and Miiller in [62]. They consider a general finite range interaction. It
depends on a finite set A C Z¢ that contains the unit cell {0,1}¢. To a deformation ¢ : A — R?
we assign an energy U : (R?)4 — R. Recall that for a € R? we defined the map ¢, : (R)4 —
(RHA by ((ta¥)z)eca = (Yz + a)zea and similarly we define for F € R?? the map 1) — F1)
by (Fi), = Fi, for 2 € A. Moreover we write (R?)§ for the subspace of all ¢ such that
> zea¥e = 0. Let us state assumptions on U:

i) For all @ € R? and Q € SO(d) we have U(t,(Qv)) = U(¥).

ii) The energy satisfies U > 0 and U(v¢) = 0 if and only if ¢ is a rigid body rotation, i.e.,
Yy = Qx +a for all z € A and some Q € SO(n) and a € R%.

iii) We have U € C? and D?U(1) is strictly positive on the orthogonal complement of the
subspace spanned by all ¢, and infinitesimal rotations W & Rglfefv. Here 1 denotes the
identity deformation given by 1, = z for x € A.

iv) We assume

lim inf U(qé)
beRHA pooo V]

> 0. (1.3.4)

Under these conditions they establish the following theorem.

Theorem 1.3.1 (Theorem 5.1 in [62]). Assume that U satisfies the assumptions [i}fiv)] Then
the Cauchy-Born rule holds for all A € R™? close to SO(n), i.e., for every A C Z¢ finite the
unique minimizer of

Hp(¢) = > U (1.3.5)

x€Z% 1, (A)NAFAD

with affine boundary condition ¥, = Ax for x ¢ A is given by the affine function 1, = Ax for
all z € A.
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The key ingredient in the proof is the construction of a discrete null Lagrangian N such that
U + N is locally strictly convex and lies above a strictly convex function. This observation will
also be crucial in Chapter [3] Note that the conditions for the energy are physical. Only
the finite range of interaction and the condition that prevents the reordering are unphysical
simplifications.

Let us mention that recently several generalisations of the previous results were found [39}
40, 79, 129]. Those works study, e.g. the dynamics of this model under a change of boundary
conditions and the relation between minimisers of and local minimisers of the atomistic
models.

1.3.3 Solids at positive temperature

In the previous section we reviewed the validity of the Cauchy-Born rule on the level of
energy minimisers which corresponds to temperature 7' = 0. This approach, however, completely
neglects thermal fluctuations which are essential for a proper understanding of matter. Let us
assume that we have particles in a heat and particle bath with inverse temperature 8 and chemical
potential p that are interacting through a two-body potential V. Then using and the

energy (|1.3.2]) we obtain for n > 0

1 ¢ BEn(er,an)un

Pgu(N =n,dz,...,dz,) = dxy...dz, (1.3.6)

23, n!
where Zg3 , is a normalising constant and n! accounts for the fact that the particles are indistin-
guishable (Gibbs paradox). Note that it is not necessary to include the momenta of the particles
in the model because their integral just contributes a constant factor per particle which can be
included in the chemical potential. One would expect that this model shows the different states
of matter. In particular, the phase transition between gas and liquid/solid which would be vis-
ible as an abrupt change of the density (particle number) of the system. Again, rigorous results
are completely missing for such detailed models of matter which shows that the properties of
matter are still poorly understood from a mathematical point of view. Only for toy models such
as the Widom-Rowlinson model [57] or under unrealistic mean field assumption [119] a discon-
tinuity of the density has been shown. But even if a rigorous analysis of this equilibrium model
was possible this cannot be applied to elasticity because equilibrium statistical mechanics and
completely physical models are incompatible as discussed in the previous subsection. Indeed,
the equilibrium measure will be concentrated on configurations involving plastic deformations.
Hence, we restrict our analysis of elastic materials at non-zero temperature to models with a
fixed neighbourhood relation, i.e., we consider atoms arranged in a regular (hypercubic) pattern
and each atom interacts with a finite number of neighbours. The associated Gibbs measure in
finite volume A is given by

(A, ¢) = e PR [T deee [ 0. (d¢ir) (1.3.7)

zEA z¢A

where the field ¢ prescribes a boundary condition. Let us list some questions of interest that
were already briefly discussed in Section in the context of discrete finite temperature models
for elasticity:

1) In what sense can the macroscopic stored energy density Wgg and the free energy density
W of the microscopic model be related? What is the relation between typical microscopic
configurations ¢ : A — R? and the macroscopic deformation u :  — R? that minimizes

€39
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2) What are (convexity) properties of the free energy density W7

3) What properties do the Gibbs measures satisfy? In particular, how do the correlations
decay for large distances?

4) TIs there a unique infinite volume Gibbs measure for a given tilt?

There are very few results concerning this class of models. Most results are restricted to scalar
fields and they will be discussed in Section Let us already emphasize here that a major
difficulty in the analysis of the Gibbs measure is the non-convexity of U. Some general results
concerning, e.g., the structure of the set of Gibbs measures can be found in |92} 136]. Several very
interesting results concerning the questions above can be found in the work [116] by Kotecky and
Luckhaus. They work under rather mild conditions on the potential U: U has to be invariant
under rigid body motions (this is condition [i)| above) and needs to satisfy a certain lower and
upper bound and some bound on the oscillations. These assumptions are neither weaker nor
stronger than the assumptions we consider. They show in particular that the free energy F +—
W (F) (defined with slightly different boundary conditions) exists and is a quasiconvex function
of the external deformation F. Moreover, they establish a large deviation principle for the
distribution of the Gibbs measure with decreasing mesh-size A, = D N (¢Z)? with D C R%. The
rate function of the large deviation principle is given by the functional with Wgsg(-, ) =
W (-, 8). Moreover, they show that the distribution of the field locally converges to an infinite
volume gradient Gibbs measure in the sense of gradient Young-Gibbs measures. In particular,
this gives a partial answer to the first two questions. Their very weak assumptions on the
potential U do not allow them to address smoothness properties of the free energy F' +— W (F).
This is one of the questions that will be addressed here.

1.3.4 Results for discrete elasticity

We will now give a sketch of the two results that we obtain for the model introduced above
at sufficiently low temperature. Our first main result is a convexity result for the free energy.

Assume that U satisfies the assumptions and in addition U € C” for
some r > 5 and the derivatives satisfy a mild growth assumption at co. Then
for 8 > By and § > 0 sufficiently small the function

Wﬁ : Bg(ldxd) — R, (1.3.8)

defined in (T.2.12) is C"=* and D?Wp(1) is strictly positive on the subspace

orthogonal to infinitesimal rotations (skew-symmetric matrices).

The precise statement of this theorem is Theorem in Chapter [3] Let us emphasize that
for the sake of giving an overview we neglected several details in the statement. Heuristically
the strict convexity of the free energy close to the identity follows from the strict convexity of
the potential at the identity and a bound for the entropy that is small for low temperatures.
Our second main result concerns the scaling limit of the model. For this result we work on the
torus Ty = (Z/LNZ)? where L > 1 is an odd integer. We denote by 7]’?3 the finite volume
Gibbs measure for the energy Hr, and tilt F' (cf. Chapter [3|for an explanétion how the tilt is
implemented in a periodic setting and note that ’yf,, P really has tilt F' in the sense of definition
(1.2.10)). Tt is consistent to denote the Gibbs measure with the same letter as the specification
because no boundary conditions are required on the torus.
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Assume that U satisfies the assumptions and in addition U € C? and
the derivatives satisfy a mild growth condition at oco. Then there are §, (o,
and Ly > 0 such that for F' € Bs(14xq), 8 > Bo, and L > Ly there is an
operator C' and a subsequence N; — oo such that for f € C*((R/Z)¢,RY)

and fy : Ty — R? given by fy(x) = L‘N¥f(L_Nx)

lim E.p el/M#) = ¢35(1Ch) (1.3.9)

Ny—oo N,

In particular the scaling limit is Gaussian.

The precise statement can be found in Theorem in Chapter [3]

Those two results provide a partial answer to the second and third question above. There
are several open questions concerning the nature of the Gibbs measures for this model and we
will discuss those questions briefly in the context of gradient interface models below, but they
equally apply to the models of discrete elasticity discussed here.

1.4 Gradient interface models

In this section we will discuss our results in the context of gradient interface models. Gradient
interface models are spin systems as defined in Section with state space E = R, i.e., scalar
real valued fields. Their local interaction energy U is of the form U(pa) = Z?Zl V(Vip(0))
where A = {0,e1,...,e4} and V : R — R is a nearest neighbour potential. The most prominent
example is the Gaussian free field introduced in Example where the potential V (z) = 22/2
is quadratic. Gradient interface models are a class of models that can be used as an effective
model for a continuous interface or for interfaces in spin systems, e.g., the interface between the
plus and the minus phase of an Ising model. Let us remark that the free energy is often called
surface tension in the context of gradient interface models.

Our main results are derived in a general framework that includes models for discrete elasticity
and gradient interface models as special cases. We will present our results also in the context
of gradient interface models because they have been a very active theme of research in the last
years and this allows us to compare our approach to techniques used earlier. Here we just sketch
some of the known results and we refer to the reviews [88], 93, |136] for a complete overview.

1.4.1 Gradient interface models with convex potentials

Many results about gradient interface models are restricted to convex and even interaction
potentials V, i.e., potentials V € C?(R) that satisfy V(—z) = V(z) and

C, <V"< Oy (1.4.1)

for two constants 0 < C; < Cs. The prototypical example for this class is the Gaussian free
field where the Gaussian structure and the Markov property of the field simplify the analysis.
Very fine results are known for the discrete Gaussian free field and there has been a recent
surge of results, e.g., about the maximum of the field, level sets of the field, entropic repulsion,
level set percolation. The guiding principle is that most of the results for discrete Gaussian free
fields can be generalised to strictly convex potentials. Let us highlight some of the results. The
important work [89] by Funaki and Spohn established the strict convexity of the free energy
surface tension, uniqueness and existence of the Gibbs measure for a given tilt v € RY, and the
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derivation of the hydrodynamic limit. Estimates for the decay of covariances were shown in [67,
128]. It was shown that the scaling limit of the model is Gaussian (see [128| for zero tilt using
homogenisation and |94] for the general case). See also [125] for a scaling limit in a bounded
domain and some interesting coupling results. Large deviations results were shown in |69, [136].
Recently also finer results have been shown concerning, e.g., the scaling of the maximum |27,
150|. Several tools have been developed to study gradient interface models. Let us briefly sketch
some of the most important ideas that are connected in various ways.

1. Langevin-dynamics. The Gibbs measure for gradient interface models is the equilibrium
distribution of an associated Langevin dynamics (¢(2))(,q)cr+ xz4 given by

dei(z Z V/(s(2) = ¢i(y)) dt + V2dBy () (1.4.2)

y~zx

where {B;(x), z € Z%} is a family of independent Brownian motions. This dynamics and
a coupling argument was used in [89] to show uniqueness of the Gibbs measure.

2. Helffer-Sjéstrand random walk representation and Brascamp-Lieb inequality. The Hellfer-
Sjostrand random walk representation is a technique that was introduced by Helffer and
Sjostrand in [104] and first applied to gradient interface models by Naddaf and Spencer
in [128]. The basic observation underlying this approach is that the gradient interface
model can be related to a time dependent random walk in a random environment which
is a generalisation of the relation between the simple random walk and the Gaussian free
field. Very roughly the key relation can be expressed for a gradient Gibbs measure p and
observables F'(¢) and G(p) as

OF (o) OG (i)
(F, dt 1.4.
Cov,(F,G) gz:d/ <8900 ) D (X0) (1.4.3)

where ¢; evolves according to the dynamics with g distributed according to u and
X, is a random walk on Z? with time dependent transition rates g », = V" (01(2) — ¢i(y))
and Xy = x. This representation can be used to derive correlation inequalities like the
FKG-correlation inequality and the Brascamp-Lieb inequality (see [38]) that states that
variances for a Gibbs measure for the potential V' satisfying can be bounded by
the variances of the rescaled discrete Gaussian free field with potential x — %Cle. The
Helffer-Sjostrand representation can also be applied to understand the large scale behaviour
of the model. Here the Kipnis Varadhan approach [113] is an important ingredient.

3. Cluster swapping. Cluster swapping is a technique introduced by Sheffield in [136]. The
basic idea is similar to the Swendsen-Wang algorithm that can be used for fast Monte-
Carlo simulations of (near) critical Ising models. The key observation is that if ¢, < ¥y
and ¢, < 1, then strict convexity of the potential implies that

Vi(e(@) —(y) + V(b(z) —¢(y) < V(e(x) —¢(y) + V(@ (2) — ¢(y)). (1.4.4)

This implies in particular that

H(min(p,9)) + Ha(max(, ) < Ha(p) + Ha(1)). (1.4.5)

Based on this observation he introduces for a coupling of two Gibbs measures a cluster
swap map that maps very roughly (¢, ) — (min(yp, ), max(p,)) on infinite clusters of
the set ¢ > 1 (the fields are defined using a carefully chosen offset g — 19 = h). This
map can be used to show that the surface tension is strictly convex and the gradient Gibbs
measure for a given tilt u is unique.
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4. Stochastic homogenisation. Already in one of the early works by Naddaf and Spencer [128|
stochastic homogenisation was used to investigate the large scale behaviour of the random
walk in the Helffer-Sjostrand representation. In the past years (quantitative) stochastic ho-
mogenisation became a highly active field of research and we refer in particular to the early
works by Gloria, Otto, and Neukamm [97, 96| and to the works by Armstrong, Kuusi, and
Mourrat [9, [10]. Dario recently presented a new approach to understand fluctuations and
the partition function of the gradient interface model without using the Hellfer-Sjéstrand
technique [65]. Instead his approach relies on stochastic homogenisation techniques sim-
ilar to the approach in 9] and the extension of estimates for elliptic partial differential
equations to gradient interface models.

However, all those techniques use the convexity of the potential in an essential way and it is
not clear how to obtain any results for potentials that are not convex. Indeed, the Langevin
dynamics is contracting when the same Brownian motion is used for two solutions if V' is convex,
the random walk only exists when V" > 0, the inequality is not true for non-convex
V, and for V non-convex it is not expected that the elliptic theory can be applied. Therefore
it remains a major challenge to find more robust techniques that apply to (some) non-convex
potentials.

1.4.2 Gradient interface models with non-convex potentials

In this section we review the known results for gradient interface models with non-convex
potentials. For non-convex potentials results are rather scarce because the techniques for convex
potentials do not apply. Some general results about the surface tension can be found in [136].
Let us again (cf. Section emphasize the work [116] where existence and convexity of the
surface tension and large deviation principles were shown under very general assumptions. For
high temperatures several results are known for potentials of the form V 4+ g where V is strictly
convex and g satisfies some bound on the second derivative (¢” € LP for some p > 1 is sufficient).
Then for S sufficiently small the surface tension is strictly convex, the Gibbs measure is unique,
covariances decay, the scaling limit is Gaussian, and the hydrodynamic limit can be derived [64,
63, [70]. All those results rely on the fact that the interaction potential becomes strictly convex
after a one step integration procedure so that this case is effectively reduced to the convex case
discussed above. One possibility to regain convexity is to integrate out the field on the even
sublattice of Z¢.

For small temperatures it is not expected that convexity can be restored using a one step
integration procedure. Moreover, it is known that the behaviour for general non-convex potentials
can be very different from the convex case as phase transitions (non-uniqueness) of the gradient
Gibbs measure can occur (see [32] and Section below). Nevertheless we do not expect this
type of behaviour at low temperatures. When rescaling a potential V € C2%(R) with unique
minimum in zero by V + Vg = SV(-//B) (this corresponds to a change of temperature and
a rescaling of the field such that its fluctuations remain of constant size) the potential locally
approaches a quadratic function as  — oo (see Figure and the non-convexity becomes
energetically less favourable. This suggests that the interface model behaves similarly to the
case where V is strictly convex. It is difficult to make this idea rigorous because the event that
Vip(zx) is in the non-convex region of V3 has positive probability for any /5 so it occurs with a
positive density. A further aspect that makes the analysis of gradient models difficult is that
they are critical. This means that the correlation of the gradient fields are expected to decay
only polynomially as

E(Ve(2)Ve(y)) ~ o -y~ (1.4.6)
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The slow decay of correlations implies that naive approaches that involve a sum over the covari-
ance fail since the covariance is not integrable. Therefore a careful multiscale analysis seems to
be necessary to obtain results for the low temperature case. To our knowledge the only results
in this case seem to be the convexity of the surface tension [116] and the strict convexity of the
surface tension for small tilts. Strict convexity was shown by Adams, Kotecky, and Miiller using
a renormalisation group approach in [4].

1.4.3 Results for gradient interface models and outlook

Most of this thesis is devoted to a generalisation of the results in [4]. The main improvement
is that we are now able to handle interactions relevant for microscopic elasticity as discussed in
the previous section, but we also derive some new results for gradient interface models which we
discuss here. Again, we only provide a sketch of the result and refer to Chapter [3] for a precise
statement. The results are very similar to the ones discussed in the previous section, however
the assumptions are slightly different.

Assume that V' € C" satisfies V”(0) > ¢ and
V(z) > V'(0)x + V(0) + el (1.4.7)

for some € > 0 and that all derivatives up to order r of V grow at most
polynomially. Then there is By > 0 and § > 0 such that for § > Sy the
surface tension W : Bs(0) — R is strictly convex and in C"%.

The precise statement of this statement in the more general context of generalized gradient
models can be found in Proposition and Theorem in Chapter [3] We can also derive
the scaling limit. We again work on the torus Ty = (Z/LYZ)¢ where L > 1 is an odd integer
and denote by ’y}(,, 3 the finite volume Gibbs measure for the energy Hr, and tilt u.

Assume that V € C? satisfies V”(0) > ¢ and
V(z) > V'(0)z + V(0) + ela|? (1.4.8)

for some € > 0 and that all derivatives up to order 3 of V' grow at most
polynomially. Then there are By, § > 0, and Lg such that for any 8 > S,
lul] < § and L > Lg there is an operator C' and a subsequence N; — oo
such that for f € C®((R/Z)%,R) and fy : Tw — R given by fn(z) =
LN (LN

lim Eﬂf%ﬂe(ff\’e’@ — ¢ (1O, (1.4.9)

Ng—)oo

In particular the scaling limit is Gaussian.

The precise statement can be found in Proposition and Theorem in Chapter [3
The first result was derived under more restrictive growth and smoothness assumptions in [4]
(see Theorem 2.1 and Proposition 2.2 there). Indeed, they require that

V(z) = V'(0)x — V(0) > 2(V"(0) — &)2? (1.4.10)
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for a small € > 0. The second result concerning the scaling limit was first shown in [105] in the
setting of [4]. Here we adapt the proof to our setting. We extend the method used in [4] in
several directions and we will discuss those changes in the next Section [L.5]

To understand finer properties of the model a natural question addresses the behaviour of the
gradient-gradient correlations. This is answered in the Ph.D. thesis of Hilger [106] where the same
decay of correlations as for an anisotropic Gaussian free field is shown. The major open question is
whether uniqueness of the Gibbs measure can be established under the assumptions stated above.
This might require new techniques because our analysis is confined to the periodic setting which
cannot be sufficient to conclude uniqueness of the Gibbs measure (i.e., asymptotic independence
of the boundary condition). This would be the basis of an analysis of the hydrodynamic limit
but is also of interest for the existence of microstructures in materials. Note that our smoothness
result for the surface tension is a hint towards uniqueness of the Gibbs measure. Indeed, for
models with finite spin space and bounded interactions it was rigorously shown that coexistence
of Gibbs measures and non-differentiability of the free energy are closely related (see |92, |132,
138]).

1.5 Renormalisation group approach to statistical mechanics

In this section we describe the renormalisation group approach. This is the method that will
be used to prove the main results stated in the previous sections. We start with a brief historical
overview and refer to, e.g., [110] for details.

1.5.1 The renormalisation group for critical phenomena

The term critical phenomena refers to the behaviour of systems at the critical point where a
phase transition occurs. For many classical systems in statistical mechanics (e.g., Ising model,
percolation, ¢* theory, self-avoiding random walks) it is observed that there is a phase transition
between a subcritical and a supercritical phase. The subcritical and supercritical phase are
typically easier to understand because correlations decay exponentially. However, as the critical
point is approached the correlation length diverges giving rise to many interesting phenomena.
In particular the system becomes self similar at the critical point. Often universality is observed
at the critical point, i.e., on large scales the system is independent of microscopic details of
the interaction, e.g., the lattice structure, and only depends on the dimension. Various critical
exponents are used to describe the large distance behaviour at and near the critical point. Often
there is a critical dimension d. for each model such that for d > d. the model exhibits mean field
behaviour (i.e., the lattice can be replaced by a tree and the critical exponents agree in both
cases) while for d = d. there are typically logarithmic corrections to the mean field behaviour.
The case d > d. and sometimes also d > d. is well understood for many models using the
lace expansion |50}, [141]. Moreover, in dimension d = 2 special techniques relying on conformal
invariance apply and a lot of progress has been made recently (see [118]). For 2 < d < d.. critical
behaviour is poorly understood. Gradient models are special and do not fit in this framework
because they are always critical in the sense that their correlations only decay polynomially for
all temperatures and all dimensions.

The renormalisation group method was introduced as a tool to understand the large scale
behaviour of critical systems. A first important step was the block spin approach developed by
Kardanoff in |109]. He studied the Ising model and introduced the block spin as the average
of the Ising spins on a square of sidelength L. Then he argued that the block spins interact
approximately similar to an Ising model with different (renormalized) coupling constants. Later
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this procedure was made rigorous by Gawedzki and Kupiainen in [90, 91]. Kardanoff’s ideas
already contained two important ingredients that exploit the approximate self similarity: Coarse
graining and rescaling. Coarse graining is used to average out the microscopic degrees of freedom
and the rescaling is used to restore approximately the original structure of the model. Today
one refers to the combination of a coarse graining step and a rescaling step as a renormalisation
group transformation. This transformation gives rise to a dynamical system whose long time
behaviour describes the large scale behaviour of the model.

Based on, amongst other ideas, Kardanoff’s block spin approach and the removal of diver-
gences in quantum field theory Wilson introduced the renormalisation group to study second-
order phase transitions [146) 147] in 1971 and the Kondo problem [149] in 1974. For his con-
tributions he was awarded the Nobel price in 1982. A review of his work can be found in his
Nobel lecture [148|. Since then renormalisation group techniques have become a standard tool
in theoretical physics. The rigorous implementation, however, is a major challenge since it is
very difficult to control the error terms in the perturbative expansions used in physics. Never-
theless renormalisation techniques have been widely applied in mathematics, e.g., to quantum
field theory |1, |2, [L1} 12, 28, 95], the Coulomb gas |74, 75|, the Fermi liquid |85|, and the Bose
gas [13]. Brydges and Yau introduced many important ideas in the seminal paper [52] about
the dipole gas and those ideas heavily influenced many of the works mentioned before. Based
on the approach used in [52|, Bauerschmidt, Brydges, and Slade started a long programme to
build a general framework for rigorous renormalisation group techniques. The general method is
developed in a series of papers [44, |45, 20, 46, 47|. They apply their method to find the critical
exponents and its logarithmic corrections for the p*-theory (see Example [22] and the
weakly self avoiding random walk [21] in the critical dimension d. = 4. See also |25, 26, (140, [121]
for some further results in this direction. Their approach has been generalised to the analysis of
the Coulomb gas by Falco in [82} |83]. The technique was also applied to gradient models in [4].
Here we extend the results for gradient models.

Let us remark that recently there was another new development in the theory of renormal-
isation for the analysis of nonlinear stochastic partial differential equation introduced by Martin
Hairer [102]. In this setting renormalisation is required to remove ultraviolet (i.e., short scale)
divergences from a priori ill-posed equations in contrast to the infrared problems faced in stat-
istical physics. However, understanding the long term behaviour of stochastic partial differential
equation provides information about their equlibrium distribution which might relate the two
approaches. See [126] for first results concerning the long term behaviour. Let us also mention
[17] for a recent new approach using variational techniques to show existence of the equilibrium
measure of p*-theory, providing another approach to renormalisation that heavily uses techniques
from singular stochastic partial differential equations.

1.5.2 The renormalisation group approach for gradient models

We now provide a very brief sketch of the renormalisation method in the spirit of Bauer-
schmidt, Brydges, and Slade in the setting of gradient models. We refer to Section for a
slightly more detailed overview of our method and to the lecture notes [42], the recent book [24],
and [19] for a description of the general method for p*-theory. The basic problem is to control
perturbation of Gaussian integrals in the limit A — Z¢,

Zn - / P(¢) u(dy). (1.5.1)

Here 11 denotes a Gaussian measure and P(¢) = [[,ca (14 K(2z, ¢)) denotes a perturbation. We
assume that IC(x, ¢) is identical for each point z (K(1yx, 7,¢) = K(x, ¢)), local in the sense that
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BV(-/VB), B=3

X X

Figure 1.4: (left) Typical example of an admissible potential: V' is convex at the global minimum
satisfies a quadratic lower bound and may be non-convex away from the minimum. (right) The
change of temperature decreases the influence of the non-convexity and drives the potential closer
a the quadratic potential.

K(z,¢) only depends on the values of ¢ in a neighbourhood of z, of gradient type, i.e., shift
invariant in the sense that K(x,t,p) = K(z, ), and small in a sense that will be made precise in
Chapter[3] It is also of interest to understand finer properties in particular expectation values of
the measure P(p) u(dep). Since this requires similar techniques, we restrict to the analysis of the
partition function Z, here. The basic structure appears in all the problems mentioned above,
i.e., in the analysis of the ¢* model, the weakly self-avoiding random walk, and the Coulomb gas.
Let us very briefly explain how this structure arises in the analysis of gradient interface models.
In this case the partition function is given by

Iy = /e‘ﬁzmw T Vi) \ () (1.5.2)

where for concreteness we work on the torus Ay = (Z/(LNZ))? where L is an integer and A
denotes the Hausdorff-measure on the subspace of RM with average 0. Note that we can assume
that V(0) = V’(0) = 0 because constants contribute —8 |Ax|dV (0) to the energy and the linear
term disappears since erAN Vip(z) = 0. Moreover we assume by rescaling ¢ that V”(0) = 1.
We write

Vi) =2

2
-5t g(x) (1.5.3)

where g(0) = ¢’(0) = ¢”(0) = 0. Using this decomposition and the coordinate change ¢’ = ¢/
we obtain

_ d Ve (z)
ZN:/e foeny Z’:“’( v )e—%zzeAN Ve@I® \(dy). (1.5.4)

Note that the expression e_% Laeay IVE' @I is proportional to the density of the discrete Gaussian
free field on the torus. Moreover, as § — oo the function x — Bg(z/+/B) converges to 0 pointwise
for g € C3, as a Taylor expansion at 0 shows.

Thus we have shown that Zx equals up to a normalisation factor an expression as in (|1.5.1])

where K(z,¢) = X1 Bg(Vie@)/VB) _ 1. For a general version of this calculation we refer



The renormalisation group approach for gradient models 19

to Proposition in Chapter [3] The basic approach is to use a coarse graining procedure to
estimate the integral . This is implemented using a decomposition of the Gaussian measure
p = py * g where py denotes the fluctuation field that captures the local strong fluctuations of
the measure p and p; captures the remaining long distance fluctuations. Then a renormalisation
step consists first of the integration with respect to the fluctuation field that eliminates the
strong fluctuations of the local degrees of freedom. The rescaling step is difficult to implement
due to the lattice structure. Instead the rescaling is replaced by a change of the norms which
require typical fields to be smooth on the next length scale. This procedure is then iterated. The
concrete implementation is slightly different in that we use a fixed decomposition of the measure
in N + 1 terms that is fixed beforehand. Let us now describe the implementation in our setting
in a bit more detail. For reasons that will become clear later we introduce for q € Rgl;g with
lg| < 5 the family of Gaussian measures

8_% ZIEAN zijzo Vi@(x)(dij"rqij)vj@(x)

(@) —
0@ = @ A (1.5.5)

where Z(@ denotes the normalisation constant. We denote the covariance of (@ by C@ =
(V*(1 4+ q)V)~! where V* denotes the backward discrete derivative which is the adjoint of the
discrete forward derivative. We use so called finite range decompositions which is a decomposition
of pl@ = ,u(IQ) * ... MS\%—l in a series of Gaussian measures with covariances C,(CQ). We will discuss
finite range decompositions in a bit more detail below in Section and state here only there

defining properties. The first property is the finite range property that states

k

L
E @ (Vie(@)Vp(@)) =0 for [z —yleo = = (1.5.6)

The second property is the regularity of the covariance which ensures that uéq) captures the

fluctuations on the length scale x
Veviel® (x,y)| < CLE2Hal+Ishk (1.5.7)

where we denote by C',(gr)l the kernels of the covariance and « and S denote multiindices and
| - | their degree. Using this decomposition we can rewrite the initial integral as a series of

integrations and obtain

N+1
Zy = [ PO(Y o) (o).l o) (1.5.8)
k=1

where it will be useful to allow us to renormalise the measure using the matrix q. If we define
inductively Pyy1(¢) = Tk (P, q)(¢) = [ Pe(o+@r+1) M](;izl(d@k_t'_l) with Py = P@ we can view
this as a (scale dependent) dynamical system and Zy = Pn4+1(0). Note that at this point it
is not clear how this might be helpful because the space of Py is infinite dimensional. The key
observation that makes this dynamical system tractable is that only a finite number of explicit
terms (coordinate directions) grow under this systems while all other directions are contracting.

Let us provide a heuristic explanation of this fact. More detailed explanations can be found in

(9)
k+1

the references given above and in Section 4.4.2l For a monomial V®p(x) the variance under p
is bounded by

E o, (yv%k+1(x)\2) = V(v (2, 2) < OLFClal+d-2), (1.5.9)
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Therefore the size of the field V®pg11(z) is typically of the order of the square root of the
(d—2)

variance which is L7*(1%+57) We define the dimension of the field ¢ by [¢] = (d — 2)/2 so
that the size of a monomial V®p(z) can be expressed as L—*(#I+le)) Since we do not rescale the
system the natural length scale at the k-th step is L¥. Therefore the natural size associated to
the field V41 is the sum over a block B of sidelength L*

Z Vi1 (z)] ~ LE@el=lal), (1.5.10)
z€B

We obtain a similar expression for the product of monomials

D

zeEB

H Valgok+1(9€) ~ Lk(d*5[¢}72?:1 ‘O‘lD_ (1511)

=1

Only terms that satisfy d — s[¢] — > _;_; |ay| > 0 do not decrease as k becomes large. In renorm-
alisation those terms are usually referred to as relevant or marginal (if d — s[p] — > 7, |oy| = 0).
All other terms are labelled irrelevant because they contract under the renormalisation. Since we
consider gradient models all the functionals Py are measurable with respect to gradients of the
fields so we only need to consider terms with |o;| > 1. Then one easily sees that the relevant and
marginal terms amount to constants, the linear terms V*p(z) with |a| < d/2+ 1 and the quad-
ratic terms V;o(z)V p(x). Note that in principle we also have to consider non-local products
like Vip(x)V;p(y). However, one easily sees that they can be rewritten as V;p(z)V p(z) plus
irrelevant terms with additional discrete gradients.

It turns out that it is possible to rewrite P, = K}, o e H* where the formal definition of the
o operation can be found in Section [£.4.2] Here it is sufficient to view this representation as a
change of coordinates. The functional K}, is an element of a suitable infinite dimensional Banach
space that collects the irrelevant directions on scale k and Hj, is an element of a finite dimensional
space that is spanned by the finite number of relevant directions. The expansion that is used for
the representation of Hy and K} is related to polymer expansions and cluster expansions that
are a standard tool in statistical mechanics and we refer to [41] for details. We can define the
renormalisation map T’ for the new coordinates so that Ty (K, Hx,q) = (Kgt1, Hiy1) satisfies

(Ko 0)(p) = [ (Ko e )0+ 0) i) (@) (1.5.12)

The sequence of maps T’ defines a scale dependent dynamical system and the point (0,0, q)
corresponds to a Gaussian fixed point for any g. Moreover it turns out that Ty can be defined
such that this fixed point is hyperbolic where the directions Kj are contracting and Hj are
expanding. This requires a careful definition of T because even though K} only contains
the irrelevant directions the convolution with M](:izl creates relevant terms. The structure of a
dynamical system can be exploited in the vicinity of the fixed point using a stable manifold
theorem and a fine tuning of q. It can be shown that the scaling limit of the model agrees with
the long distance behaviour of the Gaussian measure ;{9 so that this fine tuning is physically
meaningful. We also show that all operations are smooth as a function of the perturbation
K(x,¢). The key challenges in this approach are the proper setup and proof of the hyperbolicity
of the fixed point and smoothness of the maps Ty, close to the fixed point which are the statements

of Theorem and

1.5.3 Differences to earlier work

Let us here highlight the main differences of our work for gradient models to the implementa-
tion of the renormalisation group approach for p*-theory by Bauerschmidt, Brydges, and Slade.
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At the end of this section we will also discuss the main differences to the earlier work for gradient
models by Adams, Kotecky, and Miiller.

There are two main difficulties in the analysis of p*-theory that do not appear for gradient
models. First, the definition of the renormalisation map T, for the p*-model is substantially
more difficult because a second order perturbation theory is required. This is related to the fact
that the ¢* term is marginal and cannot be absorbed into the Gaussian measure. In this setting
the fixed point of the dynamical system in non-hyperbolic and they need a finer analysis of finite
dimensional dynamical systems with a non hyperbolic fixed point (cf. |23]). For gradient models
first order perturbation theory is in general sufficient, but second order perturbation theory is
necessary to handle observables that can be used, e.g., to estimate the decay of covariances [106].

A second difference to the work by Bauerschmidt, Brydges, and Slade is that they also deal
with Grassmann variables and supersymmetric theories because the weakly self avoiding random
walk corresponds to a supersymmetric version of the ¢* theory. Therefore, they need to introduce
very general abstract results and proofs while we restrict to special cases adapted to our settings
and more simple minded proofs.

While the analysis of gradient models is much simpler with respect to the two aspects de-
scribed above there are also new challenges. An additional difficulty compared to the analysis
of pt-theory is the missing symmetry. While the invariance of all terms under all isometries of
the lattice reduces the effective number of relevant terms for ¢*-theory to three we consider an
anisotropic setting with far more relevant parameters. This makes the fine tuning of the matrix
q in the stable manifold theorem slightly more subtle and we need smoothness of the renorm-
alisation map T, with respect to q. In @*-theory only continuity is required at this point. To
obtain the smoothness of T';, with respect to g we need additional regularity for the family of
finite range decomposition G,(cq). This will be discussed in the next Section.

A second difference of this work compared to the techniques used by Bauerschmidt, Brydges,
and Slade is a new solution of the large field problem. The large field problem refers to the fact
that the contracting error coordinate Kj, is of higher order and therefore small for small fields
@ but it is in general unbounded and increases for large or rough fields ¢. Heuristically this
contribution is suppressed by the Gaussian measure that has only little mass on large fields but
rigorous implementation of this intuition has caused substantial difficulties. The first solution to
this problem was found by Gawedzki and Kupiainen who treat small and large fields differently
and explicitely show that the large field contribution is negligible |90, [91]. This approach is
still widely used see [13, |72, 73]. Later, Brydges and Yau use suitable weight functions that
control the growth of Ky () as the field increases [52]. This idea was adopted in the approach
by Bauerschmidt, Brydges, and Slade [47] and also in the adaption to gradient models [4]. In all
those works the weight functions are given by carefully chosen explicit functions. One important
improvement in the present work is that we instead use function implicitly defined by Gaussian
integration which are almost optimal (cf. Section . Let us remark that the large field problem
seems to be slightly more delicate in the context of gradient models because we want to require
minimal growth assumptions on the potential V' at infinity. In contrast, large fields are highly
suppressed due to the ¢*-term in *-theory.

Let us now also list the most important changes of our work compared to [4]. We extend their
results in several directions. We consider general finite range interactions for vector valued fields
and we are able to consider d > 2 instead of d = 2 and d = 3. This requires mostly notational
changes but can otherwise be easily integrated in the framework. The two main differences
address the two challenges discussed above. We construct new large field regulators and we show
smoothness of the renormalisation map Ty, with respect to gq. This allows us to handle potentials
with weaker growth assumptions than in [4] and to avoid several technical difficulties that are
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present in [4].

1.5.4 Finite range decompositions

The use of finite range decompositions as defined above is an important ingredient in the
renormalisation analysis. They have the useful property that contributions from well separated

regions with distance bigger than L* factorize when integrated against the measure ,u,;q), ie.,

E @ (F(Ve(@)G(Ve(y))) = E @ (F(Ve(@)) E @ (G(Vey)) (1.5.13)

for any functionals F', G if |z —y| > LF. This keeps the combinatorics of the polymer expansions
much simpler than for decompositions whose covariance only decays exponentially in the distance.
Such decompositions that have also been used in statistical mechanics [90]. On the other hand
it is much harder to obtain finite range decompositions because the finite range constraint and
the condition that C,E;q) is the kernel of a positive operator are difficult to satisfy simultaneously.
Finite range decompositions were constructed in [3, 43| |51] using the Poisson kernel. A very
general construction was found by Bauerschmidt in 18] where he exploited the finite speed of
propagation of the wave equation.

A major technical difficulty in the analysis of gradient models in [4] is that a loss of regularity
occurs for the renormalisation map T’y which is not differentiable in q. The origin of this loss of
regularity is, roughly speaking, that the map

a4 E w (F(g) (1.5.14)
k+1
is not differentiable in g for bounded functionals F. Instead one is forced to estimate the
derivative in terms of D?F, thereby losing regularity.
The basic problem is already present in the one dimensional setting where a simple calculation
shows that

22

d 6_% 1 2 e 2c
dC/Rf(ac)de— 2C/Rf(ac) (C—1> 5 dz. (1.5.15)

This implies that the derivative can be bounded uniformly for f € L*°(R) only if C' is bounded
away from zero. Similarly bounds for (|1.5.14) require lower bounds on the eigenvalues of the
covariances of the finite range decomposition. Those can be obtained using a slight modification
of earlier construction of finite range decompositions. Initially this was shown in the author’s
Master’s thesis [55] based on the decomposition from [3]. The generalisation to finite range
instead of nearest neighbour interactions based on the decomposition constructed in [18] was
done as a part of the author’s Ph.D. work and can be found in Chapter P| This work was also
published [54]. This decomposition is then employed in Chapter 4| to avoid the loss of regularity.

1.6 Phase transitions for gradient interface models

This last section of the introduction deals with a slightly different line of research that is
presented in Chapter Recall that we defined a phase transition as the coexistence of at
least two Gibbs measures. Phase transitions are a huge topic of research in physics but also in
statistical mechanics and we refer to the literature for an overview of the existing mathematical
results [92]. Here we are concerned with phase transitions for gradient interface models. Our
motivation is that results in this direction might be a small first step towards a understanding of
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phase transitions in crystalline materials. Indeed, the presence of different phases, e.g., martensite
and austenite and the occurance of microstructures has been long studied using different effective
macroscopic models |16}, [127]. It is of considerable interest to relate the macroscopic models to
a underlying microscopic model and relate the coexistence of phases of the two models.

As discussed in Section robust techniques for gradient models only work for very small
or high temperature. For example, the rigorous renormalisation group analysis discussed above
requires initial conditions very close to the Gaussian fixed point. In the case of gradient models
this restricts the results to very small temperatures. Since no robust techniques for the analysis
of gradient models at intermediate temperatures are known the goal of studying phase transition
of models for crystalline matter seems to be currently out of reach.

A more modest goal is to understand the range of possible phenomena that occur at inter-
mediate temperatures using suitable simpler toy models. For simplicity we restrict our attention
to scalar nearest neighbour interactions, i.e., gradient interface models. A promising class of toy
models is given by potentials V' that can be represented as a mixture of Gaussians, i.e., V' can
be written as

KIQ

e V@) = /R+ p(dr)e™ 2 (1.6.1)

where p is a (positive) Borel measure. This class of potentials was introduced in [32] and has
caught some attention.

One important result is that phase transitions may occur for this type of potential as shown
in [32] by Biskup and Kotecky, i.e., the authors construct two distinct ergodic gradient Gibbs
measures of zero tilt. In particular, this result shows that new phenomena occur for gradient
interface models with non-convex potentials compared to convex potentials where the Gibbs
measure is unique for every tilt. Their proof relies on the use of reflection positivity which is
a powerful technique that has been widely used to show the existence of phase transitions and
we refer to the review [31] for an overview. It is, however, not robust under perturbations and
it can only be applied on the torus. A further result concerning this model was shown in [33]
by Biskup and Spohn where they establish that the scaling limit of all ergodic zero tilt gradient
Gibbs measures for V' as in is a Gaussian free field if p has compact support in (0, c0).
Recently, this result was extended to the class of potentials V(z) = (1 + 22?)® with 0 < a < 1/2
in [151]. This is a class of potential with subquadratic growth and therefore the corresponding
measure p is not compactly supported in (0,00). All those results rely on the observation that
the structure of the potential allows to raise x to a degree of freedom, enabling us to express
Gibbs measures as a mixture of non-uniform Gaussian fields.

In Chapter [5| we are going to study the properties of the xk-marginal corresponding to gradient
Gibbs measures with zero tilt for this type of potential in more detail. This gives rise to a
random conductance model whose properties we analyse. In particular we establish correlation
inequalities. Mostly we restrict our analysis to the case where

p =pdy+ (1 —p)o (1.6.2)

for two parameters p € [0,1] and ¢ > 1. In this case it turns out that the random conductance
model has several similarities to the random cluster model and we adapt some of the techniques
that have been introduced in this context see [77]. In particular we use planar duality to reprove
the phase coexistence result proved in [32] using reflection positivity, i.e., we show the following.



24 Introduction

For d = 2 and ¢ > 1 sufficiently large and p satisfying ¢ = p*/(1—p)*
there are two translation invariant gradient Gibbs measures with
zero tilt for the potential V' given by

qz2 z2

e—V(w) =pe 2 + (1 _p)e_T_ (163)

The precise statement is Theorem Moreover, we establish uniqueness of the gradient
Gibbs measure for almost all values of p and ¢ and show that the Dobrushin criterion can
be applied to prove uniqueness for a small range of parameters in d > 4. All the results for
potentials as in are restricted to zero tilt. We will briefly discuss some extensions and
ideas for non-zero tilt at the end of Chapter [5



Chapter 2

Finite range decompositions of
Gaussian measures with improved
regularity

This chapter is based on the author’s master’s thesis [55]. Here we extend and simplify
the results. In particular, we no longer use the construction introduced in [3| and
instead rely on a different finite range decomposition constructed in [18|. This allows
us to consider general finite range interactions while our earlier results were restricted
to nearest neighbour interactions. Moreover, we obtain optimal L dependence for the
bounds of the discrete derivatives of the finite range decomposition. These extensions
are necessary for the results in Chapter The results of this chapter have been
published as a research paper

Simon Buchholz. Finite range decomposition for Gaussian measures with im-
proved regularity. J. Funct. Anal., 275(7):1674-1711, 2018.
URL: https://doi.org/10.1016/j.jfa.2018.02.018.

The text of this chapter agrees with the publication up to minor editorial changes.

2.1 Introduction

In this paper we consider finite range decompositions for families of translation invariant
Gaussian fields on a torus Ty = (Z/LNZ)?. A Gaussian process ¢ indexed by Ty has range
M if E(&(z)&(y)) = 0 for any =,y such that |z —y| > M. A finite range decomposition of &
is a decomposition & = ), &, such that the &, are independent processes with range ~ LF.
Equivalently, if C(z, y) is the covariance of £ then a finite range decomposition is possible if there
are covariances Ci(z,y) such that C = >, Cx, Cr(z,y) = 0 for |z — y| = L*, and Cj is positive
semi-definite.

Here we consider vector valued Gaussian fields £ 4 whose covariance is the Greens function of
a constant coefficient, anisotropic, elliptic, discrete difference operator A = V*AV (plus higher
order terms). Our main object of interest is the corresponding gradient Gaussian field V&4,
i.e., we consider the o-algebra generated by the gradients. They are referred to as massless field
in the language of quantum field theory. Gradient fields appear naturally in discrete elasticity
where the energy only depends on the distance between the atoms. The analysis of gradient
Gaussian fields is difficult because they exhibit long range correlations only decaying critically

(©2019. This chapter is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/



26 Finite range decompositions of Gaussian measures with improved regularity

as E(V,£"(2)V;€%(y)) « |z — y|~¢. Finite range decompositions of gradient Gaussian fields are
the basis of a multi-scale approach to control the correlation structure of the fields and avoid
logarithmic divergences that appear in naive approaches.

Finite range decompositions of quadratic forms have appeared in different places in mathem-
atics. Hainzl and Seiringer obtained decompositions of radially symmetric functions into weighted
integrals over tent functions [101]. The first decomposition for a setting without radial symmetry
was obtained for the discrete Laplacian by Brydges, Guadagni, and Mitter in [43]. Their results
are based on averaging the Poisson kernel. Brydges and Talarczyk in [51] generalised this result
to quite general elliptic operators on R™ that can be written as A = B*B. Adams, Kotecky,
and Miiller adapted this work in [3] to the discrete anisotropic setting. Their decomposition has
the property that the kernels C4 j are analytic function of the operator A. Later, Bauerschmidt
gave a very general construction based on the finite propagation speed of the wave equation and
functional calculus [18].

The goal of this work is to improve the regularity of the previous constructions. We show lower
bounds for the previous decomposition and modify the construction such that we can control
the decay behaviour of the kernels in Fourier space from above and below. This implies that the
integration map F' — E(F(-+&a,1)) is differentiable with respect to the matrix A uniformly in the
size N of the torus. Our results hold for vector valued fields and we allow for higher order terms
in the elliptic operator which corresponds to general quadratic finite range interaction. This
allows us to handle, e.g., realistic models for discrete elasticity where next to nearest neighbour
interactions are included. The construction is based on the Bauerschmidt decomposition in [18]
but in a previous version of this project [53] we started from the construction in [3].

The main application of finite range decompositions is the renormalisation group approach to
problems in statistical mechanics. Renormalisation was introduced by Wilson in the analysis of
phase transitions [148]. Brydges and Yau [52| adapted Wilson’s ideas to the statistical mechanics
setting and initiated a long stream of developments. Recently Bauerschmidt, Brydges, and Slade
introduced a general framework and investigate the ¢* model [22| and the weakly self avoiding
random walk [21]. Their approach allows one to analyse functional integrals E(K) where K is a
non-linear functional depending on a field on a large lattice and the expectation is with respect
to a (gradient) Gaussian field with long ranged correlation. A key step is that this integral can
be rewritten as a series of integrations using a finite range decomposition of the Gaussian field.
Then one can analyse the correlation structure scale by scale.

Adams, Kotecky, and Miiller extend this method to the anisotropic setting where A is not
necessarily a multiple of the Laplacian and they show strict convexity of the surface tension
for non-convex potentials for small tilt and low temperature [4]. However, they face substantial
technical difficulties because the integration map F' — E(F(- 4+ £4)) is not differentiable with
respect to A for their finite range decomposition and regularity is lost. The results of this paper
allow to avoid this loss of regularity and therefore simplify their analysis.

This paper is structured as follows: In Section we introduce the setting, state the main
result, and give a brief motivation for the bounds of the new finite range decomposition. Then,
in Section we prove the main result based on the finite range decomposition from [3]. Finally,
in Section we show the smoothness of the integration map. For the convenience of the reader
the appendix states the precise results of [3] when applied to our setting.

Notation: In this paper we always understand inequalities of the form

A>B (2.1.1)

for A, B € C[" in the sense of Hermitian matrices,i.e., A— B is semi-positive definite. Moreover
we use the inclusion R3¢t — ¢ - Id € C}\" without reflecting this in the notationt.
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2.2 Setting and main result

Fix an odd integer L > 3, a dimension d > 2, and the number of components m > 1 for the
rest of this paper. Let Ty = (Z/(L™VZ))? be the d dimensional discrete torus of side length L.
We equip T with the quotient distances d (or |- |) and de (or | - |oo) induced by the Euclidean
and maximum norm respectively. We are interested in gradient fields. The condition of being
a gradient is, however, complicated in dimension d > 2. Therefore we work with usual fields
modulo a constant which are in one-to-one correspondence to gradient fields. Define the space
of m-component fields as

Vy = {p: Ty - R™} = (R, (2.2.1)

Since we take the quotient modulo constant fields we can restrict our fields to have average zero,
hence we set

Xy=Q¢peVn: Y oa)=03. (2.2.2)

z€TN

Let the dot denote the standard scalar product on R™ which is later extended to C™. For
1, p € Xy the expression

(o) = Y o) (x) (2:2.3)

x€TN

defines a scalar product on X and this turns X into a Hilbert space H. The discrete forward
and backward derivatives are defined by

(Vio)r(x) = @r(z +€j) — pr(x) re{l,....m}, je{l,...,d},

(Vieh(x) = or(z —€j) —r(z)  re{l,....m}, je{l,...d}. (2.2.4)

Here e; are the standard unit vectors in Z%. Forward and backward derivatives are adjoints of
each other.

Next we introduce the set of operators for which we discuss finite range decompositions. We
fix some necessary notation. Let Z C N3\ {0,...,0} be a finite set of multiindices which is fixed
for the rest of this work. We assume that 7 contains all multiindices of order 1, i.e., the gradient.
We define R = max,e7 |a|e. With G = (R™)T we denote the space of discrete derivatives with
a € T and for any field ¢ we denote Dy(z) € G for the vector (V¥p(x))acz. We equip G with
the standard scalar product

(Dg(a), Db(a) = 3 (VO p(a), Vo4 () . (2.2.5)
a€el
For any z € G we write zV for the restriction of z to the gradient components a = ey, ..., eq.

We consider non-negative quadratic forms @ : G — R that satisfy
Q(z) > wolzV|? (2.2.6)

for some wy > 0. This condition for general finite range interactions already appeared in [128].
To keep the notation consistent with [3| we denote the corresponding symmetric generator by
A : G — G. By definition A satisfies (2, Az) = Q(z). The matrix elements of A are denoted

by Aag € R™™, ie., Q(Dp(x), Di(x)) = (ADy(x), Dy (x)) = 3, peg V() Aap VI (2).
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Usually we consider the set of generators A whose operator norm with respect to the standard
scalar product on G satisfies

4] < (2.2.7)

for some fixed 2y > 0. We denote the set of symmetric operators A such that and
hold by L(G,wo, ). We think of Z, wy, and Qg as fixed and in the following and all constants
depend on d, m, R, wp, and g in the following. From the operator A we obtain a corresponding
elliptic finite difference operator

A=) (V) AsV7. (2.2.8)
a,BEG

The operator A defines a Gaussian measure 4 on Xy that is given by

e % <907'A‘p>

pa(de) = W/\(dﬁp) (2.2.9)

where A denotes the m(L"N¢ — 1) dimensional Hausdorff-measure on the affine space Xy.

In the following we discuss finite range decompositions for the Greens functions of operators
A Xy — Xn with A € L(G,wp, Q). In [18] and |3] only the case where Z = {ei,...,eq}
was discussed. By assumption (¢, Ap) > wo(Ve, Vi) which implies positivity of the operator.
Hence the operator A is invertible and we call its inverse operator € = A~!. The operator C
is the covariance operator of the Gaussian measure p4. Since A is translation invariant (i.e.,
[Tz, A] = 0 where 7, : Xny — Xn denotes the translation operator (7,¢)(y) = ¢(y — =) and
[A, B] = AB — BA is the commutator) the same is true for €. Translation invariance implies
that the operator C has a unique kernel C : Ty — R™*™ (cf. Lemma 3.5 in |3|) such that

(€p)(z) = Y Cla—y)eoly) (2.2.10)

yeTN

and C € My where My is the space of m x m matrix valued functions on Ty with average
zero, i.e., C;j € Xy for all 1 <4, j < m (this condition can always be satisfied because constant
kernels generate the zero-operator on Xy).

Remark 2.2.1. Note that the kernel C defines an extension C of the operator € from the space
Xy to the space Vy that annihilates constant fields. Since the space of constant fields is the
orthogonal complement of Xy in Vx the operator C is a positive semi-definite operator on an
euclidean space. Hence it is the covariance of a Gaussian measure on Vn and this measure is
concentrated on Xy and its restriction to Xn agrees with pa given by equation (2.2.9)). This
wmplies by general Gaussian colculus that

Eua (0(2)e(y)) = Clz —y). (2.2.11)

Let us define the term finite range.

Lemma and Definition 2.2.2. Let C : Xy — Xn be a translation invariant operator with
kernel C € My. We say that C has range at most | for 21 +3 < LN if the following three
equivalent statements hold.

1. {(p,CY) =0 for all p,vp € Xn with diste(supp p, supp)) > 1.
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2. There is M € Maty, m(R) such that C(xz) = M for doo(x,0) > L.
3. supp Cp C suppyp + {—1,...,1}? for all p € Xy.
For 21 4+ 3 > LY property 2 shall be the defining property.
Proof. This is Lemma 3.6 in [3]. The implication (i7) = (4ii) = (i) is always true. O

Note that under the condition of Definition for a positive operator C the gradient field
with covariance € has finite range of correlations. Indeed, from (2.2.11) we conclude that for
z,y € Ty with |z —y|eo > 1+ 1

Ee(Vip(@)V0(y)) = ViViC(z —y) = 0. (2.2.12)

Observe that the operator A introduced before has range at most R. We seek a decomposition
of € = A~! into translation invariant and positive operators C; with

N+1

e=>) ¢ (2.2.13)
k=1

such that the range of € is smaller than L¥/2 and the Cj, satisfy certain bounds. This implies
that Cp is the covariance operator of a Gaussian measure on X and the Gaussian variables
Vip(x) and Vjp(y) (where ¢ is distributed according to this measure) are uncorrelated and
therefore independent for |z — y|so > L*/2. A decomposition satisfying the finite range property
and translation invariance will be called finite range decomposition. Note, however, that they are
only useful in the presence of strong bounds because, e.g., the trivial decomposition Cy41 = C
and C; = 0 for £ < N has the finite range property.

Translation invariant operators are diagonal in Fourier space which will be introduced briefly
because the strongest bounds of the kernel Cy are the bounds for its Fourier transform. Define
the dual torus

d
T — {(—LN + )7 (=LY +3)7 (LN — 1)7T} . (2.2.14)

N , I~ ey N

For p € Ty the exponentials f, : Ty — C with f,(z) = €% are well defined since ¢? is a
(LNZ)4 periodic function on Z%. Here and in the following we use the immediate generalisations
to complex valued fields. The Fourier transform 12 : T\N — C of a scalar field ¥ : Ty — C is
defined by

bip) =D e TTpx) = Y fol— (2.2.15)
z€TN z€TN
and the inverse transform is given by
1 ipx)
V(@) = Txg > ePT(p). (2.2.16)
PGfN

The Fourier transform maps the space Xy bijectively on the subspace {1 : T — C|4(0) = 0}.
Clearly fp( ) = LY dépq for p,q € Ty. For matrix- or vector-valued functions we define the
Fourier transform component-wise. The Fourier transform satisfies

(W, ) LNd > dip (2.2.17)

peln
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where we extended the scalar product anti-linearly in the first component, this means v - w =
>, Tw;. Hence the functions =% fpei for p # 0 and e; € R™ a standard unit vector form
an orthonormal basis of Xy (complexified). Let A,B € My be two matrix-valued functions.
Define the convolution by

AxB(z) =Y Alx—y)B(y). (2.2.18)

yelN

Note that by the kernel of the composition AB of the operators A and B with kernels
A and B is given by A x B.

Consider a translation invariant operator X with kernel £ € Mpy. As in the continuous
setting the Fourier transform of a convolution is the product of the Fourier transforms, i.e.,

~

Kib(p) = K * 9(p) = K(p)d(p). (2.2.19)

Hence translation invariant operators are indeed (block) diagonal in Fourier space with eigenval-
ues given by the Fourier transform of the kernel.

Next we calculate the Fourier modes of the kernel of the operator A. A simple calculation
shows that V,o(p) = ¢;(p)@(p) and Vip(p) = q;(p)p(p) where gi(p) = e — 1 and g;(p) =
e "Pi — 1 denotes the complex conjugate. This implies

Alp) = Y a(p)*Aapalp)’ (2.2.20)

a,BET

where ¢(p)® = H?:l qi(p)®. Note again the formal similarity to the continuum setting. The
estimate %tQ < let — 112 < #2 for t € [—, ] immediately implies that %\pP < lg(p)]* < |p|?
for any p € Ty. Hence we find using |p| < vdr and |a|; < dR for a € T

1A = < AN (@) aez]: < Qolp?- [ZI@x2)™" (2.2:21)

> ap)a(p)’ Aug

a,BET

On the other hand we also find a lower bound for the Fourier modes and a € R™ using the

assumption (2.2.6) for z = (aq(p)®)aez
N 4(4)()

a- Ap)a > wolg(p)Plal* > —5 |p|*|af*. (2.2.22)
Together this yields the important bound

IAP)I < Qlpf*  and  A(p) > w|p|*. (2.2.23)
Finally we note that by the Fourier inversion formula (2.2.16)) for any multi-index «

1 ~
VOCk(z) = Tz D Ce®)a(p)* fp(w). (2.2.24)
peTN

The L™ — L! bounds for the Fourier transform also hold in the discrete case

o 1 -~ a
IVCr(2)ll < Txa > lCk@)lIpl. (2.2.25)
prN
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Finally we introduce a dyadic partition of the dual torus for j =1,..., N

Aj={peTy: L7 < |p| < L7} (2.2.26)
Ag={peTy: L' <|p|}. (2.2.27)

When the size of the torus Ty is not clear from the context we write Aé—v = A; for clarity.
Observe that

|Aj| < k(d)LN=9)d (2.2.28)

for some constant x(d) > 0.
Let us now state the main result of [18] adapted to our setting.

Theorem 2.2.3. Assume thatd > 2 and A € \J,, o £(G,wo, ). Then there is a decomposition
Cyq = Zévjll Car where Cqp are positive, translation invariant operators and the map A —
Cai(x) only depends on R and Qo but not on wy. The Cay, are polynomials in A for 1 <k < N
and real analytic for k = N + 1. This decomposition has the finite range property

1. Cap(z) = =My, for 1 < k < N and |z|oo > L¥/2 where M), € R™ ™ are positive semi-
definite matrices independent of A (for Qo and G fived). In particular Cay has range
smaller L¥ /2.

Moreover we have the following bounds for wg > 0 and A € L(G,wo, Qo)

2. In Fourier space the following bounds hold for any positive integers ¢ and n and symmetric

Ae L(G)

Coalp|2(Ip|L*=N" for |p| > L7% (pe Aj, j <k—1),

. 2.2.29
Co L% Al forp<L*({peAjj>k) ( )

ID4Cak(p)] < {

Here Cy and Cy 5, are constants that do not depend on L, N, or k. The corresponding lower
bound reads

~ cmin (|p| ™%, L?) for k=1,
Cak(p) > 2K forlpl < L% (pe A >k (2.2.30)
p pEA; j=>k)

for some constant ¢ > 0 depending on the same quantities as Cy.

3. In particular, we have

(a, ) L= (k=1)(d=2+]a]) ford+ |a| > 2

2.2.31
(0.0 (L)L~ DE@2He)  ford o =g, 223D

sup HDQVO‘CA,k(l’)H < {g

z€TN

Here C(a,¥) denotes a constant that does not depend on L, N, and k.

Remark 2.2.4. We usually work on a torus with fized side-length in this paper. In applications
one 1s often interested in the thermodynamic limit N — oo. Hence, it is also interesting to in-
vestigate the dependence of the finile range decomposition on the size L of the torus. In [20] the
dependence of a finite range decomposition on the size of the torus and the relation to decompos-
itions of the corresponding operator on Z% are discussed in more detail and this is used to extend
the renormalisation analysis from discrete tori to Z% in [47]. We state the corresponding result for
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the dependence on the size of the torus adapted to our setting. To compare decompositions for dif-
ferent sizes of the torus let us choose Ay = {—(L™ —1)/2,—(L" = 3)/2,..., (L~ — 1)/2}d czd
as the underlying set of Ty. Note that Ay C Ay for N < N'. Let us denote by C,]CV the kernels
of the decomposition depending on the torus size LY. It can be shown (cf. the proof of Theorem
m Appendia: that for k < N < N’ and x € Ay the decomposition from Theorem m

satisfies
el (@) - &' (@) = —(M - M), (2.2.32)

hence the kernels agree up to a constant shift locally and they are constant for |z > L¥/2. We
define Ny = {z € Z%: |z|oo < (LN —1)/4}. Then we have v —y € Ay for z,y € Ay C Z%.
Now (2.2.32) implies that for x,y € A such that x +e;,y+e; € Ny

ExVip(2)Viply) = ViViCl (@ —y) = ViVieY (z —y) = ExVip(@)Viply).  (2.2.33)

This means that the covariance structures of M{CV and ,u]kvl agree locally. In particular we can
conclude that for any set X C Ny satisfying X +e; C Ay for1 <i<d, anyl <k <N, and
any measurable functional F : (R™)X — R

/ F(Volx) il (de) = / F(Volx) ul (dg). (2.2.34)
Xy Xy

Hence the influence of the finite size of the torus is restricted to the last term of the decomposition.

Theorem is a special case of the much more general Theorem 1.2 in [18] except for the
simple lower bound. For the convenience of the reader we include all relevant calculations for the
concrete setting in the appendix. The estimates are similar to the ones that appeared in [20].

Our main result is an extension of this result which additionally gives controlled decay of
the kernels in Fourier space. In particular the operators Cj 4 and Cj 4/ are comparable for
the new construction. The main application of the following theorem is the regularity of the
renormalisation map which is stated in Proposition in Section [2.4]

Theorem 2.2.5. Let L > 3 odd, N > 1 as before and let 1 > n be two integers. Fiz Qg > wg > 0
and consider the family of symmetric, positive operators A € L(G,wo, Qo). Then there exists a
family of finite range decomposition C4j, of Ca such that the map A — Cy (x) only depends on
R, wo, and Qy. The map is a polynomial in A for 1 < k < N and real analytic for k = N + 1.
The operators Ca . satisfy

N+1
Ca= Y Cau
k=1
k

L
Car(x) =My for 1 <k <N, and |z|s > -

(2.2.35)

where My < 0 and My, is independent of A. The a-th discrete derivative for all o with |1 < n
1s bounded by

sup sup HV“DQCAvk(w)(A, o A)H <

3C(a, ) L~ (k=1)(d=2+]a]) ford+|al > 2
e€IN | A|I<1

3C(a, ) In(L)L~k=D(d=2+el)  for d 4 || = 2.
(2.2.36)
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where the constants are the same as in Theorem [2.2.5. We have the following lower bounds in
Fourier space for some ¢ = c(n) > 0

- [,—2(d+7) =125 1 (k—j)(—d+1-n) cA; di<k
CA k( ) = ¢ 2(d+7)—1 7 2k forp 7 an ] (2237)
’ cL~2d+n)=1 forpe Aj and j > k.
Similar upper bounds hold with some constant C = C(n)
~ CLAAHR [ 2) [ (k=g)(=dt1=n)  for nc A and j < k
Casll <455, forp &y andJ (2239)
CL forpec Aj and j > k.

For the derivatives of the kernels and for HA|| <1,¢>1, pc A; we have the following stronger
bounds in Fourier space

de . CLQ(d—l—ﬁ)—i—lLQjL(k—j)(—d+1—ﬁ) A d i k
H H < { Jorp € Aj and j < (2.2.39)

dst A-I-sA,k(p) C L% forpe Aj and j >k,

i.e., the decay of the derivative of the Fourier modes for large p is governed by n and not by n
as in (2.2.38)). The lower and upper bound can be combined to give for £ > 1 and p € A;

2% R = [Ad+R)+2 [ (k—j)(n—it) A di<k
Hd H.HCA,k<p>-1Hs{ Forp € Ay andJ <k (9 5.0)

—C . ~
asiCarsin(p) ELAAFA)+ Jorpe Aj and j = k.

The constants = = =(n, £) do not depend on N, k, or L.
The proof of this theorem can be found in Section

Remark 2.2.6. For the calculations it is advantageous to express the bounds mostly in terms of
the single quantity L. To get a better feeling for the bounds it is useful to write them in terms
of |p| and L. The definition of A; implies that |p| ~ L7 forp e Aj. Hence up to constants
that also depend on L we find Cp(p) ~ L?* for Ip| < L7 and Cr(p) =~ |p|=2(LF|p|)~(@-1+m)
otherwise. For { > 1, however, we find ||%5A’k(p)\\ < Ipl2(LF|p|) = for |p| = L™F and
||%5A,k(P)H < L% otherwise. In particular the quotient of the derivative and the kernel itself
is bounded by a constant for |p| < L™ and behaves as (|p|L*)*™™ for p = L7F, i.e., decays as
fast as we like if we choose 1. > n.

Remark 2.2.7. From the proof it is clear that Remark also applies to the finite range
decomposition in Theorem [2.2.5)

Remark 2.2.8. [t is possible to obtain similar results using the decomposition based on averaging
the Poisson kernel over cubes that appeared in |3]. Some steps can be found in the earlier version
193] of this work. To prove Theorem however, technical modifications of the construction
in |3] must be implemented in order to handle the generalisation to higher order operators and

to get rid of some L dependent constants in the bound (2.2.31]).

Since the theorem is rather technical we briefly motivate the need for lower bounds and
the specific structure of the bounds. As pointed out before we are interested in bounds for
0aEe,, ,(F(- +§)). By Theorem the derivatives of the covariance Cj 4 with respect to A
are controlled. By the chain rule we need to bound the derivatives of expectations of Gaussian
random variables with respect to their covariance. Let us briefly discuss this problem in a general
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setting. Consider a smooth map M : R — R:;riJr mapping to the s X s dimensional, symmetric,

and positive matrices. We denote the Gaussian measure on R® with covariance M(t) by

o S M ()

par ) (dz) = oppey (z) do = NN dz. (2.2.41)

Let F' € Cp(R*,R) be a bounded and continuous function. We are interested in a bound for the
expression

t=0

In principle this seems easy because the Gaussian integral acts as a heat semi-group which is
infinitely smoothing. However this is only true as long as the eigenvalues do not approach zero
(think of the delta distribution which is a (degenerate) Gaussian measure). Therefore lower
bounds on the eigenvalues of M (t) control the smoothing behaviour of the semigroup. Now
we discuss the necessary bounds in a bit more detail. An elementary calculation, with the
abbreviations M = M(0) and M = M(0), shows

d

1
& L F@ o aa)

- ‘2/ F(x) ((x,M‘lMM_lsn) - ﬂM—%MM—%) pis (dz)

t=0
(2.2.43)

The trace term arises as the derivative of the determinant. To bound this expression one needs
bounds on M ™!, i.e., lower bounds on the spectrum of M are required. With the help of the
Cauchy-Schwarz inequality it can be shown that

d

1 - _1
G | @@ | < 1P g ) 1M s (2.2.44)

SHM (t)

t=0

To bound the right hand side of this equation we need lower bounds on the finite range de-
composition and the derivatives of the kernels with respect to A have to decay faster than the
kernels itself. Denote Cj 4 = %Gk Ast4 Where Ais a fixed symmetric operator. Then the Hilbert

Schmidt norm from the right hand side of (2.2.44)) corresponds for scalar fields (m = 1) to the
expression

2

_1 . _1 EN,A D
lexiCnaChilfis = Y <A()> : (2.2.45)
prN\{O} CN,A(p)

In other words this expression shows that the derivative of the expectation is not controlled by
the change of the covariance but rather by the relative change of the covariance. Moreover it is
more difficult to bound the Hilbert-Schmidt norm for bigger number of degrees of freedoms, i.e.,
increasing torus size. We observe that since we have no lower bound for all ¢ € T ~ in Theorem
we cannot bound the expression . Moreover this is not an issue of missing bounds.
This can be seen easily for the decomposition constructed in [3]. Their decomposition has the
property that Cj 4 =t 'Cj_4. This implies %ekvA_tA}t:O = C, 4, 1.e., each summand in (2.2.46)
is 1. Hence the entire sum diverges like LNV — 1. Therefore we have to modify the construction
such that we obtain better lower bounds for the kernels while their derivatives continue to have
good decay properties. With the decomposition from Theorem the bounds and
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(2.2.40) the expression (2.2.44) can be bounded uniformly in N for n — n > d/2 in the scalar
case as follows

_1. _1 EN,A(p
[exaChaCyullis = D <)

petanioy \NAD)

2

N
< CZ |Aj‘L2(N*j)(n*ﬁ)

=0 (2.2.46)

N
< CZ LIN=9)(2(n—n)+d) <C.
j=0
This means that we can bound the derivative of expectation values of F'(- + {n 1) with respect
to A uniformly in N for the new decomposition. For k£ < N one obtains similarly the bound
1. _1
1€, 3Ck,aC 3l Bg < CLW R, (2.2.47)

This already indicates that for £ < N the derivative is bounded only for certain functionals F'.
For details and the general case k < N and m > 1 cf. Section [2.4]
Note that (2.2.43)) can be also bounded using the following observation

S

((x,M’lMM’la:) —TrM’%MM’%> par(de) = S (V00 0sy0m(2)) da. (2248)

ij=1
Integration by parts then implies
d 1 .
@/, F(x) psp) (dz) =3 > M (0,00, F(x)) par(d) (2.2.49)
S tzo S

ij=1

The bounds on M~! are no longer needed. Now, however, we bound an integral over F by
an integral over the second derivative of F', i.e., we lose two orders of regularity. This loss
of regularity causes substantial difficulties in the renormalisation analysis in [4] which can be
avoided by using the decomposition from Theorem [2.2.5]

2.3 Construction of the finite range decomposition

The lower bound for the Fourier transform of the kernel of the finite range decompositions
Cy for |p| < L7F allows one to construct a new finite range decomposition which satisfies a
global bound from below. The key idea is to use suitable linear combinations of the original
decomposition, i.e., we use the ansatz Dy = Zle Ak,jCj. By construction of the C; the range
of Dy is not larger than L*/2. The discrete derivatives of Dy 4 shall be bounded as in (2:2.31)
for all |a| < n for some integer n > 0. Thus we need for || < n the estimate \; ;|VC;(z)| <
A, ;L0 DE=2Hel) < p=(k=1){d=2+a]) which is satisfied if A, ; < L=*=)@=247) These bounds
on A ; are the largest possible (later we will add 1 in the exponent so that the sum over j is still
uniformly bounded). Then for p ~ L~/ with j < k we find, using CA](p) > L% ~ |p|=2, a lower
bound

Di(p) > M jCj(p) 2 L™HRDA=201) =2 5 || =2 (L) =(d=24m), (2.3.1)

This decays much slower in Fourier space than the decomposition from Theorem [2.2.3] and
therefore it is helpful to bound the expression in (2.2.44). The construction above yields a
decomposition with good lower and upper global bounds on the Fourier modes of the finite range
decomposition. The following proposition states the precise result.
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Proposition 2.3.1. Let n > 0 be an integer. Then the family Ca of operators with A €
L(G,wo,80) has a finite range decomposition into operators D 4 such that C4 = E]kvjol Dak
and

k

‘ L
Dag(z) = My if |2]oo > - (2.3.2)

where My, < 0 is a constant matriz. Furthermore for any multi-index o with |a] < n and the
constants C(a, ) from Theorem the discrete derivative in x and the directional derivative
in A satisfy

sup |VOD4DAR(x)(A,---, A)| < 20(a, d) L~k D(d=2Hal), (2.3.3)
ll<1

Moreover we also have a lower bound on D 4, in Fourier space

~ cL? [(k=i)(=d+1-n) orp€ A; and j <k
Daslp) = forp € Ajandj (2.3.4)
cL forpe Aj and j > k.
The upper bound in Fourier space reads
~ C L2t d+12j [ (k=5)(—d+1=n)  for e A and j < k
ID4Dasp)l <47 f j and j (2.3.5)
CL forpe Aj and j > k.

In particular the quotient between the lower bound (2.3.4) and the upper bound (2.3.5)) is bounded
by a constant for all p € Ty and A, A’ € L(G,wo, o), i.e.,

KLLMD (p) 2 | Dy D (0)| (2:3.6)
for some constants K = K(n, ().

Remark 2.3.2. The finite range decomposition D 41 has the property
Dajrr > L7H1"D

which can be seen easily from the construction below. One easily sees that L=~ can be replaced
by nL=27" for any n < 1. This bound seems to be optimal under the condition that the discrete
derivatives up to order n are bounded as in because the bound for [|[V*Dy, 4|l strengthens
by a factor of LYt in each step if |a| = n. Lower bounds of this type might be useful for a
new approach to the definition of the norms for the renormalisation group approach.

Remark 2.3.3. The construction is slightly more flexible when we start from the continuous
decomposition in [18] (cf. Appendiz A ). Then we define

Doy — /R By (t) - 1TV, (A) dt (2.3.7)

where @i : Ry — R4 4s a family of positive functions that are a decomposition of unity with
supp(®) C (0,LF/(2R)) and it behaves as ®p(t) ~ (LL7F)4"1H" for t < L¥/(2R). Since this is
more technical we used to the simpler construction below based on the discrete decomposition in
Theorem [2.2.3.
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Remark 2.3.4. Note that the only relevant difference between the result of this Proposition and
Theorem (2.2.5] is the decay of DﬁﬁA,k(p) for £ > 0 which is here given by LK*—9(=d+1-n)
Theorem |2.2.5) the decay is improved to LF—D(—d+H1=0) where i > n is any integer. However,
this small change helps a lot with the sum in equation which cannot be bounded by using

Proposition |2.5.1]

Proof. We sometimes omit A from the notation. Let Ci be a finite range decomposition as in
Theorem Definefor 1 <k <N

k
D= > M€ (2.3.8)
j=1

where the coefficients A\ ; = A\p_; are given by

Mej = My = LEDET2mm=D e j <
0 0 2.3.9
a1 Y Aem 1A o
j=k+1 i=1

Since Ay, is a geometric series for j > k we find that 1 > A\, > 1/2. We define the last term of
the decomposition by

N+1 00
Dyy1= Y. ( > )\m) e; (2.3.10)

=1 \k=N+1

This definition implies that 211\7:11 Dy = €. The operators Dy clearly have the correct range.
Since \; is a geometric series we can estimate Ay41; < ZEO:N-H Akj < 2An41,5- Therefore we
do not explicitly mention the case k = N + 1 in the following. The discrete derivatives can be

estimated easily for |a| < n using (2.2.31)

k
IVD4Dak(x)(A, ... A) <3 My IVED4Ca (2) (A, ..., A)

IN

7j=1

k
3 C(a, €)LD (-d+2-n-D~(-1)(d-2+ )
e (2.3.11)

k
< Ca, 0) L~ k= D(d=2Fla]) Z 1=k (n—lal+1)
j=1

< QC(O[’E)Lf(k:fl)(deJdaD'

In the last step we used n — |a] > 0 and we estimated the geometric series by 2. It remains to
prove the bounds in Fourier space. For j > k and p € A; we use (2.2.30) and Ay > %

~ 1~ c
Di(p) = 5C(p) = 5L (2.3.12)

For 1 < j < k we employ again (2.2.30) on the C; summand of Dy,

Di(p) > M iCj(p) > cLF=D(=d+2mn=1) 12 > o f (k=j)(=d+1-n) 2] (2.3.13)
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Finally, for j = 0 equation (2.2.30) applied to the C; term yields
ﬁk(p) > A\ lél(p) > L(kfl)(fd+1fn)6’p|72 > C[/k(*d‘i’l*n)LCH’n*lLfZ > cL(kfj)(fdJrlfn)LQj'
(2.3.14)

The proof of the upper bound ({2.3.5) is straightforward but technical. For j > k and p € A; the
bound is immediate from the second estimate of (2.2.29) because

k k
1Dkl < Y MwllCu )l < C Y~ LM A < 2017, (2.3.15)
k'=1 k'=1

On the other hand for j < k and p € A; we find with (2.2.29) for any n > 0

k
IDr@)Il < D Mew I (D) <
k'=1

i . (2.3.16)
< Z L(k—k’)(—d+l—n)CL2k/ + Z L(k_k/)(_d—ﬂ_n)Cﬁ’p|_2(’p|Lk/_1)_ﬁ.
k=1 K'=j+1
The first summand is a geometric sum bounded by twice the largest term
J
> LERICaRmn oK < oo ha) a2 (2.3.17)

k'=1

The second summand in ([2.3.16f) is also a geometric series and for 7 = d + n it can be bounded
similarly

k k
Z L(k—k’)(—d+1—n)c|p|—2(|p|Lkz’—1)—ﬁ < CL2(j+1) Z L(k—k’)(—d+1—n)(Lk’—j—Q)—(d—l—n)
K =j+1 k=j+1
< L2+ 2  (k=5)(=d+1-n)

(2.3.18)
Now the estimates (2.3.17) and (2.3.18) plugged in (2.3.16) imply (2.3.5) for ¢ = 0. This ends
the proof for £ = 0. For ¢ > 0 only the constants in the upper bound change. O

So far we have constructed a finite range decomposition with n controlled discrete derivatives
and matching lower and upper bounds on the Fourier coefficients. Finally we want to prove
Theorem where we stated the existence of a finite range decomposition for €4 where the
derivatives with respect to A of the kernel decay better in Fourier space than the kernel itself. The
key idea is to start with a decomposition as in Proposition [2.3.T] with many controlled derivatives,
then subtract something constant such that the decomposition remains positive. Finally we add
the subtracted part in a way that we get strong lower bounds. Then the derivatives with respect
to A only hit the fast decaying first term. The main problem is to ensure that the operators
remain positive. In the scalar case the fact that all operators are simultaneously diagonalised by
the Fourier transform simplifies the analysis slightly and this would allow one to obtain slightly
stronger results than the one stated in Theorem [2.2.5]

For the construction we have to fix an operator where for simplicity we choose —A, where
—A = V*V denotes the lattice Laplacian. The linear map A : G — G corresponding to the
discrete Laplacian acting on vectors in R has the matrix elements Ay = idyxm for |af =1
and 0 otherwise. With a slight abuse of notation we denote finite range decompositions of the
Laplacian by D_a .



Smoothness of the renormalisation map 39

Proof of Theorem[2.2.5. Let Df}l’k and D’EA’k be finite range decompositions as constructed in
Proposition with 7 controlled derivatives. Let D™ 5 , be a finite range decomposition of
C_A as constructed in Proposition with derivatives up to order n bounded. Then we define

~ [—2(d+R)-1 [,—2(d+7)—1
Cap =Dl — D" " 2.3.1
A= DAk T KR e=0) M T K@ e=0) Ak (2:3.19)

where K > 1 is the constant from the inequality (2.3.6). Clearly we have

N+1
Ca= > Cap (2.3.20)
k=1

this decomposition has the correct finite range and it is translation invariant. Bounds on the
discrete derivatives already hold for each term separately by . The same is true for the
upper bounds in Fourier space. Moreover the stronger bound for the derivatives with respect to
A follows from the fact that only the first term depends on A and the bounds given in equation
(2.3.5)) in Proposition . It remains to prove the lower bounds in Fourier space which also
imply positivity of the decomposition. The third term satisfies the lower bound so it remains to
proof that the first two terms together are positive. But this is a consequence of which
in particular gives

I,—2(d+i)+1

A~~~

D k(p) =

, K=oy P as@l- (2.3.21)

O

2.4 Smoothness of the renormalisation map

The goal of this section is to prove the following proposition stating the smoothness of the
renormalisation map based on the finite range decomposition from Theorem This is similar
to the motivation given in Section We first discuss the simplest smoothness statement as an
illustration without technical problems. Then, in Proposition we prove the more general
smoothness statement that allows to avoid the loss of regularity in [4]. Both propositions rely
on an interesting localisation property of finite range decompositions discussed in Lemma [2.4.3]

Proposition 2.4.1. Let B C Ty be a cube of side length L¥. Let F : Xy — R be a bounded
functional that is measurable with respect to the o-algebra generated by {p(x)|x € B}, i.e., F
depends only on the restriction p[p. Then the following bound holds

8A/X F(p +9) pen i (d9)| < CLIFl 2y e ., ) (2.4.1)
N

where C4 41 45 a finite range decomposition as in Theorem with n —n > d/2 and C, is a
constant that does not depend on N or k but in contrast to the previous sections it does depend
on L.

Remark 2.4.2. The condition that F depends on the values of the field in a cube of side length
LF appears naturally in the renormalisation group analysis, cf., e.g., [42].
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As stated in Proposition we show a bound for derivatives of the renormalisation map
which does not depend on N. In principle this could be difficult since the dimension of the space
Xn over which we integrate increases with N. We have seen in equation in Section
that the number of terms appearing in the bounds for the derivatives with respect to the
covariance is proportional to the dimension of the space X'y and therefore that the naive estimate
is only sufficient to bound the derivative for kK = N. For k < N suggests that there is
no uniform in N bound for general functionals F. This means we have to exploit the special
structure of the functionals.

The following heuristics suggests that the specific structure of the functionals is indeed suf-
ficient to bound the derivative uniformly in N. We integrate in the k-th integration step with
respect to a measure of range L* which satisfies bounds uniformly in N and the functionals
Fy () that appear are local in the sense that they only depend on the values of ¢ on B. Hence
in some sense the size of the torus should not be seen by this integration. This idea will be made
rigorous in the sense that locally the distribution on a block B of a field £ with distribution e, ,
is the same as the distribution of a field 5 defined on a torus of size comparable to B.

A bit more quantitatively we motivate the O(1) bound as follows. From (12.2.47)) we find the
bound

04 N Flo+9) peypy, (do)| < CV L(N_k)d”FHLQ(XN,MA,kH) (2.4.2)
N

for general functionals F. If F' depends only on the values of ¢ in a block of side-length L* it
depends only on the fraction LE=N)4 of the degrees of freedom. We expect that each degree of
freedom contributes equally which suggests the bound stated in .

Let us sketch a proof of Proposition that makes the previous consideration precise.
Below, we also give a longer proof based on Lemma because the second proof can be used
to establish Theorem [2.4.5] Consider the set T' of translation operators given by

T={r:a=(a1,...,a,) € BL*'2)4, 0 <a; < LN — 30K (2.4.3)

Then there is a constant such that |T'| > ¢L(V—F=Dd  Recall that F only depends on ¢|p
hence the random variable F'(7,¢) only depends on ¢|p4+4. The definition of 7" implies that for
Tays Tay € T with 7,4, # 7,4, the sets B +a; and B + ag have distance at least L**1 which implies
that the random variables F(7,,¢) and F(7,4,¢) are independent. Then we can estimate using
translation invariance of p4 11, independence of 7, F', and

04 Z / (T¢) A k+1(dp)

C L(N—k—l)d
< - -

aA/ F(o) pags1(de) ‘
X Al

> F(ry)

- T 7
TE L2(XN,pA kst
CW 1 (2.4.4)
Z/ (T70) BA k1
T€T AN
[(N—=k=1)d
<C THFHLz(XN,IJA,kle)

< C||F||L2(XN7MA,I€+1)'
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We introduce some notation necessary for the next lemma. Let k < N < N be positive
integers. We denote by m = 7y 5 : Inv — T the projection and group homomorphism of
discrete tori. Recall that Vy was defined in ([2.2.1) and denotes the set of fields on Ty. Let
o : Vy — Vn with o = 7* be the pull-back of fields, i.e., for ¢ € V5 we define (o¢)(x) = p(7z).
Clearly o has average zero if ¢ has average zero hence o also maps the subspace X5 to Xy. In
other words, identifying functions on T with periodic functions on Z?. the function oy is just
the (LN2Z)¢ periodic function ¢ understood as a (L™Z)? periodic function. With this notation
we can state the following lemma. Here € = Z,QV:JBI Ci denotes a finite range decomposition
such that € is a non-negative translation invariant, positive operator on Vy (see Remark
below) with kernels Cy, satisfying Cp(z) = —M < 0 for deo(,0) > L¥/2 where M is a positive
semi-definite symmetric matrix.

Lemma 2.4.3. Let X C Ty and D = diam(X) = sup, ,¢ x doo(2,y). Choose N € N such that
LY > 2D > LN gnd assume k < N < N. Define a Gaussian measure V.7 on Vi by ils

covariance operator D i given by the kernel D) 7 : Ty — RiG™
_N 1 PN
Dy () = (LN — )M+ Id Z e Cr(p) (2.4.5)
pETﬁ

where @(p) are the Fourier coefficients of the kernel Ci of the covariance operator Cp. They are
well defined because ZFN C fN. Let Fx : VN — R be a measurable functional that only depends on
{p(x)|x € X}, i.e., F is measurable with respect to the o-algebra generated by {p(z)|x € X}.
Then the following identity holds

| Fe©me) = | Fxto)v, ). (2.4.6)
VN Vi

Remark 2.4.4. Note that the measure py, appearing on the left hand side of equation (2.4.6) was
defined on Xy C Vn. In Remark we discussed that py, agrees with a degenerate Gaussian
measure on Vy which implies that the left hand side is well defined.

We postpone the proof of this Lemma to the end of this section. Instead we continue with
the smoothness estimates.

Proof of Proposition[2.{.1, The proof relies on the bound ({2.2.44) which we recall here. We
consider a smooth map M : (—¢,¢) — R . and we denote M = M(0) and M = M(0). Then

sym

d
5 | F@

To see this we start from (2.2.43)) and apply Cauchy-Schwarz

4 / F() jggy (de)

1 1
< ||F[l2rs yIM™2 MM ™2 ||gs. (2.4.7)

SHM(t)

t=0

t=0

[ I

<3 ([ |F<oc>2uM<dac>)é ([ (wnraarta) = enr4aear4) g ao))
(2.4.8)

Then the change of variable y = M ~37 and an orthogonal transformation yields

. . 2 .
/ ((m,M’lMM’lm—TrM’%MM’%) pr(de) = 2| M3 MM~ 3 || (2.4.9)
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Here the norm on the right hand side is the Hilbert Schmidt norm given by [|Aljns = v Tr AAT.
Lemma [2.4.6] below states a much more general version of this estimate.

We apply (2.4.7) to the measures from Lemma . We set M(t) = DAthA k1ke1 and de-

note Dy k41 k1 = dtDA+tA k+1 k+1‘ _, and D =D st a1 Darn k+1DA Je1,k41- Combining
this with Lemma (here we need F' to be local) we get the estimate

A A d
Da [ Fo) i @o)d)| = D [ Fo) i a @A) <1, o 1Dl
XN VIH»l

(2.4.10)

where u,(c:‘_)l = ey, and y,g_A;_)LkH = VD py14pr- Note that reading Lemma [2.4.3 backwards

implies || F’ = ||F . The operators D are diagonal in Fourier
p || ||L2 Vitt, VIE:I-?»>1J@’+1) H HLQ(XNW;;:)I) p Ak+1,k+1 g

space and satisfy by definition (see (2.4.5))) the equality ﬁA,k+1,k+1(p) = CAA,kH(p) for p €
Ti+1 \ {0} hence the Hilbert-Schmidt norm is given by

- ~ 17> ~ _1
IDllus = > 1Cakt1(P) 2Cans1(0)Cak1(p) 2 s (2.4.11)
peTrr1\{0}

Note that the Fourier mode for p = 0 does not contribute because it does not depend on A.
Indeed, we have Ca(z) = —M for |z| > L*"1/2 independent of A and Cs(0) = 0 for all
A hence (2.4.5)) implies that Dy py1,,+1(0) is independent of A. We bound the expression in

(2.4.11) using (2.2.40) and (2.2.23) (denoting A; = A?H C Trs1)

Z 1Ca ki1 (P)"2Cak1(P)Cas1 (D) I

pET1\{0}
~ ~ 2
<m 3 (ICn @) ICar )]
pE€Th11\{0}
k+1
<m Z Z =2 8(+d)+4 [ 2(k-+1—j)(n—)
j=0 peA; (2.4.12)
k+1
< m_2L8 (i+d)+4 Z |A ‘L (k+1—j)(2n—2n)
7=0
k+1
< m~2L8 (R+d)+4 Z L(k+1 j dL(kJrl 7)(2n—2n)
<C
where we used 2n — 2n > d in the last step. O

We need a more general version of Proposition to avoid the loss of regularity in [4].
Namely we must generalise the result in Proposition to higher order derivatives and we
have to replace the L? norm of F on the right hand side of by a LP norm for any p > 1.
To understand the motivation for this lemma we refer to the description of the renormalisation
approach in the aforementioned work [4].
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Theorem 2.4.5. Let C4 141 a finite range decomposition as in Theorem with n—n > d/2
and X C Ty be a subset with diameter D = diamy(X) > L*. Let F : Vy — R be a functional
that is measurable with respect to the o-algebra generated by {p(z)|x € X}, i.e., F' depends only
on the values of the field p in X. Then for £ > 1 and p > 1 the following bound holds

d* Cw
‘ < Cor L (DL™F) 2| AN F || 1o (g i ) (2.4.13)

G [ P (@,
N

Proof. We use the notation from Section and the proof of Proposition 2.4.1] We first give
explicit calculations for £ = 1 and ¢ = 2 and indicate the general case in the end. Recall in
particular the definition of @) (z) in (2.2.42) and note that

d 1 . .
— = (@, M *MMz) -~ Tr M~'M
oo =3 (t z) = Tt M7 ori(a)
d? 1 . N2 : .
emo@)| = [4 ((x,M_lMM_1x> —TrM—lM) — (o, MMM MM )+
t=0

+ % <<:L',M_1MM_1:E> —Tr (M_IM)) + %TI" (M_IMM_IMH om(T).
(2.4.14)

We need the following general lemma from [145].

Lemma 2.4.6. Let X be a vector of n independent standard normal variables and A € R"*"

matriz. Then for any real so > 2 there is a constant C(sg) such that for 1 < s < s the estimate

a

E|(x, Azx) — Tr A|* < C(s0)||All s (2.4.15)
holds.

Proof. This is a special case of Theorem 2 in [145]. The extension from s > 2 to s > 1 is a direct
consequence of Hélder’s inequality. O

Using this lemma and the Holder inequality with exponents p and p’ we bound

d 1 G U | Sl 1
G o @) man @) | € G g . MMM ) = Te b0
S BN
< Cpll Fll oo (uan IM ™2 MM ™2 ||s
(2.4.16)
For the second derivative we find similarly the bound
d2
5 [ P@ ]| <
]_ 7; . 71 . 7;
HFHLP(/H\/I) §‘TI‘M MM~ MM ZH_
(2.4.17)

1 . .

+ (G, M2 NIM 2w — Te M2 MM 72|+
1 1 - 1 1 - 1

—|—§||<x,M MM~ 2x) = Te M2 MM~ 2 ||, o+

(e, MTENM MM~ %) — Tt M~ 3 MM *MM~3 \|L,,,(#‘d))
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where p’ denotes the Holder conjugate of p. The first trace term in (2.4.17) can be bounded by
Hoélder inequality for Schatten norms (cf. Theorem 2.8 in [139]) which yields

_1. —14 _1 _1. —14 _1 _ 1 _1,9
| Te M2 MM MM 2| < |M~ 2 MM MM 2|5 < |M 2 MMz |3 (2.4.18)

The trace norm is defined by ||A|m = TrvAA*. With the bound (2.4.18), Lemma [2.4.6, and
the estimate | AB|lus < ||AB||r < [|A|lus||Bllus we conclude from (2.4.17))

d2
5 L @],

1 - _1 1 - _1 I _1
< CollF oy (| 3NM 3 s + | M3 8IM 3 s + 1M 3015 g )

<

(2.4.19)

For ¢ > 2 the estimates are similar but more involved. We introduce some additional notation.

Let us state the general structure of %@M(t) (x) i . We write g‘t; M(t )‘ e = M (ty) for any

positive integer §;. In the following we consider multundlces 6 = (01,...,0,) such that r > 1
and ¢; > 0 are integers. The length of an index is denoted by £(8) = r, we call |8]1 =D ;_, &
the degree of an index. With I, we denote the set of such multiindices § such that |d]; < ¢ and
r > 2. Moreover I, is defined similarly with » > 2 replaced by r > 1. This distinction accounts
for a cancellation of the » = 1 terms. We define for any 6 = (61,...,6,) and r > 1

- H M™2 ()M () M2 (t). (2.4.20)

In the following three types of terms appear:
Qslx,t) = (M(t) 2z, Ms(t)M(t)"2z), Rs(t)=TrMs(t) withd € I, and

(2.4.21)
Sa(x,t) = (x, M) T MAUOM @) ra) — Tr M(£) ' MYU(t) with1<d</.
The general expression can be written as
dZ
M () = Py(,t0) () () (2.4.22)
t=to

where Py(x,t) is a linear combination of terms

k1 k2 k3
[1@s. @ 6) [] Res®) [ ] Sa, (1) (2.4.23)
i=1 =1 =1

Here 6;,¢; € I; and 1 < d; < ¢ such that Zf;l |6;]1 + Efil lei|l1 + Zfil d; = ¢, i.e. the total
order of derivatives is £. From now on we drop the time argument and assume ¢ = 0. The explicit
calculations for £ = 1 and ¢ = 2 showed that we need to bound the p’-norm of P,. Using Holder’s

inequality with exponents W’ ‘f‘l and d% we estimate
k1 ko k1
[[@s( HRezHSd < [[1@s. (@) ye HHReZII e HHSd IIp'f
i=1 LV (par) =1 [ =1
o £
< Ly R | V S :
Qo) ol ¥V s [t

ST

< max| Qs @) V mavx Rl v max [1Sa(a) e v 1
4
(2.4.24)
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In the second step we used that [Jzf" < maxa; if Y «a; = 1. Then, in the third step, we
exploited that the L, norms are monotone on probability spaces and [d|; > L(d) > 2 for § € .
We estimate the three terms with the help of Lemma For1<d</

/ 1S4(2) [P par(da) = / N, M2 MOM~22) — Tr M~ MP" jq(dw)
Rs Rs (2.4.25)
< Cpol M3 MM 5 |7
Similarly we estimate the @) terms
[ 1Qs(@)" parta) = [ Yo M) pialay
< [ 2 (o Moy) — o Mol 4 | T Mol pialy) (2420
< 2 (G| Ms|ITS + [R5l -

For & € I, we find 81,82 € I, such that § = (61,682). We bound the trace term for § using
M s = Mg, M, and the Holder inequality for Schatten norms by

|Rs| = | Tr Ms| < || M5, ||ns| Ms, llus < [ Ms, llfis V | M s, |- (2.4.27)

The estimates (2.4.25), (2.4.26)), and (2.4.27)) imply that there is a constant Cy,, such that the
following estimate holds

dﬁ L/
S [ @ g

<1l (/ Pua)” uM<dx>)

< ol Fllimgnn (mascuMau%{s v 1) .
6el,

=0 (2.4.28)

After these technical estimates the rest of the proof is similar to the proof of Proposition [2.4.1}
We consider M(t) = DA+tA kt+1,N Where N is the smallest integer such that LY > 2D (or N = N

d’l‘

if D > L~ /2). Moreover we again denote D k1 k1 = g

?:DA-i-tA,k:—i-l,N‘t_O and for d € I[

Ms = H DA k1N A K1, NDA2k+1 N (2.4.29)

Using Lemma [2.4.3| and (2.4.28) we bound

04 [ Fi >uéﬁl<dw><A,...,A>'—‘Df; [ peon® yand.

XN =

- / (2.4.30)
< Pl (macttllis v 1)

/
= CHFHLP (XN, ,u(A) ) <r5n€aI};(”M5HHS \ 1)

(A4 _ 4) : :
b1 = Heqp, and Vel N = YDariw For the last identity we used Lemma [2.4.3

where p

backwards.
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It remains to estimate the Hilbert-Schmidt norm of the operators Ms. The operators Ms
are diagonal in Fourier space and by construction we have the equality D, ;. ; 5(p) = Cax+1(p)

for p € fﬁ and all A hence we can bound the operator norm of the Fourier modes of Mg for
|All <1 using (2.2.40) for p € A; and j < k as follows

£(8)
1M (p)]) < HIIDkN ||D @)l

L(a) (2.4.31)
< H =(6 L4 (+d)+2 [ (k—7)(n—7)

[I]I i

( ) L4£ n+d)+2£(5)L(kfj)(n7ﬁ).

Here we wrote Z(8) = [[;
j =k,

=(6;) for the product of the constants. Similar, for p € A; with

M5 (p)|| < Z(§)L2EONPHDTLE), (2.4.32)
Then the Hilbert-Schmidt norm is bounded by (with A; = AN ¢ T)

IMsllfis = D IMs(p HHs<m Z M5 ()]

peTR\{0} {0}
k—1 N
<m Z Z Sso [ 8Ud+A)+4 T 2(k—j)(n—7) 4 Z Z T2 [ AU(d-+i)+2
=0 ped; j=k pEA, (2.4.33)
8¢(d 4 §)d 1 (k—j)(2n—27) 46(d 2 N (V-
< CL (d+n)+ L L 72n=27) 4 o, (d+n)+ L 7)d

< CL8£(d+ﬁ)+4L(N—k)d‘

where we used 2n — 2n > d in the last step. The bound (2.4.12)) and 2D > V-1 imply that
IMs]4s < CLEN-R4 < c(DL7%)% (2.4.34)

Plugging this into (2.4.30) ends the proof.

Finally we prove Lemma [2.4.3

Proof of Lemma[2.4.3 The proof of the lemma is divided into two steps.

Step 1: First we show that we can find another Gaussian measure on Vy such that the local
covariance structure is the same but all Fourier coefficients of the kernel except the ones that
satisfy p € fﬁ C Ty vanish (see below). Define the kernel of an operator Coy:Tn —
Rme by

sym

1
Cowle) = — ¢ Chu(p) + AM (2.4.35)

pGTﬁ
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where here and in the following we write A = LV -N)

are given by é\kﬁ(p) = LIN=N)¢, (p) for p € fﬁ\ {0}, CAkN(O) = LWN=-N)C, (p) + LNIAM, and
0 otherwise. B7y assumption Cj is a non-negative operatbr on Vy, i.e., all Fourier coefficients
are non-negative and M is positive by assumption, hence €, % also is a non-negative operator.
Therefore it defines a (highly degenerate) Gaussian measure :“/;,N on Xy with covariance operator

d _ 1. Clearly the Fourier modes of C.w

C. -

k,N
We are interested in this measure because of the following remarkable property: For x € T
with deo(z,0) < (LY —1)/2 we have C, 7(z) = Cj(x), i.e., locally the measures y1;; and p1,  have
the same covariance structure Let us prove this property. First we observe that for p € fﬁ the
exponential f, is a well defined function on Ty; and with slight abuse of notation (identifying the
exponentials on Ty and Tyy) it satisfies f,(x) = fp(mx) for € Tiy. Hence we find for x,y € Ty

1 gna—y) _ 1 pirna—y) _ ) 1iF m(@) =7(y) (2.4.36)
LNd — LNd ~— 0 else.
pGTﬁ pGTﬁ
Using this, we calculate
1

Crn(a) = N 2 eP*Ch(p) + AM
pETﬁ
1 , ,
= I et Z e PCL(y) | +AM
pels yeTn
(2.4.37)
1 ip(x—
= Z Cr(y) INd Z PV | L AM
yeln peTy
= Z Ck(y) + AM.
yeTN
m(y)=m(x)

In the first step we used the definition of the kernel, in the second we used the definition of

the Fourier transform and the third step interchanged the order of summation. Now for a given
point z € Ty there is exactly one yg € Ty such that 7(z) = m(yp) and doo(y0,0) < LNQ_I. If
deo(z,0) < LN2_1 we have x = yg. Moreover, for do(y,0) > LN2_1 > % we have Ci(y) = —M
by assumption. Hence we have

Cpox(@) = Cr(z) — (LN — )M + AM = Cp(x) (2.4.38)

for deo(,0) < Lﬁ{l as claimed. Actually we have even shown that C, 7 is the (LVZ)? periodic

extension of Cp|

— — d
LN -1 LN 1

goeey

Next we claim that if £ is distributed according to py and ¢ is distributed according to p; 7

then ] x Law p[x. First we note that since the distribution of £ and ¢ is Gaussian with mean zero
the same holds for the restrictions £[x and ¢[x. Then it is enough to prove that all covariances

agree because they determine the law. By the assumption z,y € X = d(z,y) < D < *
Hence Ci(z — y) = C, (= — y) and therefore

E(€@)E W) = ¢ @ —y) = Clylr —y) =E(¢' (@)’ W) (2.4.39)
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By assumption there exists a functional F : (R™)X — R such that Fx () = Fx(£]x). Hence
we find

Fx(€) pn(d€) = /V F(€lx) pn(de) = /v Fre(plx) py (%)

= / Fx () py, w5 (dep).
2%

VN (2.4.40)

Step 2: In the second step we show that the measure o N 18 the push-forward of Ve N along
0, le, py§ = 0«7y The measure vy was defined in the statement of the lemma by the
kernel D.v:Tw—R

1 A
D) = 5 D2 € Culp) + AM. (2.4.41)

)

pETy

From this equation we can similarly to Step 1 extract the Fourier decomposition of this operator
and see that this expression defines a non-negative operator and therefore the covariance of a
Gaussian measure. Note that for x € Ty

Dy w(7(2)) = Cp x(2) (2.4.42)

which is again a consequence of fy(mz) = fp(x) for p € T\ﬁ. In other words the kernel C, % is

already (L¥Z)¢ periodic and hence also defines a function T5 — R which we call Dy - The
previous definition has the advantage that it makes clear that this kernel defines a Gaussian
measure. The proof of Pp N = OV N is standard. We prove that the characteristic functions for
both measures agree. Let v : T)y — R™ be a field. We have to show

/ €i<v,w)uk,N(d¢):/ €i<v7¢>g*yk7ﬁ(d¢). (2.4.43)
VN VN

The left hand side is the characteristic function of a Gaussian measure given by

it (v, G V)
/ ! ve) 1y w(de) = exp <—I2€7N (2.4.44)
VN

as completion of the square shows. The right hand side is slightly more complicated. By a change
of variable we find

/ JRICR) oy (dp) = / o), (d"t/f)
VN ’ 1%

N

:/ z(a v,w (dw) (2445)
Vx
_ e*%w*v»Dk,ﬁU*w_

Here o : Vy — Vg is the adjoint of o : Vi — Vy with respect to the standard scalar product
on both spaces, i.e., 0* is characterised by (p,0§) = (0%p,§) for ¢ € Vy and £ € V. It is easy
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to see that o™ v(Z) = X, cry.r(s)=z V(2). Then we find

("0, Dy jo'v) = Z o v(Z)Dy, (T —y)o v(y)

zyely
= > > > v@Dxre—y)y)
PHCT nelly vew (2.4.46)

m(z)=Z 7(y)=y

= Y @) x(z —y(y)

z,yeTN

= (v, € Fv).

Together with the equations (2.4.44) and (2.4.45)) this shows the claim.
Conclusion: From equation (2.4.40) and Step 2 we conclude

/ Fx (&) pe(d€) = / Fx(p) oy 5(dp) = / Fx (09) v, (). (2.4.47)
VN VN -

Vx

2.A  Proof of Theorem

In this appendix we discuss those details of the proof of Theorem that are not already
contained in the much more general discussion in [18]|. The key ingredient of the proof is the
following lemma

Lemma 2.A.1 (Lemma 2.3. in [18]). Let B > 0 be a constant. There is a smooth family of
functions Wy € C*°(R) for t > 0 such that for A € (0,B),t>0
A1 :/ tWi(\) dt, (2.A.1)
0

Wi(\) > 0. (2.A.2)

Moreover Wil (o,p) s the resiriction of a polynomial in X\ of degree at most t. For t <1 we have
the explicit formula

Wi(\) = C/t (2.A.3)

for some constant C > 0. Fort > 1 and integers £,n > 0 the following estimate holds

8@
Wt(A)‘ < Cyp. (2.A.4)

2y \n ¢
L+ 20" | =

In addition we can choose Wy such that it satisfies

Wi(\) > e (2.A.5)

for some € > 0 and A\ < Bmin(1,t2).
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Proof. This is Lemma 2.3. in [18] (with rescaled \) except for the lower bound (2.A.5). The
lower bound is however easily obtained from the construction in [18]. One possible choice for the
function Wy is given by

Wi\ =) ¢ (arccos <1 - 2;) t— 27mt) (2.A.6)

neZ

for A € (0, B) where ¢ : R — R(')F is any symmetric non-negative function such that @ is supported
in [—1,1] and smooth. More precisely, we let ¢ = |x|*> where % is even and supported in [—3, 1]
and we can moreover choose K to be non-negative, which implies for |z| < 2 that
1 s
. 2
/E(k)e““” de = — k(k) cos(kz)dz > /e (2.A.7)
R

2 )1
2

1

k(z) = oy

for some € > 0. The bound arccos(1—z) < Z+/2z for z € [0, 2] implies that for A < Bmin(¢t™2,1)
the estimate |t arccos(1 — 55)| < 2 holds. Hence for those A we bound

Wi\ > ( (1 - 22) t) - < <1 - 22) t)

Proof of Theorem [2.2.9. We set B = n2dQ > max(spec(A)) where € is the constant in (2.2.23)).
Based on the previous lemma we obtain a finite range decomposition by defining for 2 < kK < N

2
> €. (2.A.8)

O

Lk
2R
e, = /L WA dt
2R
& 2.A.9
elz/ W, (A) dt (2.A.9)
OOO
€N+1 - /LN tWt(A) dt
2R

This decomposition indeed satisfies > 5! €, = € because spec(4) C [0, B] by and
property (2.A.1). Since W, is a polynomial of degree at most ¢ and supp(Ay) C supp(p) +
[~R,..., R] the finite range property in the theorem holds.

Next, we want to show that the matrix —Mjy = Cax(x) with |z| > L¥/2 is positive definite
and independent of A and we want to ShOW. The kernel C4 , is uniquely characterised
by the conditions that C4rp = Cay * ¢ for ¢ € Xn and Ca € Mpy (space of matrix valued
kernels with average zero). By construction of €4, = Ci(A) we know that for 1 <k < N there
are coefficients ¢y such that Cy(A) =) ckylfll. Observe that the action of the finite difference
operator A can be written as

Ap(x) = > ayp(z+y) (2.A.10)
yE[—R,R}d

where a, € R™*™ are coeflicients such that Zy ay = 0. In particular the kernel A € My of A
satisfies A(x) = 0 for doo(x,0) > R. The same holds for powers A' and du(,0) > [R because
the kernel of A' is given by the I-fold convolution A ... * A. Therefore only the constant
term of the polynomial contributes to the kernel of Cay(x) for |z| > L*/2 in particular it is
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independent of A. Note that the kernel of A? = idy, is given by (o — L™NN)1,, . because this
function has average zero and constant shifts do not change the operator so it generates the same
operator as doly,xm- In order to show M > 0 it is therefore sufficient to show ¢ o > 0 because
My, = —coL~N9d. The inequality W;(0) > 0 implies that the constant term of the polynomial

Wy is positive. Hence

L*/(2R)

Cko = / t- Wt(O) dt ] > 0. (2A11)
Lk-1/(2R)

Using similar arguments we can show Remark Note that for I < (LY —1)/(2R) the
operator A! with kernel A* does not 'wrap around’ the torus. In particular we have for € Ay
and N < N’

Al(z) = AL (x) (2.A.12)

where Ay denotes the kernel of Ay and N indicates the size of the torus. Since W; is a fixed
polynomial independent of NV of degree at most ¢ a simple calculation then implies .

It remains to establish the bounds. Here it is useful to rely on the estimate for the
spectrum of the Fourier coefficients instead of the bounds on the quadratic form @. Since A is
diagonal in Fourier space and this property carries over to polynomials in A the identity

Culp) = / £ Wi A(p)) dt (2.4.13)

holds for 2 < k < N and similar identities hold for £k = 1 and k = N + 1. Using this equation
we can derive strong bounds for the Fourier modes of C. Let us denote the eigenvalues of the

symmetric and positive matrix ﬁ(p) by wlp|? < A1 < ... < A\, where we plugged in the lower
bound (2.2.23)). The key observation is that by estimate (2.A.4) for ¢t > 1

WA = e W) < o <

The estimate (2.A.14]) implies with n > 2 and n = 0 respectively

(2.A.14)

o0 Ch C,(2R)*>"2 N —(2n—
Hck( )H > /Lk 1 (w| |2t2) tdt < W’]ﬂ 2(’p|Lk 1) (2n—2) V2<k<N+1 (2.A.15)
ﬁ CU 2k
ICk(p) < / =2t dt/ Cotdt < Co + VI<k<N. (2.A.16)

where we used Wy(\) < Cy/t for t < 1 in the second estimate. Note that the first bound does
not hold for £ = 1 and the last bound does not hold for kK = N + 1. Moreover there is the trivial
bound

R N R 2
1&I < 16 = 1Ap) ) < 2 (2.A.17)

w
The most useful combination of these bounds is
Corlp| > (Ip|L*D) ™" for|p| > L=FY, n/ > 2,
IC,P)II < 4 Clp|~> for L= > |p| > Lk, (2.A.18)
oL for LF > |p|.
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This bound also holds for k¥ = 1 and k = N + 1. Indeed we have (|p|LF=1)="" > (xwv/d)™™ for
k =1 so (2.A.17) implies the first estimate and {p € Ty : |p| < L (NH)} = (. In particular

(2.A.18) contains (2.2.29) for £ = 0. For |a| +d > 2 we get using ( with n’ >d -2+ |a]
and ([2.2.25))

C _ 1)\ —n -
IVoe@l < g (D0 BI2plLE) ™ 4 ST el Y o)
peTy peTN peTN
p|>L~ k=1 I L=F>p|
<C / rd*3+‘o‘|(rL(k*1))*”ldr+C' / rd=3tlelqpr + © /LZkro‘Hdldr
L=k=D<y L=k<r<L=(—1) r<L—k

< 0L~ k=Dd=2+la) | o -k(d-2+lal) < op-(k=1)(d-2+a)
(2.A.19)

where we approximated the Riemann sums by their integrals possibly increasing the constant.
This approximation can be justified using a dyadic decomposition for the sums. Note that the
constant C' does not depend on N or L. The condition d+ || > 2 was used to bound the second
integral. For d + |a| = 2 it behaves as [ % ~ In(L) hence we get an additional logarithm in this
case.

Next we consider derivatives with respect to the parameter matrix A. We need the following
simple lemma for which we did not find an exact reference in the literature. Similar arguments
can be found in 137].

Lemma 2.A.2. Let A,B € Rgﬁé{” be symmetric matrices and let A\ < ... < A\, be the ei-
genvalues of A counted with multiplicity. Let f be a holomorphic function. Then there is a
combinatorial constant Cy, ¢ such that

li

At | <Cop sw FOIBI (2.A.20)

AEALAm]

s=0

Proof. The proof is based on a representation of the matrix derivative using the Cauchy formula
that appears e.g. in [111]. Note that the eigenvalues of A 4+ sB are continuous functions of
s € R for A and B symmetric [111]. Let C be a curve around all the eigenvalues of A + sB for
s € (—e¢,€) with winding number 1. By the Cauchy formula

1
F(A+sB) = = / F(2)(21d — (A + sB))~ (2.A.21)
211 C
Differentiating ¢ times with respect to s or using the Neumann series for the matrix inverse gives
dl
Wf(A + sB) =5 / f(2)(z1d — A)7'B(21d — A)™'B... B(zld — A)~! (2.A.22)
s s=0 i

Now we write A = Zﬁl A P; as a sum of orthogonal projections such that 2111 P; =1d. Then

we find for z ¢ spec(A) that (2Id — A)~t = >°I (2 — \;) "' P;,. Plugging this in ([2.A.22) we
bound

P, BP,, ...BP,

T0+1

21 ( A—l-SB)’

|

11 5eenyto41=1

0
2mi

(2.A.23)

m

2.

U15eetp41=1

z) ¢
1B
. (Z — )‘iz+1)

IN

S:OH B HZm, / — Z_)\in)
f(
C( _A1>
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The term in absolute values is the sum of divided differences [35] and by the mean value theorem
for finite difference (Proposition 43 in [35]) there is a § € (mini<j<ni1 Aij, maxi<j<ni1 Ai;) such
that

4 f(z) 0
— = : 2.A.24
27rz'/c(z—)\i1)...(z—)\ie) £ ( )
This implies the claim
dﬁ
H — f(A+sB) <m“ sup  [FON)]B|". (2.A.25)
ds =0 AL Am]

O

We apply this lemma to the Fourier modes of the operators A44s4, where A; € L(G) is a
linear and symmetric but not necessarily positive operator. Note that W; can be extended to
a holomorphic function in a neighbourhood of (0, B) because this holds for the arccos function
and ¢ is holomorphic since @ has compact support. Then we find using linearity of the Fourier
transform, Lemma the bounds for the spectrum of the Fourier modes , and the

estimate (2.A.4) for ¢t > 1

dﬂ dﬁ R
| W) | = | £ A0 + 520 0|
4
< Con | A, (0)I° sup (WO ()
XeConv(spec Aa(p))
< Co o p|2|| Ay | sup w90
AeConv(spec A4 (p)) (Q'A'QG)

Cp

< o o | A [|[p|* sup L

AeConv(spec A4 (p)) /\E(l + /\tQ)n

0\* , .
< G (2 ) Il min(1 (ol22) )

The bound extends to ¢ < 1 because Wi(\) = C/t is constant in this case. We obtain up to a
constant exactly the same bound we used before to find ( m (for k > 2) and ( m (for
k < N). Let us check that also the bound HCk( )| < Clp|=2 generalises to £ > 1. We bound for
L% <|p| < L= and |JA|| < 1

|‘1 Lk

~ Ch,
IDACONA - A< [, Cnoctaes [T (rsrarsoprt @aa
2R P

Hence we find a bound similar to (2.A.18))
Cy ]p\fQ(]p\L(kfl))*"/ for |p| > L=k=D >0
ID4CH(P)(A, ..., A)|| < < Clp|~? for L~ > |p| > L7* (2.A.28)
oL for L% > [p|

This bound completes the proof of the upper bound in Fourier space (2.2.29)). As in (2.A.19)
this bound also implies (2.2.31f) for ¢ > 1.
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Finally we consider the lower bound. For |p| < t~* we find || A(p)]|

<
(2.A.5) implies Wt(./zl\(p)) > €l,,xm. Using this bound we find for |p| < L~

6L2k:
16R2’

@@:L”ﬂwﬂmaz

Using the positivity of Wy we get for k =1

L
—~ 2R ~
mmaéth@Mt
min( g5, |p| ") c )
26/ tdt > — min <|p|_
0 2

This completes the proof of Theorem [2.2.3]

L2
i)

Qlp|?> < Bt~2. Hence
kand k> 2

(2.A.29)

(2.A.30)

(2.A.31)



Chapter 3

Models for discrete elasticity at positive
temperature

The results of this and the following chapter are joint work in progress with Stefan
Adams, Roman Kotecky, and Stefan Miiller.

3.1 Introduction

The purpose of this chapter is to state our main results for microscopic models of elasticity
and gradient models and reduce them to statements about perturbations of Gaussian integrals
that are then proved in Chapter [l For a general background on gradient models, a motivation
of our results, and references to the literature we refer to the introduction in Chapter [I}

Let us briefly recall the setting. We consider general finite range potentials given by a function
U : (R™)4 — R where A is a finite subset of Z% that are invariant under shifts. The corresponding
Gibbs measure describes the behaviour of, e.g., crystalline solids or discrete interfaces. We are
mostly interested in properties of the free energy for this class of models. Recall that by
the free energy is given by

—In(Zp yp5)

W(F,B) = li 3.1.1
BB = I A (8:-1.1)
where
Zns = / ¢ Ennaa @) T Adey) [T o, (dew). (3.1.2)
A TEA l’iA

It is convenient to reformulate the finite range interaction as generalized gradient models, i.e.,
the interaction potential can equivalently be written as a function U : (R™)%Z — R acting on a
set of discrete derivatives (V¥¢)qer indexed by Z. This contains gradient interface models as
a special case. Our analysis is restricted to potentials that can be bounded below by a strictly
convex function agreeing with the potential in the origin, i.e.,

U(z) — DU(0)z — U(0) > w|z|? (3.1.3)

where w > 0 is a positive constant.
Under this assumption it is possible to extract an explicit dominant contribution of the free
energy and we obtain a perturbative contribution that can be expressed as a perturbation of a
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Gaussian integral and that is formally of order f~!. Our main results are that the assumption
together with a smoothness condition on U imply a good control on the perturbative
part of the free energy. Then it is a simple consequence that the free energy is strictly convex
in a neighbourhood of the origin for small temperatures and that the scaling limit is Gaussian
for small external deformations and small temperatures. This extends earlier results for convex
potentials by Funaki and Spohn [89] and Giacomin, Olla, and Spohn [94] to certain non convex
potentials. For a detailed review of the literature we refer to Chapter [I]

Models for nonlinear discrete elasticity have the property that the energy is invariant under
rotations and the minimum of the energy is obtained for the undeformed state, i.e., the identity
deformation. This results in a degenerate minimum of the energy. In general the analysis
of spontaneously broken symmetries in models with continuous spins is very difficult and no
rigorous renormalisation group analysis for such models is known. In the context of elasticity
one is usually interested in affine boundary conditions that break the symmetry. In fact, it is even
possible to use discrete null Lagrangians to construct a physically equivalent energy that satisfies
the growth assumption . This allows us to apply our results for generalised gradient models
also to models for nonlinear elasticity.

This chapter is structured as follows. In Section we properly define gradient interface
models and state our main results Theorem and Theorem We reduce them to general
statements about perturbations of Gaussian integrals by showing the smallness of the perturba-
tions in Proposition [3.2.4f The proof of this proposition is the only longer proof in this section
but nevertheless essentially an exercise in bounding derivatives using the product and chain rule.
In Section we generalise the results to statements about discrete elasticity in Theorem [3.3.1]
and Theorem using discrete null Lagrangians.

3.2 Setting and main results

3.2.1 General setup

Fix an odd integer L > 3 and a dimension d > 2. Let Ty = (Z/(L"Z))? be the d-dimensional
discrete torus of side length LY where N is a positive integer. We equip Ty with the quotient
distances | - | and |- |« induced by the Euclidean and maximum norm respectively. Define the
space of m-component fields on Ty as

Vy = {p: Ty — R™} = (R™)T¥, (3.2.1)

Since the energies we consider are shift invariant we are only interested in gradient fields. How-
ever, the condition of being a gradient is not entirely straightforward in dimension d > 2; thus we
rather work with usual fields modulo a constant or, equivalently, with fields with the vanishing
average

pEe XN = {(p € Vn: Z o(xr) = 0} (3.2.2)
z€TN

that are in one-to-one correspondence with gradient fields. Let the dot denote the standard scalar
product on R™ which is later extended to C™. For ¢, p € X'y the expression

(o) = > () - P(x) (3.2.3)
x€TN

defines a scalar product on X and this turns Xy into a Hilbert space. We use Ay for the
m(LN? — 1)-dimensional Hausdorff measure on Xy, equip the space Xy with the o-algebra
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Bx, induced by the Borel o-algebra with respect to the product topology, and use M;(Xy) =
My (XN, Bx,) to denote the set of probability measures on Xy, referring to elements in M (Xx)
as random gradient fields.

The discrete forward and backward derivatives are defined by

(Vip)s(x) = ps(x + €;) — ps(x) se{l,...,m}, i€{l,...,d},

(Vip)s(w) = ps(x — i) — ps(x) se{l,...,m}, i€{l,...,d}. (3.2.4)

Here e; are the standard unit vectors in Z¢. Forward and backward derivatives are adjoints of
each other. We use Vy(x) and V*¢(x) for the corresponding m X d matrices.

In this article we study a class of random gradient fields defined (as Gibbs measures) in
terms of Hamiltonians Hy : Xny — R that are in their turn given by a finite range potential
U: (R™MA — R. Here, A C Z% is a finite set and we use R’ to denote the range of the
potential U, R’ = diam, A. Anticipating that U is invariant with respect to translations in R™,
U(xp) = U(tad) for any 1 € (R™)4 with (tq1))s(z) = ¥s(x) + as, a € R™, it depends on 1 only
modulo translations by vectors from R™, or, equivalently, depends for connected sets A only on
gradients Vi (x), x € A. For any ¢ € Xy and any B C T, we use ¢p to denote the restriction
of ¢ to B, and define

Hy(e) = D Uler,a) (3:25)

z€TN

where 7, (A) denotes the set A translated by x € Ty, 72(4) = A+ 2 = {y: y —x € A}. The
corresponding gradient Gibbs measure yy g € M1(Xy) at inverse temperature f = T~ is defined

v,5(dp) = eXp{Z”BN};N(SO)}AN(dcp) (3.2.6)
with
Zns = | expl=BHx (o)} Ax (), (3:2.7)

Given that the torus has a periodic structure, we implement suitable boundary conditions
following the Funaki-Spohn trick as introduced in [89]. Given a linear map (deformation) F :
RY — R™, we define the Hamiltonian Hﬁ(cp) on the torus Ty with the “external deformation” F
by

HY(0) = D> Ullp + Frya): (3.2.8)
z€TN

Here we identify I with the linear map z — Fx and ¢ € Xy with a (LVZ)? periodic function

and the set Ty with 2N [-3(LY — 1), 2(LY — 1))
The finite volume gradient Gibbs measure 'yf,ﬁ under a deformation F is then defined as

TN 5(dp) = m exp (—=BHY () An(de), (3.2.9)

where Zy g(F,0) is the normalizing partition function. A useful generalization of the partition
function Zy g(F, f) with a source term f € Xy is defined by

Zng(F, f) = /X exp(—BHN (@) + (f,¢)) An(dp). (3.2.10)
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In particular, it characterizes the Gibbs measure ’y]’? 3 and will be used to analyse its scaling
limit.

While our major long-term objective is the specification of the gradient Gibbs measures with
a given deformation as it was done in [89] for the scalar case with convex interactions, in the
present paper we will restrict our attention to the analysis of the partition function Zy g(F,0)
and the scaling limit of the partition function Zy g(F, f). In particular, we investigate local
convexity properties of the functions

In Zy g(F,0)

Wi g(F) = —pLNd (3.2.11)
and of the free energy
_ . In Zng(F,0)

For the scaling limit of the gradient Gibbs measure we will analyse the Laplace transform

Zng(F
lim E.r eU¥%) = lim Znp(F, fN)

3.2.13
N—oo TN.g N—oo ZNﬁ(F,O) ( )

where fy € Xy is the rescaled discretization fy(z) = LfN(%)f(L_Nx) of a smooth function

f:(R/Z)* = R™ with average zero. The function fy is a slowly varying field that allows us to
examine the long distance behaviour of the random field ¢.

Let us remark that when m = d, this is the setting for microscopic model of nonlinear
elasticity with F' representing an affine deformation applied to a solid as will be discussed in
detail in Sections 3.3.1] and [3.3.2] In the scalar case, m = 1, the model describes the behaviour
of a random microscopic interface and the map F' actually determines a vector—a macroscopic
tilt applied to the discrete interface and the free energy Ws(F') then corresponds to the interface
free energy/surface tension with a given tilt.

3.2.2 Generalized gradient model

Up to now we considered finite range interactions with support A that is without loss of
generality taken to be contained in a discrete cube of side R/, A € Qg = {0,...,R'}¥. We
introduce the m dimensional space of shifts Vg, = {(a,...,a) € (R™%" : a € R™} and its
orthogonal complement VéR/ in (R™)Qr". General interactions of range R’ are thus functions on
the m((R' + 1)? — 1)-dimensional space VéR, ~ (R™)Qr" / ~ of local field configurations where
the equivalence relation ~ identifies configurations that differ only by a constant field. However,
for our analysis it is more convenient to use an equivalent formulation with a space of local
deformations introduced in terms of higher order derivatives of the fields.

We counsider sets of multiindices Z satisfying

{e;eRY:1<i<dycZTc{aecNI\{(0,...,0}: |a| <R} (3.2.14)

Moreover we define the specific set Zr: = {a € NZ\ {(0,...,0)} : |aleo < R'}. Note that the
case Z = {ey,...,eq} corresponds to nearest neighbour interactions.
We consider the vector space G = (R™)% equipped with the standard scalar product

(2.2)g = ) _ %0 zar 2= (2a)aer € G- (3.2.15)
acl
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We write G/ if Z = Zp/. For any ¢ € Xy and any x € Ty, we then use Dy(z) to denote the
extended gradient—the vector (V¢(x))aer € G with VYp(z) = H?:l V?(])go(x).

Assuming that L > R’ + 1 so that the definition of D¢ does not wrap around the torus, we
have the following equivalence.

Lemma 3.2.1. There exists an isomorphism 11 : Ggr — VéR, mducing a one-to-one correspond-
ence between functions on VéR/ and those on Ggr/: for any U : VéR/ — R/, there is U : G — R
such that W(D(0)) = U(y) for any ¢ € VéR/.

Proof. Both spaces G and VéR, have the same dimension m((R’ + 1)? — 1). The isomorphism

between them can be explicitly given by the map VéR/ > ¢ — D¥(0) € G. This map is linear
and injective (D1(0) = Dv2(0) implies ¢ — 2 € Vg, ). We define II to be its inverse.

For any U : VéR, — R, we define U : Grr — R by U(z) = U(II(z)). Given that II is an
isomorphism, we have U(D1(0)) = U(y) for any ¢ € VéR,. O

There are obvious generalisations of the previous lemma to index sets Z with the property that
ifa € Zand 0 # 8 < awthen B € Z. In particular a similar statement holds for A = {0,e1,...,e4}
and Z = {e,...,eq}.

Let GV and G+ be orthogonal subspaces of G given by GY = {z€G:zy,=0for|a|; #1}
and G+ = {z €G:z,=0for |a|; = 1}, respectively. For any z € G let 2V e gV and 2+ € gt
be the corresponding projections. We refer to 2V as to the gradient components of z. Finally,
let us observe that the vector space of linear maps F : R — R™ can be identified with the
md-dimensional space GV employing the isomorphism F + F = DF(z) (for any x € R?). On
Lin(R% R™) ~ R™*? we define the usual Hilbert-Schmidt scalar product by

d

d m
(F,G)=> Fe;i-Gei =Y > F;Gis. (3.2.16)
=1

i=1 j=1
With this scalar product the isomorphism F + F becomes an isometry and we will often not
distinguish between |F| and |F|.
With the function U on Grs corresponding to U on VéR/, we get U(v + F) = W(Dy(0) + F)
for any ¢ € VéR, leading to an alternative expression for the Hamiltonian H% (),

HE@) = 3 Ulprn +F) = 3 W(Dg(a) + F). (3.2.17)

z€TN z€TN

Let us introduce the class of interactions U, functions of the extended gradients D¢ of the
fields, for which we will prove our claims that will be, eventually, used to prove Theorems
and

First, let @ : G — G be a symmetric positive linear operator and let Q : G — R be the
corresponding quadratic form Q(z) = (2,Qz). For any ¢ € Xy and any x € Ty we can
now introduce the quadratic interaction Q(Dep(x)) expressed explicitly in terms of the matrix
(Qaﬂ, a, B e I) of the operator Q as

ADp(x)) = Y V%(x) - QusV p(x). (3.2.18)
a,BET

For any twice differentiable function U on G we define the symmetric quadratic form Qy by

Qu(2) := D*U(0)(z, 2). (3.2.19)
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We will assume that the quadratic form Oy satisfies the bounds
wolz)? < Qu(z) <wyltlz? forall 2 €@ (3.2.20)

for some wy € (0,1). We will see in Remark [3.3.12 in Section that for the lower bound the
condition

wol2V]? < Qu(z) <wy 'tz forall z€G (3.2.21)

is sufficient.

We begin the analysis of the general case by extracting the relevant leading low temperature
contribution from the partition function and find a formula for the remainder that will be analysed
in the following sections. Similarly to [4], we define the function U : G x R¥*™ — R by

Q(z)

Uz, F) =U(z+ F) —U(F) — DU(F)(2) — 5

(3.2.22)

It describes the remainder of the Taylor expansion of U(z + F) around F collecting all third
order terms plus the difference D?*U(F)(z,2) — D?*U(0)(z, 2) since we want to keep only the
quadratic term that does not depend on F. Notice that the function V(z) = U(z,0) = U(z) —

U0) — DU(0)z — Q”(Z) is the third order remainder of the Taylor expansion of U yielding V(0) =
DV(0) = D?*V(0) =
In terms of the function U the Hamiltonian can be expressed as

= Z W(Dg(z) + F) = LNU(F) + Z <u(D<p(x),F)+ W), (3.2.23)

z€TN zeTN

where we used that the terms linear in Dip(z) cancel because ) . Do(x) = 0 in the periodic
setting. Using equation (3.2.23]) we can rewrite the partition function (3.2.10)) as

Zn 5(F, f) = e PN UE) / (10 g =B ey WDp(), F)+ B2 | N(do). (3.2.94)
. XN
The positive quadratic form SQy defines the probabilistic Gaussian measure

ps(dp) =

exp(— Z Qu(Dep(z))) An (dep) (3.2.25)
N,B z€TN

with an appropriate normalization factor Z]%uﬁ.
Thus

I p(F, f) = e 51" UE) 72 /X )= Toery UDRRF) (0 (3.2.26)
N

Finally, rescaling the field by /3, introducing the Mayer function corresponding to the remainder
U,

Krpu(z) = exp(—BU(Z5, F)) — 1, (3.2.27)
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and using the shorthand p = p1, we express the partition function Zy g(F, f) in terms of the

polymer expansion

Ly U(Pe=)
ZNB(F f) _efﬁLNdu( )ZQu /X (fvfg)e 5ZzeTN u( jg F) M(dSO)
N

N,
— Nd 7
— BN 70 / 59 T (1 + Krpau(Do(x))) p(dg)
z€TN
:eﬁLNdU(F)Z]%u/ F5#) Z H’CFBU (De(x)) p(dp).
XCTy 26X

The integral in the last expression gives the perturbative contribution
f L7
Zng (F N ¢ v7? ST ] Krpal Do) u(dp).
AN XCTy z€X
Introducing the perturbative components of the free energy by

In Zx 5(F,0
Wi s(F) = —n]}i’g]\(f’) and Wg(F') = — lim

we can rewrite the Wy g and the free energy Wjp defined in and (3.2.12) as

. Wa(F) 1
Wy 5(F) =U(F) + g - 5N In Zy%,
o Ws(F)
Ws(F) =U(F) + ﬁﬁ( ) _ Jm In Z3,.

Here, in both expressions the last term is a constant independent of F'.

(3.2.28)

(3.2.29)

(3.2.30)

(3.2.31)

(3.2.32)

It will be useful to generalise our formulation slightly and, instead of a particular K g1 above,
to consider a general function K : G — R™ and, instead of the quadratic form Qy depending on
U, to consider a general positive definite quadratic form Q and define the partition function

zNUQQ,f):/X 09 S [T KD () maldy).

XCTn z€X

with the Gaussian measure

po(de) = exp(—3 Y QDyp(x)))An(dy).
Nﬁ z€TN
Introducing then the free energies
Wi (K, Q) = ~In ZNIELC]\;QO)
and
InZy(K,Q,0)

W0, 9) = - fim SR
we readily get

WN,,B(F) = WN(ICF,B,Ua Qu) and Wﬁ(F) = W(’CF757u, Qu).

(3.2.33)

(3.2.34)

(3.2.35)

(3.2.36)

(3.2.37)
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The key result of this paper consists in a good control of the behaviour of the partition
function Zx (K, Q, f) and thus also Wy and W for a class of admissible perturbations K. Intro-
ducing first an appropriate space for the functions K, we will later formulate conditions on U
that guarantee that Kp gy (accompanied with Q = Qy) belongs to this space.

Let Q : G — R be a positive definite quadratic form and ¢ € (0,1). We define the Banach
space E¢ o consisting of functions £ : G = (Rm)I — R such that that the following norm is finite

1Ko = sup > - |aaic —3(1-0%0), (3.2.38)

|a\<r0
We will usually use the abbreviations
E=Eco, |- llc=1"lce- (3.2.39)
The following theorem then provides bounds for the perturbative free energy.
Theorem 3.2.2. Fiz the spatial dimension d, the number of components m, the range of in-

teraction R', the set of multiindices {e1,...,eq} C T C {a € NE\ {(0,...,0)} : |a|o < R},
real constants wy > 0, ¢ € (0,1) and an integer ro > 3. For K € E let Wn (K, Q) be defined by

and (3.2.35).

Then there exist Lo € N such that for every odd integer L > Lo there exists a constant
0 = o(L) > 0 with the following properties. For any integer N > 1 and any quadratic form Q on
G = (R™)T that satisfies the bounds

wolz|? < Q(2) < wytlz? forall z€G, (3.2.40)

the map K — W (K) defined as Wy (K) = Wx (K, Q) is C* in B,(0) C E¢ o and its derivatives
are bounded independently of N, i.e.,

1 __ . . .
EHD[WN(IC)(IC, LGRS CUL) [KNlEe VK € By(0) VEEN. (3.2.41)

In particular there exist W € C"(B,(0)) and a subsequence N, — oo such that Wy, converges
to W for all 7 € N and the derivatives of W are bounded as in (3.2.41]).

This is the main technical Theorem of the paper. The main steps of the proof will be
summarised in Section 4.2] and it will be eventually proven in Section [4.9]

Its immediate consequence that we will use is the claim concerning smoothness of the function
F — Wx(KFp, Q) where R™*¢ 5 F s K € E is a function that satisfies suitable conditions and
Q is a fixed quadratic form.

Theorem 3.2.3. Let d, m, R', T, wy, ¢, 19, L > Lo, 0 = o(L) and a fized Q be as in The-
orem . Let r1 > 2 be an integer. Then for each integer N > 1, each open set O C R™*4
and any map O > F — Kr € E¢ g of class C"™ that satisfies the bounds

(3.2.42)

sup Z |a Krllca < oo, (3.2.43)

iz
the function F' — Wi (F) := Wn(Kp, Q) is in C™(O) and the derivatives |05 Wn (F)|, |a] < 1
can be bounded in terms of L and © := suppeo Dy <r, %”a%KF”C7Q, In particular there exists

W e C"~11(0) and a subsequence N,, — oo such that Wy, — W in C™ =1, and the derivatives
of W up to order ry — 1 as well as the Lipschitz constant of the (r1 — 1)-st derivative are bounded
in terms of L and ©.
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Proof. The claim follows from Theorem and the chain rule. O

Now we show that for potentials U from a reasonable class of functions, the assumptions of
the previous theorem hold for the corresponding functions Kr = Kp gy defined as in (3.2.27)),

Krpu(z) = exp <—BU(\/ZB,F)) —1, (3.2.44)

with U defined in terms of U in ([3.2.22) and with Q = Qy defined in ([3.2.19)).

Proposition 3.2.4. Let rqg > 3 and r1 > 0 be integers and assume that
U e Ct(G) (3.2.45)
Recall that Qu(z) = D*U(0)(z,2) and assume that
wolz)? < Qu(z) < wytlz? (3.2.46)

for some wo € (0,1). Let 0 < w < % and suppose that U : G — R satisfies the additional
conditions

U(z) — DU(0)z — U(0) > wl|z|* Vz€G, and (3.2.47)
lim t 2InW(t) =0 where W(t):= sup Z i'|8O‘U(z)]. (3.2.48)
t—o00 |z|<t 3<|al<ro+r1 (o2

Then there exist ¢ (depending on w and wy), 69 > 0 (depending on w, wy and ¥(1)), C;
(depending on w, ro and the function V) and © (depending on w, ro, 1 and the function V)
such for all 6 € (0,00] and all B > 1 the map Bs(0) > F — Kp = Kpgy € E = E; is C™ and
satisfies

IKFllz 0, <CL6+B71) (3.2.49)
and .

Y. S l0kKrlizg, <. (3.2.50)

Iyl<r

In particular, given o > 0 there exists & > 0 and By > 1 (both depending on w, wy, and the
function ) such that for all > Py and all F € Bs we have (3.2.50) and

IKFll¢q, < o (3.2.51)
The proof is postponed to Section 3.2.3L It is shown there that we may take 5 = “5%. Explicit

expressions for dy, C and © are given in (3.2.89), (3.2.94) and (3.2.111)), respectively. The proof
also shows that dependence of dg and Cj on the number of derivatives of U can be slightly
improved. If we set Wy (t) := supp,j<; > 3<ja|<; 110°U(z)| then dy depends on w, wo and W3(1)
while ' depends on w, rg and the function ¥,,.

Remark 3.2.5. Let us state some remarks concerning this result.

1. We may assume without loss of generality that U(0) = DU(0) = 0 since both the Mayer
function U and assumptions of the proposition are invariant under adding an affine function
to W. The lower growth assumption (3.2.47)) is then much weaker than the corresponding
condition in |4]. Assumption only requires any quadratic bound from below while
in [4)f the condition U(z) > Q(QZ) —e|z|? for some small € > 0 was imposed, i.e., the potential
was assumed to grow almost as fast as the quadratic approzimation at 0.
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2.  Let us emphasize that we do not require that 0 is a minimum of the potential. In fact the
theorem applies by a simple translation for all points zy such that

U(z) — DU(20)(z — 20) — U(20) > wl|z — zo? (3.2.52)

for some w > 0. In particular from Theorem below we recover the known result that
the surface tension is strictly convexr everywhere for strictly convezr potentials.

3. The proposition can be generalized to some singular potentials, e.g., it is possible to consider
potentials U + 'V where U is as before and V : G — R U {oo} satisfies V(z) > 0, 0 ¢
suppV, and e~V € C0F . The one dimensional potential V(z) = n(z)|x — 2|~ where
n € C2((1,00)) satisfies eV® € C(R), hence non-trivial ezamples for such potentials
with singularities exist.

Let us briefly indicate the necessary extensions to prove this result. Suppose that € > 0
is chosen such that dist(0,suppV) > e. We choose oy < €/2. On the complement of the
support of V we can argue as in the proof of Proposition below. If (z//B,F) is in
the support of V and |F| < &y we conclude that |z| > ev/B/2. In this regime we use the
estimate

o PV )AL F) _ oAU G5.F)

&

< ‘efﬁv( ZﬁvF)

1 3.2.53
. A, (G253
where | - |1, . is defined in (3.2.97) below. Then the first term can be controlled by the
assumption on V and the second term is bounded in (3.2.110). The condition |z| > ev/B/2
implies that when multiplied with the weight of the ||-|| g-norm both summands are exponen-
tially small in 5.

Theorem 3.2.6. Under the assumptions of Proposition with r1 > 2 there is a By > 0
and &g > 0 such that the free energies WN7/3|B(; (0) are C™ and uniformly convex for B > o,
0

Tz,F

Z,

in particular D*Wy 5(F)(F, F) > %\F!z. Also every limit Wg = limy_,oc Wi, g is uniformly
conver.

Proof. Proposition and Theorem imply together that there are constants 8 and 41
such that WN’5|B(;(0) is uniformly C™ for 8 > 1 and 6 < ;. This means in particular that

there is a constant = > 0 independent of 5 and § such that |D2WN75(F, F)| < E|F|? in B;(0)
for B> 1 and § < d;. The bound (3.2.48)) on the third derivative of U implies that there is a
d2 > 0 such that for § < d; and F € Bs(0)

IDU(F)(2, 2) — Qu(z)| = |D*W(F)(2, 2) — D2U(0)(z, 2)| < %212 (3.2.54)
and thus
D2U(F)(z,2) > %m?. (3.2.55)

Let B2 = 4Z2/wg. Then for f > max(f1, f2), 0 < min(d1,d2) and F € Bs(0)

D*Wy 5(F)(E, F) = D*WF)(F, F) +

D2>Wy(F) . . — = . .
DWWl py > “0Bp - = |p2 » “0)pp2
B 2 4= /wo 4
(3.2.56)

The assertion for the limit g follows from the fact that the pointwise limit of uniformly convex
functions is uniformly convex. O
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Finally we address the scaling limit of the model. This is a statement about the Laplace
transform of the measure with density > yvcr. [[oex K(Dp()) pa(de)/Z(K, Q,0).

Theorem 3.2.7. Fiz the spatial dimension d, the number of components m, the range of inter-
action R', the set of multiindices {e1,...,eq} C I C {a € Ng\ {(0,...,0)} : |a|oo < R'}, real
constants wy > 0, ¢ € (0,1) and an integer o > 3. Let T¢ = R%/Z%. For f € C>®(T4,R™) with
[ f =0 we define fy € VN by fn(z) = LfN%f(L_Nx).

For K € E let Zn(K,Q, fn) be defined by (8.2.33). Then there exist Ly € N such that for
every odd integer L > Lg there exists a constant o = o(L) > 0 with the following properties. For
any quadratic form Q on G = (R™)? that satisfies the bounds

wolz]? < Q(2) <wytlz? forall z€G, (3.2.57)

and any IC € B,(0) C E¢ g there is a subsequence Ny — oo and a matriz q € Rg;lde) (mxd) sueh

that for all f € C>(T4,R™)

. Z(K, 9, fn,) 1
1 = INe) L5 (F.Craf) 9
é—>lmoo Z(K,Q,0) erT (3:258)

where Cra is the inverse of the operator Ata acting on u € HY((R/Z)%,R™) with [u =0 by

m d
ATdu Z Z (Q - q)i,j;sytaiajut. (3259)

t=1i,5=1

Here @ is the operator associated to the quadratic form Q via ((3.2.18]). The identity (3.2.59))
states in particular that the operator A depends only on the restriction of Q to GV and for ease
of notation we identify ¢ with the multiindex e;.

Remark 3.2.8.

1. Note that the rescaling L=%" would correspond to o central limit law behaviour of the
random field. Due to the strong correlations we need to use the stronger rescaling with
LN One easily sees that the scaling limit of the gradient field Vi involves the central

limit scaling, cf. e.g. [33] and [12§].

2. Note that the limiting covariance is dominated by the gradient-gradient contribution of the
interaction while the higher order terms are not directly present, see also [128]. In other
words, the limiting covariance C depends only on the action of Q on the subspace GV,
defined after Lemma which can be identified with R™*®. There might be an implicit
dependence on the higher order terms through the matrix q. This behaviour does not come
as a surprise because it is already present in the Gaussian setting where KK = 0. The higher
order terms can change the local correlation structure. They have, however, little influence
on the long distance correlation because roughly speaking their long wave Fourier modes
are very small and decay with |p|l® with |a| > 3 compared to |p|? for the gradient-gradient
interaction.

Again, the abstract Theorem for the Laplace transform of perturbations of Gaussian
measures has a concrete counterpart for the Gibbs measures of generalized gradient models.
Recall that the Gibbs measure ’yN 5 with tilt F" was defined in (3.2.9) where the Hamiltonian is

given by (3.2.17)) in terms of U.
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Theorem 3.2.9. Assume that U satisfies the assumptions of Proposition with 7o = 3 and

r1=0. Let B> 1 and F € Bs(0) be such that (3.2.51) holds with o as in Theorem|[3.2.4 Then

there is a subsequence (Ny) and a matriz q € Rg;nde) (mx) such that for f € C®(T4 R™) with

[ f=0and fx(z) = LN%" f(LNa)

lim E_pu ene#) = ¢25Craf) (3.2.60)

L—o0 TNy,

where Cra is the inverse of the operator Ata acting on u € H*((R/Z)% R®) with [u =0 by

(Aqau)s zm: D (Qu — @)ijis s 0i05ur. (3.2.61)

t=14,j=1
Proof. Combining (3.2.28)), (3.2.29)), and ([3.2.33)) we get

Zng(F, fy)  2np(E 5 2(Kesa Qu 1)

E (fnw) = 22 = = . 3.2.62
o Znp(F,0) ZNp(F,0) Z(KFpu, Qu, 0) ( )
The assumptions ensure that Theorem can be applied which implies the claim. O]

3.2.3 Embedding of the initial perturbation

Proof of Proposition[3.2.7} The main point is to obtain the additional factor 3~1/24-§ in (3.2.49)
which can be made as small as desired by taking ¢ small and g large. This factor essentially
comes from the third order Taylor expansion. We may assume that U(0) = DU(0) = 0 since the
second and higher order derivatives of U (and thus also the function U) and the assumptions in
Proposition [.2.4)are invariant under addition of an affine function to U. The rest of the argument
is then essentially an exercise in estimating polynomials and their exponentials. Observe that
for functions f € C"(G) the norms |f|r, introduced in Appendix A amount to

Tl = Y o) (3.2.69)

la|<ro

(see Example and equation (4.A.43))).
The proof of Proposition can be split into the following steps:

Step 1. For any f € C"°(G) we have
e/ |z, < /(14 |flz)™ (3.2.64)

and
lef — 1|7, < max(e/@, 1)(1 + |f|z.)™ |f|r.. (3.2.65)

We first note that for f1, fa € C"™0(G) we have |f1fa|. < |fily, [f2ly, . This follows abstractly
from Proposition and Example in the appendix. Alternatively one can easily verify
this by a direct calculation using that the (truncated) product of Taylor polynomials is the Taylor
polynomial of the product. To prove we set f(y) = f(y) — f(2). Then e/W) = e/(2)ef ),
Since f( ) = 0 the ro-th order Taylor polynomial of e/ at z agrees with the Taylor polynomial
of Y70, m,( ) By the triangle inequality and the product property we get

70

e/l <3 1 < (4 fl)™ < (0 [l (3.2.66)

r= 0
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This finishes the proof of (3.2.64). Now (3.2.65|) follows from the identity
1
ef —1= / el fdr. (3.2.67)
0

Jensen’s inequality and the product property.
We will now use the claims of Step 1 for

— 2z

f(z) =Ug(z, F) = pU(——=, F). 3.2.68
(2) = Up(2, F) (\fﬁ ) ( )

Step 2. For > 1 and |F| < < 1, we have
[Us (-, F)lz. < (8717 4 8)T(2]) (3.2.69)

where N
U(t) == 3(1+)3U(t +1). (3.2.70)
Actually, we show a slightly stronger bound,
s Pl < [30+ 2)IFL + (0 + )82 w( L 40). g2
VB

Let us remark that in this proof D refers as usual to total derivatives and 9 to partial
derivatives. Without reference to z or F', the derivatives U (or 9;U) and DU refer to the
derivatives of the function U evaluated at the corresponding argument while 8ZZ.U(% + F) and
DIZU(ﬁ + Flrefer to the deriv:itives of the map z — U(ﬁ + F). Clearly 821.11(% +F) =
W@'U(ﬁ + F) and OFZ.U(% +F) = 8&(% + F). )

For derivatives of the 3" or higher order we use that 9%Ug(z, F) = '~ 2 0°U(% + F)

which yields

=

2]

5T (3.2.72)

1
> oz, )| < 57w

3<]al<ro

To estimate the lower order terms we use the third order Taylor expansion in z. This yields

ta-7)? o — 71z
Ug(z, F) = %DQU(f)(z,z) — %DQU(O)(z,z) + 6‘1/2/0 (12)D3U(F + —=) (2,2, 2) dr,

VB
1
z 3) = D*W(F)(z, %) — D? 2,2 —1/2 —73722227
DUy(z, F)(2) = DAU(F) (2, 2) — DAU(0)(2, 2) + B Au IDUF + 2z 2)dr,
1
D*Ug(z, F)(21, 22) = D*U(F)(21, 22) — D*U(0) (21, 22) +5—1/2/0 D3U(F + \T/ZB)(z,zl,(z'g)dT.)
3.2.73

Using further the bound

|D>*W(F)(%1, %2) — D*W(0) (21, 22)| < /01 D3WU(TF)(F, 21, %) dr (3.2.74)
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combined with

1 - 1) — _
SIDUCF)(F 2,2 < Y —[0"WEF)| |2l [Flos, (3.2.75)
|a|=3
as well as
l’D?’U(f—i—z)(z z,2) ‘ l dli 04,04, 0; UF—i—f)
3! VB 3! | /B
11"21’23 (3.2.76)
_ 2 laeFm o T 3
- |Z|—:3 —|o"u(F + \/B)‘ 215,
with fol %dT = %, we deduce that
(2, F)| < (3122 [Floo + 257 1/2) q,(\\% ). (3:2.77)

Reasoning similarly for the first and second derivatives of Ug we obtain (3.2.71). Since |Floo <
|F| = |F| we deduce (3.2.69)).

Step 3. There exist dg > 0 such that

Y12 VB>1, z€G, Fe Bsl0). (3.2.78)

~Us(z, F) < 50u(2) — %

Using the definitions (3.2.22)) and (3.2.68)), we need to show that

z

BUF + ) —W(F) - DUF)( ) 2 5 +F* (3.2.79)
For F' = 0 this follows directly from the assumption ,
B(U(%) —U(0) - DU(O)(\F =wlz]? > %|z|2. (3.2.80)

This can be extended to the case when F is small if compared with z/y/B. On the other
hand, if F' is comparable or bigger than 2/+/3, we can rely on the third order Taylor expansion
around 0.

Indeed, consider first the case when ﬁ is large. Let k := u%o > 9 and assume that % > Ko
and |F| = |F| < 4. The estimate (3.2.47) with the assumption U(0) = DU(0) = 0 implies
_ z — 1.2 2
BU(F 4+ —) > wp F—I— — — |F| w(l——=)7z|" (3.2.81)

For z and F as before and using DU(0) = 0, D?U(0) = Qy, and the third order Taylor expansion,
we bound

. i 9 — é 3 J
B‘DU(F)(\/B)’ < 5’1) U(0)(F, : ‘D we)(F,F, =) (3.2.82)

)‘ + sup
€|<[F]

VB T
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Evaluating the first term as

1/2
D2U(0)(F, = ‘ D2U(0)(F, F)|"?| D2 (0) (=, ==
oo, ) gm OF P Do) oy
’ 120 2l (!Z\) _ 22
f_ Kwo /B Kwo
and the second term, assuming that 3¥(1)d < 1, as
B‘Di’)u FF’ spuyet| 2| < 2 3.2.84
|§S|1SI|PF|2 (€)( \F)Sﬁ()/@\/ﬁgn’ (3.2.84)
we get the bound ,
6‘DU(F)(\%)‘ < (1+ io)"j (3.2.85)

Similarly, assuming again that § < 3%(1), we get

|z

BIWF)| < B|D*UW(0)(F,F)| + sup —\DSU )(F,F,F)| < 5( +30(1 )53) g(1+i)

</ 2 wo' K%
(3.2.86)
Combining the bounds (3.2.81)), (3.2.85) and (3.2.86|) imply (3.2.78]) once
1.1 1 1.2 1

1+—)—(14+—-) < 1——)"—=). 2.

(1+ ) A+ ) <w((l=2)"~3) (3.2.87)
For this to be true, it suffices when
1 1.2 1

200+ —-) < 1——)" —=). 2.

1+ 2) < mwow((1 =)= 5) (3.2.88)

Indeed, with the choice kK = wiwo > 9, the left hand side is bounded from above by 2(1 +1/9) =
20/9 while the right hand side from below by 9((8/9)%? — 1/2) = 47/18 > 20/9.
It remains to consider the case |z|/v/B < kd. We choose

. 1 3(.00

0o 1= ( , ) 2.
0= T R 16k0 (1) (3:2.89)
With |z|/v/B < k6 and § < &y, we get y +6 < (k+1)§ < 1. Hence, from (3.2.77) with

12|00 < |2[, K > 9, and assuming w < %, we get

4 , 1,1 , 1 1,

(= )] < (34 DU < SOW(DIel? < Tenlzf? < Lo~ w)lel? < 30u(z) — sl
(3.2.90)

Thus (3.2.78) holds for this choice of §y and |z|/v/B < kd. Finally for § < §y also the condition
0 < 3%(1) is satisfied and thus (3.2.78) holds for all z and all F' € Bs,(0).

Step 4. Let 0 < 6 < dp with §p < 1 given by (3.2.89). Then, with ¢ = “$0, we have

le” Mo tF) — 1|z < C1(5+B7Y2) VB >1, F € Bs(0). (3.2.91)
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Combining ([3:2.65), (3.2.69) and (3.2.78) and using that 371/2 +§ < 2 we get

e W GF) — 1) < e2uE =51 (512 450y T(|2]) (1 + 29(]2]))™. (3.2.92)

Given that 22200y (2) < tw[z|*> we have

67%( —£20)0y(2) ~ 7%Qu(z) eiw\z?_ (3.2.93)

Thus multiplying (3.2.92) by the weight e~ 3(1=39%() 4pq setting

Cp =supe 1 W) (1+20(1)™ < oo with W(t) =3(1+ )3 U(t+1), (3.2.94)
>0

we get (3.2.91)), thus completing Step 4.

The estimates (3.2.92)) and (3.2.93) imply that the assumptions of Lemma [3.2.10| below hold.
This shows that F' — Kg is continuous. Together with (3.2.91)) this ends the proof for r1 = 0.

It remains to show the bound (3.2.50)) for the derivatives with respect to F. Considering
first the case |y| = 1, we need to estimate

8(;6_1%(2’]:) e Us(z,F) 32" Us(z, F). (3.2.95)

By the chain and product rules, the derivatives 0% of this expression exist for |a| < ry. Moreover
by (3.2.64) and the product property of the |- |r, norm,

z

J ..
B(rF)
OF; ¢

0
—Ug(z,F) . 0
L Se (1+ s, Pl) | G tete P (3.2.96)

Then it remains to bound ‘ -Up (2, F)‘

For the higher derivatives with respect to F' the combinatorics becomes more complicated.
Therefore, it is actually useful to introduce the norm ||z, . for Taylor polynomials in two variables

(see Appendix [£.A.2),
flrr =Y Z \aaa}f (2 F)|. (3.2.97)

|| <ro |'y|<r1

Note that, in particular, the expression ‘aiﬂuﬁ(z,F)’T is controlled by this norm. As a pre-

paration we show an estimate similar to the result of §tep 2 for the | - |7, ;. norm of Ug(z, F).

Step 5. For > 1 and |F| <1 we have
[Ws(z Pz, p < 2707 (14 2] 0 (J2] + 1), (3.2.98)
To estimate the terms in the definition of | - |7, ,, norm, we distinguish three cases depending

on the order of derivatives.
For |y| = 0 we have shown in Step 2 that for § > 1 and |F| <1,

Z \aauﬁ B)| = [Us(-, )|z, <6(1+ |2)*T(1 + |2]). (3.2.99)

|04\ST0
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For |y| > 1 and |a| > 2 we use that |9207Ug(z, F)| = B~ |°“/2}8a+711(7 F)|. The
combinatorial identity
11 1 0!
Yoo = —2ldl (3.2.100)
| ~/1 | Z al~! | -
wies 0! s ot 5

then implies

11 1 _
N S otaU (e F) < 20t Y 5‘aéu(iﬂv) < QMO (|2] + 1),
2<lal<ro, | 3<[|<rot+r1 VB

1<y

(3.2.101)

For the terms with o = 0 and |y| > 1, one differentiates with respect to F' the second order
Taylor expansion of Ug in the variable z,

D2U(0)(z, 2)

1
z —
Ug(z, F _/ 1—7)D>U(r—= + F)(z,2)dr — 3.2.102
8(z, F) ; (1 —7)D7U( NG )(2,2) 5 ( )
Using the identity
1 1 dimG ' 4
> Wmf(F)y = S oo (3.2.103)
lyl=k i1, ip=1
valid for any f € C*(G), we get
1 N (k + 0)! 1
>y 105, 03,07 f(2)] = = > —107f(2). (3.2.104)
Jise-sde ocla|=k a:la|l=k+¢
Hence (3.2.102)) implies
1 (ry +2)! (r1 + 2)?
Yo SloRUs(z F)| < T\zlio‘I’(IZI +1) < 2P (2] + 1) (3.2.105)
1<y<m v
Similarly, the Taylor expansion for the derivative,
D Ug(z, F)( / DAU( Tﬁ + F)(z,2)dr — D*W(0)(2, %), (3.2.106)

implies that
2)!
> 8087115zF)\<w|z|m\ll(|z]+l)§(r1+2)2\z|\11(|z]—|—1). (3.2.107)
o= 11<M<r1 i

Thus, combining (3.2.99), (32.101), (3.2.105), and (3-2.107) we get (3.2.98) since (r + 2)?
4.92m < rotri

Step 6. Derivatives with respect to F.

Let &y and ¢ be like in Step 4. The map Bs,(0) 3 F — e W0 € E is 7 times continuously
differentiable and

1
> SjlokKrlcq, <©. (3.2.108)

Iv|<r1

with © depending on V¥, w, 7o, r1, and R'.
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By the chain and product rule it follows that the the derivatives 8?8}611!’ (=F) exists for all
la| < rg and |y| < r1 and are continuous in (2, F). To get a bound for [0}.e¢*)|7. and to prove
higher differentiability of F' — e%s(:F) we proceed similarly to Step 4. As shown in Appendix
the product property extends to the norm |- |z, ..

From the product property one deduces as in Step 1 that

>, .}8” . = lef |z, » < /&P (14 | flz, )0t (3.2.100)

|’Y|ST1

For f = —Ug we find with the results of Step 3 and Step 5 that

Z i"a e Us( ’T <ezQu() Sz (1+2ro+r1+1(1+’2’)3q}(’2‘+1))ro+r1

[v[<r

< e3(1-00u(2) g gwl2f? (1+ 970+ (] 4 |23 (|2] + 1>)T0+r1 .
(3.2.110)

where we used ([3.2.93)) and the definition of ¢ in the second step. Invoking Lemma [3.2.10| below,
it follows by induction in || that the map F — e U0 is 7 times continuously differentiable

as a map from Bs,(0) to E. Moreover (3.2.110]) implies the estimate (3.2.108) for the higher

derivatives with

= (’g| + 1)7“1 sup @_%WMQ (1 + 2T0+T‘1+1(1 + ’ZD?)\I/(‘Z‘ + 1))T0+7’1 (3.2.111)
z

where (|G| +1)™ > [{v : [7| < r1}| counts the number of terms in the sum 3, ~which arises
because we mterchange the sum with the supremum in the definition of the [|-|z o norm.
O

Lemma 3.2.10. Let O be an open set in a finite dimensional space and h: O x G — R a map
satisfying two conditions:

(i) For each (F,z) € O x G and each o with |a| < 7o the partial derivatives OYh(F, z) exist
and are continuous in O X G,

(1) Ty, o0 € 2070 sup ooy [R(F, )|z, = 0.

Define the function g : O — E¢ by taking (9(F))(z) = h(F,z). Then g € C°(O, E¢).
Moreover, if the condz’tz’ons cmd hold for all partial derivatives h;(F,z) = aiﬂh(f, z) then

g c Cl(O,EC).

Proof. To prove that F' — h(F,-) is a continuous map from O to E; note that h is uniformly
continuous on compact subsets of O x G. Let § > 0. By assumption there exists an R such that
SUPpeo € —3(1-09(2) |h(F,-)|7, <9dif |z2| > R. Let Fj, — F. Then

limsup ||A(Fy, ) — h(F,-)||¢

k—o0

= lim sup sup e%(lfc)QU(Z)’h(Fm ) - h(Fa .)’Tz
k—oo z€G

<26 +limsup sup e —3(1-0%(z \h(Fk — hi(F, )|, =26
k—oco |z|<R

by uniform continuity on compact sets. Since § > 0 was arbitrary this shows that g € C°(O, E¢).
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Assume now that all partial derivatives h; = aiFih satisfy |(i)|and |(ii)} The same reasoning as
before implies that F' +— h;(F,-) is a continuous map from O to E.. Then we use that

h(F 4+ nei,z) — h(F,z) — hij(F, z)n = /Ol[hi(F +tn, z) — hi(F, z)| ndt, (3.2.112)

divide by 7, use Jensen’s inequality for | - |7, and take the limit 7 — 0 to show that the map
g : O — E; has partial derivatives given by h;(F,-). Moreover these partial derivatives are
continuous. Since O is in a finite dimensional space this implies the assertion that g € C1(O, E¢).

O

3.3 Discrete nonlinear elasticity

3.3.1 Main results for discrete elasticity

In this section we consider models of discrete elasticity and analyse local convexity properties
of the free energy and the scaling limit of Gibbs measures. Indeed, the study of such models
is a key motivation for the present work and it is the reason why we considered vector-valued
fields and interactions beyond nearest neighbour interactions in the previous section. An addi-
tional difficulty in discrete nonlinear elasticity is that the invariance under rotations leads to a
degeneracy of the quadratic form Q which we considered in the previous section. Thus condi-
tion (3.2.47)) is violated and the results in the previous section cannot be applied directly. We
will overcome this difficulty by adding a suitable discrete null Lagrangian, see Definition [3.3.3]
equation (3.3.46)) and Lemma in the next subsection.

We consider the general setting of with m = d. Thus let A be a finite subset of Z¢
and let U : (R9)A — R be an interaction potential. For fields ¢ : Ay — R? we consider the
Hamiltonian

Hy(p)= ) Uler, () (3.3.1)
z€TN
where 7,(A) denotes the set A translated by x € T, 72(A) = A+ 2z = {y: y —z € A}. For
simplicity (and without loss of generality), we suppose that the support set A of the potential U
contains the unit cell of Z¢, {0,1}¢ C A.
For any v, € (R)4 we introduce the scalar product

(0, 9)) =D () - (x) (33.2)

z€A

and the corresponding norm [¢)|. Then we can naturally split (R?)4 = V4 x V1, where V4 ~ R?
is the d-dimensional subspace of shifts V4 = {(a,...,a) € (R)? : a € R?}, and V} is the
d(|A| — 1)-dimensional orthogonal complement of V4.

For a linear map F : R? — R? we consider the extension to (R%)?4 given by (Fy)(z) =
F(¢(z)). For ease of notation we will use the same symbol F' for the original map and the
extension to (R4 and similarly for the extension to (R?)%".

We assume that the potential U : (Rd)A — R satisfies the following conditions.
(H1) Inwariance under rotations and shifts: We have
U(y) = U(R(ta?)) (3.3.3)
for any ¢ € (R)4 and any R € SO(d), a € R, with R(t,¥)(z) = R(¢(2) + a).
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(H2) Ground state: U(¢) > 0 and U(v)) = 0 if and only if ¢ is a rigid body rotation, i.e., there
exists R € SO(d) and a € R? such that ¢(z) = Rz + a for any z € A.

(H3) Smoothness and convezity: Let 1 € (R4 denote the identity configuration 1(z) = z.
Assume that U is a C? function and D?U (1) is positive definite on the subspace orthogonal
to shifts and infinitesimal rotations given by skew-symmetric linear maps.

(H4) Growth at infinity:

lim inf U(qﬂ)
peVi, [pl—oo Y

> 0. (3.3.4)

(H5) Additional smoothness and subgaussian bound: U € C"0F" with rg > 3 and r; > 0 and

: _ Lo
Jm w3 gu@)) =0, (3.3.5)

2<]al1<ro+r1

o la ..
where 05U (v) = [],ca ngl %U(lﬁ) for any multiindex o : A x {1,...,d} — N.

o(z,5)

Ys(z)
The first four conditions are the same as in [62]. The last condition is a minor additional
regularity assumption for the potential. It was stated as a separate item to make clear that it is
only required in the renormalisation group analysis but not in the convexification argument in
Section

In [62] these assumptions are used to prove that the Cauchy-Born rules holds at zero temper-

ature, in the sense that the energy minimiser subject to affine boundary conditions is affine. Here
we use this result as a starting point for a study of the Gibbs distribution for the Hamiltonian H y
at low temperatures using the renormalisation group approach. The ground state in the setting
of discrete elasticity corresponds to the affine deformation given by the identity. Therefore we
consider deformations F' € R*? for which F — 1 is small. For a linear function F, its restriction
to A and to 7,(A) differ by the constant vector F(z) € R? and thus U(F|4) = U(F|r,(a))- Hence
for linear maps I’ we simply write U (F') instead of U(F|;,(4)). As in we define

H(p)= > U+ F)ra) (3.3.6)

ze€TN

and we recall the definition of the corresponding partition function Zy g(F,0) and the function

In Zn g(F,0)
WWﬂ(F>:‘*“Ef%j‘* (3.3.7)
in (3.2.10)) and (3.2.11)), respectively.
Note that Wy g inherits the rotational invariance of U, i.e.
Wi g(RF) = Wy(F) forall R € SO(d). (3.3.8)

This follow immediately from the fact that the Hausdorff measure Ay on the space Xy of LV
periodic fields with average zero is invariant under the map ¢ — Rep.

In analogy with (3.2.31f) we define

In Z3Y,
W g(F) ::5(WN”3(F) —U(F)) + LdN, (3.3.9)
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where Z]?,UB is the partition function of the following Gaussian integral based on the quadratic
form Qu = DU (1):

790, = /X ! exp (~ 5 Quna) An(dp). (3.3.10)

z€TN

Note the integral is well-defined since the quadratic form ¢ — > 7 Qu(¢r,(4)) is positive
definite on the finite-dimensional space Xy even though D2U(1) is only positive semidefinite.
Indeed, if 3 . Qu(pr,(a)) = 0 for ¢ € Xy then the assumption {0,e1,...,eq} C A and (H3)
imply that V;p’(x) = W;;(x) where W(x) is a skew-symmetric d x d matrix. Discrete Fourier
transform shows that all Fourier modes of W(p) are skew-symmetric rank one matrices and thus
vanish. This implies ¢ = 0.

Rewriting (3.3.9) we get
Wys(F) 1255
B B AN

Note that the last term on the right hand side is independent of F. It is easy to see, e.g. by
discrete Fourier transform, that its limit for N — oo exists.

Wy g(F)=U(F)+

(3.3.11)

Theorem 3.3.1. Suppose the potential U satisfies the assumptions (H1) to (H5) with ro = 3
and r1 > 0. Then for all sufficiently large odd L there exist a 6(L) > 0 and Bo(L) > 0 such that,
for any B > By and any N > 1 the functions Wy g : B5(1) — R are in C™, with bounds on the
C™ norm that are independent of N and (3.

In particular, for r1 > 2, DQWN,g(G) 1s positive definite on the subspace orthogonal to the
tangent space at G of the orbit SO(d)G , for all G € Bs(1), uniformly in N.

Moreover there exists a subsequence (Ny) such that Wy, g converges in C"~1 to the free
energy Ws(F). For vy > 3 the second derivative D*Wp(1) is strictly positive on the subspace
orthogonal to the skew-symmetric matrices.

The second part of the theorem asserts that Wy g is uniformly convex near 1 modulo ro-
tational invariance. Equivalently this can be stated as follows. Since Wy g is rotational in-
variant there exists a smooth function VAVNﬁ, defined in a small neighbourhood of 1 such that
Wy g(F) = WNﬁ (FTF). Then W is uniformly convex in a neighbourhood of 1, uniformly in N.

The discussion in Section below implies a variant of the convexity result. There exists
a null Lagrangian N (actually a multiple of the determinant) such that Wy g 4+ N is uniformly
convex in Bs(1) and this property extends to Wz + N for all m > 2.

We also get a result for the scaling limit of the Gibbs state.

We consider O = D?U(1). We define Q) as the restriction of O to linear maps. More
precisely consider a linear map F : R* — R? and recall that F4 denotes the restriction of F to
the discrete set A. Now we set

QY (F) := Qu(Fa) = D*U(1)(Fa, Fa) (3.3.12)

We identify the space of linear maps with the space R¥? of d x d matrices. Using the Hilbert-
Schmidt scalar product (F,G) = ngﬂ F; sG;i s on R4*4 there is a unique symmetric operator

Q) such that QY (F) = (Q}F, F) and we denote the components of the associated matrix by
U U U
(Q)ijist-
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Theorem 3.3.2. Under the assumptions of Theorem there is a subsequence (Ny) and
(dxd)x(dxd)

a matriz q(F) € Regym such that for f € C*((R/Z)4,RY) with [ f = 0 and fy(x) =
LN f(LNg)
lim Ep eNe#) = ¢25(Craf) (3.3.13)
f—00 Ny,B
Here, Cra is the inverse of the operator Ata acting on functions u € H'((R/Z)4,RY) with [u =0
by

d d
(Araw)s = = > D (QY — @i jissDiOjus. (3.3.14)

t=14,j=1

For a discussion why only the restriction Qg and not the full quadratic form Qpy appears
in the limiting covariance see Remark The operators QY and QV — q are not positively
definite on the set of all matrices because skew-symmetric matrices are in their null space. They
are, however, positive definite on symmetric matrices. By Korn’s inequality this implies that A
is an elliptic operator and that its inverse C is well-behaved. Actually we will see in the proof of
Theorem that the operator A can be also written in terms of @,y such that QY and
QE+N — q are positive definite.

Along the lines of Section 1.8.3 in [47] one can show that in both theorems convergence
holds not only for a subsequence but for the full sequence and that the convergence of Wy g
holds in C™ and not just C™ !, see [106]. In a slightly different situation the existence of the
thermodynamic limit limy_,oc Wy g(F') was established in [116] under very weak conditions on
the interaction U.

3.3.2 Reformulation of discrete elasticity as generalized gradient models

We saw in that the Hamiltonian H ﬁ can be formulated in terms of a potential U
with finite range support A as well as in terms of the generalized gradient potential U. However,
the potential U and thus also U has a degenerate minimum and we cannot directly apply the
results stated in the previous section. Instead we first need to gain local coercivity. This can be
done with the help of an addition of a discrete null Lagrangian.

Let us first introduce the concept of discrete null Lagrangians.

Definition 3.3.3. A function N : (Rd)A — R is called a discrete null Lagrangian if for any finite

set A C Z% and any ¢, $ € (Rd)zd such that p(x) = @¢(x) for all x ¢ A we have the following
wdentity

Z N(r, (4 Z N(Pr,(a)) where Ay :={x € Z%: 7, (A) N A # 0}. (3.3.15)
TEA 4 zEA 4

If N is a discrete null Lagrangian and ¢(z) = F(z) for ¢ A then, in particular,

Y N(@ny) = D> N(E, ) (3.3.16)

zEA 4 TEA 4
It is useful to note that (3.3.15) holds if and only if
> N(@ra) = Y N(@r,(a)) for some finite A’ with Ay € A’ € Z4, (3.3.17)

xeN xeN

This follows immediately from the observation that € A’\ A4 implies that 7,(A4) Cc Z%\ A and
hence ¢, (4) = ¢r,(a)-
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Example 3.3.4. Let A = {0,y} where y € Z¢ and N(p) = p(y) — ©(0). Then N is a discrete
null Lagrangian. To see this we use the criterion (3.3.17). Consider a cube A’ which is so large
that

Aac N, An(y+A)\AN)=0 and AN(A\(y+A)) =0 (3.3.18)
Now

S N(era) = Y. e@- D o). (3.3.19)

zeN z€(y+A )\ z€A\(y+A")

Thus the assertion follows from (3.3.18) since ¢ = @ in Z¢\ A.
It follows that all the maps ¢ — V*p(0) with o # 0 are discrete null Lagrangians.

Example 3.3.5. An important example of a nonlinear discrete null Lagrangian is given by the
discrete determinant. For d =2 and a map v : {0,1}> — R? one defines the discrete determinant
as the oriented area of the polygon generated by the points 1 (0), ¥ (e1), ¥(e1 + e2), ¥(e2). Thus

N(W) 1= gib(en) X (¥ler + e2) = gen) = gblea) X (e +e2) — (e2) (3.3.20)
a1, b
az, ba
Qe = {0,1,...,0}% with the oriented boundary

where a X b = a1bs — ashy = denotes the vector product. This implies that for the square

Pr = ((0,0), (1,0),.., (£,0), (£, 1) .., (£, £), (£ — 1,£),..,(0,£), (0,£ — 1),.., (0,0)), (3.3.21)

the sum Zmng N(#r,(0,132)) s the oriented area of the oriented polygon go(ﬁg), Thus it follows

from the criterion that N is a discrete null Lagrangian (given A, take N = Q¢ — LgJ with
sufficiently large £).

To generalise the discrete determinant to higher dimensions, it is useful to reformulate first
the case d = 2 and to express N with the help of the continuous null Lagrangian det Vi for
¥ : Q CR?> = R% For ¢:Z? — R?%define I : R2 — R? as the multilinear interpolation, i.e.,
for x € Z? the map Igo‘er[O’l}z(y) is the unique map which is affine in each coordinate direction
yi and agrees with ¢ on x + {0,1}2. Note that I is defined consistently along the lines x; € Z
and is continuous on R?. Note also that Icp(ﬁl) 1s the boundary of the polygon generated by he

points p(0), p(e1), pler +e2), p(e2). Thus

N(p) :/ det VIpdx (3.3.22)
(0,1)
and for Qy,
> N(som{o,m)):/ det VIpdaz. (3.3.23)
(0,6)?

x€Qy

The integral on the right hand side depends only on Ip\g 02 and thus only on P13, This gives
another proof that N is a discrete null Lagrangian.

Ford >3 and ¢ : Z* — R* we define the multilinear interpolation in the same way. We then
define the discrete determinant Nges : (Rd){o’l}d — R by

Nget () = / det VIy dz. (3.3.24)
(0,1)¢
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The same reasoning as above shows that Nget s a discrete null Lagrangian. Note that for each

€ (0,1)? the expression VIp(y) is a linear combination of the values p(x) for x € {0,1}.
Thus Nget %5 a homogeneous polynomial of degree d on (Rd){o’l}d. If F:RY = RY is linear and
or(y) = Fy for all y € {0,1}? then Io(y) = Fy and thus

Naet (F) = det F. (3.3.25)

Discrete null Lagrangians are defined using Dirichlet boundary conditions on Z?. One can
extend the null Lagrangian property to periodic perturbations. We will only need the following
result.

Lemma 3.3.6. Assume that N : (R4 — R is a discrete shift-invariant null Lagrangian and
assume that N is bounded on bounded sets. Let F : R — R? be a linear map. Assume that
| Al :=sup{|y|ec : y € A} < LN, Then for all periodic functions ¢ : Ty = Z¢/LNZ? — R4

> ON(F+¢)r) = > N(F INN(Fy). (3.3.26)

J?ETN xETN

Proof. The proof is standard, but we include it for the convenience of the reader. Fix F' and
¢. Note that by shift-invariance N(F,, 1)) = N(F4). We use the set [ﬁ, LN_I] as the
fundamental domain of T. Extend ¢ to an L™ -periodic function on Z¢. Let M be a large odd
integer and consider a cut-off function 7 : Z¢ — [0, 1] such that

n(x) =1 if 2] < (M — 2)E5=1 414, n(x) =0 if 2] > MES=L — 2|4, (3.3.27)

Apply the criterion (3.3.17)) with the set A’ = Ay := [— ML;VA, MLévfl]d, @ = 0 and ny in place
of . This gives
S ONWF+n9)ra) = > N(Fr,a)) = MILNN(Fy). (3.3.28)
xEA N x€EAN
Now
D NF+n9)r,) = (M =2)" > N(F+¢)r,(a)). (3.3.29)
TEAM -2 z€TN

By shift invariance we have N((F' + 1¢);,(4)) = N(Fa + (n¢)r,(a))- Since ¢ is bounded on

Z? we get |Faq + 1| < C. Using the assumption that N is bounded on bounded sets we get
IN((F + 1) 7, (4))| < C" and

S IN(F + 1) )] < C/ (M — (M = 2)) LY (3.3.30)
€A M \Apr—2
Dividing ([3.3.28)) by M9 and passing to the limit M — co we get ([3.3.26)). O

Using the discrete determinant one can show the following result.

Theorem 3.3.7. [Theorem 5.1 in [62]] Under the assumptions (H1)-(H/) there is a shift invari-

ant discrete null Lagrangian N € COO((Rd)A ,R) and a shift invariant function E € CQ((Rd)A ,R)
such that:

(i) E is uniformly convexr on the subspace Vj orthogonal to the shifts;
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(ii) For all ¢ € (RY)*
U(¥) +N(¥) = E(¥); (3.3.31)

(iii) For ¢ € (Rd)A that are close to rotations Yr(r) = Rz with R € SO(d),

U() +N(¥) = E(¥). (3.3.32)

In fact one can take N = aNgety for some o € R where Nget is the discrete determinant defined
m . Hence N is polynomial of degree d and in particular smooth. Moreover N depends
only on the values of the deformation in one unit cell whose corners are contained in A and for
affine maps F : Z* — RY, restricted to A it yields

N(F4) = adet F. (3.3.33)

Remark 3.3.8. The heart of the matter is to show that for small « > 0 the quadratic form
D2(U + aNget)(2) is positive definite on Vi for z =1 (and hence for z in a small neighbourhood
of 1). This is easy. Indeed D*U(1) is positive semidefinite on V5 since 1 is a minimum of U
and by assumption positive definite on the complement of the space S C Vj of skew symmetric
linear maps. It thus suffices to show that D?>Nye is positive definite on S. For F € S we have
Nyet(F) = det F'.  Moreover et s a rotation and hence dete!t = 1. Computing the second
derivative at t = 0 we get

0 = Ddet(1)(F?) + D?det(1)(F, F) = Tr F? + D?det(1)(F, F) = —|F|*> + D*det(1)(F, F).
(3.3.34)

Here we used that Tr F? = (FT,F) = (—F,F). Thus D?>det(1)(F,F) = |F|? forall F € S.

In the following we want to rephrase the model given by the Hamiltonian (3.2.17)) in the
setting introduced in Section [3.2.I] The key idea is to consider the energy given by U + N
instead of U. The function U + N is bigger than a strictly convex function and agrees with
it in a neighbourhood of the identity. In particular the second derivative at the identity is
strictly positive (modulo shift invariance) so it almost falls in the class of energies satisfying the
assumptions of Proposition (up to a trivial shift from 0 to 1(gya). One minor issue is that
we restricted the passage from finite range interaction U to generalized gradient interactions U
to cubes Qr and Gr and the interactions need to satisfy the lower bound . Since the
interaction term U only depends on the field in A its second derivative will never satisfy
when A C Qpr. The addition of another null Lagrangian, however, gives us an energy that has
a strictly positive Hessian at the identity.

Recall the definition of the norm on (R%)4 and note that the assumption {0,1}¢ C A
implies for ¢ € (R%)4

[V4(0 |2<2er )2+ [b(eq)?) < 2dy[>. (3.3.35)

Uniform convexity of E orthogonal to shifts and shift invariance imply that there is a constant
> 0 such that for ¢ € Vj

B(La+ ) 2 E(La) + DE(La)(¥) + plv = E(La) + DE(La)(¥) + 55| VU(0).  (3.3.36)
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Since the first and the last expression are shift invariant we conclude that we have for all ¢ €
(R4

E(la+v)> E(14) + DE(14)(¢) + %W;@(o)ﬁ (3.3.37)

Hence, the growth of E is controlled from below by the gradient in one point. We now

introduce a null Lagrangian that allows us to redistribute the gradient lower bound to gain
coercivity on (R%)9r’.

Lemma 3.3.9. Define No : (R)%" — R by

d
— Y Vi (0) — e + d12 > Vi) — el (3.3.38)
1=1

=1 y,y+e;€Qprs
Then the function Ng is a null Lagrangian and No(v) = 0 if ¢ is the restriction of an affine map.

Proof. This is similar to Example Note that #{y € Qp : y +e; € Qr'} = R'(R' +1)4L.
Thus

No(1) = 1 R’+1 e Z > Ny(y) (3.3.39)
=1 y,y+e;€Qps
where Ny i(¥) = [Vito(y) — eil* — [Vigp(0) — ei*. (3.3.40)

Thus it suffices to show that for all y € Qr with y +e; € Qr/ the map Ny, : (RHYr — Ris a
null Lagrangian. We use the criterion (3.3.17). Assume that ¢ = ¢ in Z¢\ A. Take A’ so large
that Ag,, C A" and ((y + A')AAN) N Ag,, = 0. Here A denotes the symmetric set difference.
Since

Do Nuilen@m)= X Ve -—al’ = > Vi) —ef (3.3.41)
zeA z€(y+A)\A €A\ (y+A")
and ((y + A)AN) N Ag,, =0 we conclude that ¢, (q,) = Pr,(@,) for all z € ((y + A)AN)

and in particular Vip(z) = V;@(x). Thus 3, cr Nyi(9r,Qu)) = 2vens Nyi(Pr(@p))- This
shows that N, ; is a null Lagrangian.
Finally, if v is the restriction of an affine map then V;9(y) = V;1(0) and hence No(¢) =

0. -
We define the energies U, N, E : (R4)@» — R for 1 € (R4)?# by

U(p) = U(¥]a), (3.3.42)

N(y) = N(|a) + *No(ﬂ}) (3.3.43)

E(y) = E(¢]a) + ;dNo(w) (3.3.44)

Those functionals inherit the properties U + N > E with equality in a neighbourhood of rotations
(restrictions of rotations are still rotations) and from (3.3.37) we infer that for any ¢ € (R?)@r’

- A
Bl +¥) = B(La+ V1) + 4o oo N . DD DX
= 1za:+ez€QR/

(3.3.45)
> B(Lay) + DE(La, )W) + g gy s S Y ver

i=1 z,x+e;€EQpr
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where we used the DNo(1lg,,) = 0 and No(1g,,) = 0.
Recalling Lemma [3.2.1], we use the isomorphism II : G — Vé‘R, to define the functions
U,E,N:Gr — R by

U(z) =UMz+1gq,,), &(z)=EMz+1g,), and N(z)=N(Iz+1g,).  (3.3.46)

Because of (3.3.31) and (3.3.32)) they satisfy

U(z) +N(z) > E(2), (3.3.47)
U(z) +N(z) = E(z) for z close to 0. (3.3.48)

Moreover, their definition implies that
U((1+ F +¢)r,a) = WEF + Dy(z)). (3.3.49)

Hence the Hamiltonian for the discrete elasticity model defined in (3.3.6]) can be written as

HyF(p) = > UF + De(x)). (3.3.50)

ze€TN

The functionals U, N, and € are differentiable since they are a composition of a differentiable
and a linear map. Moreover (3.3.47)), (3.3.48)), and the bound (3.3.45)) imply that there is w; > 0
such that for all z € Gg

U(2) +N(2) > &(2) > £(0) + DE(0)(2) + wi|2|?

= (U4 N)(0) + DU+ N)(0)z + wy|z]?. (3:3.51)

where we used that Zle Zy,y+e¢€QR/ |Vit(y)|? defines a norm on VéR/ ~ Gp/ and all norms on
a finite dimensional space are equivalent.

We now show that under the assumptions (H1) to (H5) the potential U + N satisfies the
conditions in Proposition and that the generalised gradient model with the potential U+ N
is equivalent to the discrete elasticity model with the potential U (see Lemma below).
Once this is done we can easily deduce our main result for discrete elasticity, Theorem [3.3.1] and
Theorem [3.3.2 from the corresponding results for generalized gradient models, Theorem
and Theorem B3.2.7]

As in and (3.2.22), we define the quadratic part
Quin(z) := D?(U +N)(0)(z, 2) (3.3.52)
and the function
U+N) (2, F)=(U+N)(z+F) = (U+N)(F) = DU+ N)(F)(2) — W (3.3.53)
Note that implies
Quan(z) > 2w |2 (3.3.54)
Since U and N hence U and N are C? we also have

1
Quin(z) < —|z? (3.3.55)
w2
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for some wy > 0.
Lemma [3.3.6| implies that

LNIN(F) = > N(Dyp(z) + F). (3.3.56)

z€TN

From (3.3.56)) and (3.3.53), we find
HY ™ (9) = —=LNIN(F) + ) (U+N)(Dp(z) +F)

z€TN
= LYW(F) + Z (U+ N)(Do(z), F) + Z (D(u +N)(F)(Dg(x)) + W)
z€TN z€TN
= LNW(F) + Z ((u +N)(Dp(z), F) + W).
x€TN
(3.3.57)

In the last equality we used the equation » .. Dy(x) = 0. As a result, the partition function
for the discrete elasticity model defined in (3.2.10) can be expressed as

—BLNN(F) 0 fn
ZRs(1+ F, fy)) = e PLUE) Z i Z 1N <F \/B) (3.3.58)
where
ZVNF ) = / U9 3" T Krpusn(Do()) u(dp), (3.3.59)
AN XCTy xzeX

with Kp g14ov defined by replacing U by U+XN and U by U + N in (3.2.27), (8:2.22) and (3.2.19).
The calculations so far can be summarised as follows.

Lemma 3.3.10. Let Z%’ﬁ(F, 0) denote partition function of the discrete elasticity model with

interaction U and deformation F, let ’yﬁg denote the corresponding finite volume Gibbs measure,
let

In ZN7 (F, 0)
W][\j/v,ﬁ(F) = 5[]5]\” ) (3360)
and let

U U ].DZ]%Uﬁ
Wis(F) = B(Wys(F) = U(F)) + —aw (3.3.61)

be the quantity defined in (3.3.9)). Let Z}\L,EN(F, 0) denote the partition function of the generalised

gradient model with interaction U+ N and deformation F, let ’yﬁ’%+N be the corresponding Gibbs

measure and let

~ ziHNEo)

U+N
Wi (F) = LV (3.3.62)
be the quantity in (3.2.30) Then
Z§ 5(1+ F,0) = LN ZUEN (R ), (3.3.63)
WR (1 + F) =WHN(F), (3.3.64)
E71+F,U€(f’@) =E F,u+3\r6(f’<p). (3.3.65)

N.B N,B
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Proof. Equation (3.2.28]), applied to U + N instead of U gives

B = OO L 2 L
VB (3.3.66)

_ —ﬁLNdN(F)ZU 1+ F
) Nl + . f)

Taking f = 0 we get (3.3.63)). Dividing both sides by the corresponding expression for f = 0 we
get (3.3.65)). It follows from (3.3.58|) that

LINWEEN(F) = =In Z§, (1 + F,0) = BLNU(F) + In Z3'5™

AN U Qun Q (3.3.67)
= LYWY 5(1 + F) + n Zy5™> — In Z3%
Thus (3.3.64)) follows if we can show that
Qu Q
ZNGN = 734, (3.3.68)
To prove ([3.3.68)) note that Lemma implies that
> N(sDg(x) + tDp(z)) = Y N(0) =0. (3.3.69)
z€TN z€TN

Taking the derivative with respect to s and t at s =t =0 we get > .. On(Dp(z)) = 0. This

yields (3.3.68)). O

We now prove that the potential U + N satisfies the conditions in Proposition so that
we can apply the results from the previous section.

Lemma 3.3.11. Under the hypotheses (H1), (H2), (H3), (H4), and (H5) the function U + N
satisfies the assumptions of Proposition[3.2.4], i.e.,

U+ N e C™ " (Grr), (3.3.70)

wolzl* < Quan(2) < w22 (3.3.71)

U(2) + N(z) — (U(0) — N(0)) — D(U(0) + N(0))(2) > wi|z|*, and (3.3.72)

T W) =0 where W(H)=sup Y %wa (U(z) + N(2))!. (3.3.73)

#It 3<jal<ro+r)

with wyg = min(2wy,ws), where wy and wy are the constants in (3.3.51)) and (3.3.55)), respectively.

Proof. The first condition is a consequence of the smoothness of Q, N, and U which follows by the
chain rule from the smoothness of U postulated in (H5) and the smoothness of the polynomial
N. The second condition follows from (3.3.54) and (3.3.55). The third condition follows from
(3-3.51). The last condition follows from the fact that the U-term is controlled by (H5) and the
chain rule and that N is a polynomial. O

Finally we show how to deduce the results for the discrete elasticity model from those for the
generalised gradient models.

Proof of Theorem|[3.3.1. By Lemma [3.3.11] the potential U + N satisfies the assumption of Pro-

position (with w := %). Thus Theorem follows from Theorem and (3.3.64). O
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Proof of Theorem | By Lemma [3.3.11] the potential U + N satisfies the assumption of Pro-
position (with w := "J“) and thus Theorem can be applied to the generalised gradient
model. Together with ) this gives

lim E g elVe®) = ¢28(CTaf) (3.3.74)

L—oo TNy,

where Ct, is the inverse of the operator Ar, given by

d d
‘ATd Z Z QU+N q 1,538 ta a j Ut - (3375)

t=14,5=1

In particular the operator At, depends only on the action of Qq on the subspace QX,. Now
each z € gg, is of the form z = F = DF where F : R? — R? is linear. By the definition of U and

N, see (3.3.42)—(13.3.44]) and ([3.3.46), we have

(u-i—N)(F) =(U+N)La+ Fy)+ ﬁNO(]lQR/ + FQR,) =(U+N)(1a+ Fy) (3.3.76)

since Ng vanishes on linear maps. Thus

Quin(F) = D*(U + N)(1)(Fa, Fa) = Qo n(F) (3.3.77)

where we used the definition (3.3.12)) of QZ o for the second identity. It follows that the operator

At, can be written as

d d
a¥ Z Z QU+N ,j sta 8 j Ut - (3378)

t=11,5=1

(At,u

Now QE+N = Q) + QY and it only remains to show that QN generates the zero operator.
Multiplying by a test function g € C*°(T%,R%), denoting the scalar product on R? by -, recalling
that N(F4) = adet F' and using that det is a null Lagrangian on maps defined on T% i.e.
Jra(det(L + Vh) —det 1) dz = 0 for all h € C>(T¢,RY), we get

fl’d Z QN Zjaa fdl’—/ Z azg QN i f (3.3.79)

7.7 1 ,] 1

dd
:/ aD? det(1)(V,Vg) = — 2 / adet(l + sV +1Vg) = 0. (3.3.80)
Td ds dt |s=t=0 Jtd

Thus in (3.3.78) we may replace QE+N by QZ and this finishes the proof of Theorem O

Remark 3.3.12. Completely independent from the analysis of discrete elasticity the null Lag-
rangian No introduced in Lemma can be used to gain coercivity in generalized gradient
models with R™ valued fields. Indeed, the same arguments as used in this section show that the

requirement in (3.2.20) can be replaced by (3.2.21]).



Chapter 4

Renormalisation group analysis of
gradient models

The results of this chapter are joint work in progress with Stefan Adams, Roman
Kotecky, and Stefan Miiller. A sketch how the loss of regularity can be avoided based
on a new finite range decomposition (see Chapter [2)) already appeared in the author’s
master’s thesis [55]. More precisely, Lemma is similar to Lemma 6.6 in [55].

4.1 Introduction

This chapter contains our renormalisation group analysis of gradient models based on the
approach by Bauerschmidt, Brydges, and Slade [44} 45, 20, 46| 47| and extending the paper [4]
by Adams, Kotecky, and Miiller. For a general background on the approach and references to
the literature we refer to Chapter Recall that the goal of the renormalisation analysis is to
control perturbations of Gaussian integrals of the form

Tn(0.) = [ e 3 T] KiDela)) nofdo) (4.1.1)

XCTn xeX

for small perturbations K. In this chapter we control this expression using a careful multiscale
analysis obtaining the representation formula in Theorem [.9.1] as our main result. We will
outline the general strategy in the next section. Here we just recall very briefly the differences
to the earlier works and explain the outline of this chapter.

The main difference to the analysis of the p*-theory are, on the one hand, that only first
order perturbation theory is necessary and we obtain a dynamical system with a hyperbolic fixed
point. On the other hand, we have less symmetry and therefore more relevant terms. Moreover,
the large field problem, i.e., the control of the perturbations I for large fields ¢ is more subtle
in our setting.

We extend the results by Adams, Kotecky, and Miiller in several directions. We consider
general finite range interactions for vector valued fields. Since the method is rather robust in
this respect this requires mostly notational changes. We use a new finite range decomposition
as constructed in Chapter [2] that avoids a loss of regularity thus simplifying several arguments
concerning the smoothness of the renormalisation maps (see Section {.7). We treat norms in
a more systematic way which allows us to consider all dimensions d > 2 instead of d € {2, 3}
(see Section and Appendix [£.A). The main improvement is the construction of new weight
functions that allow us to handle potentials with much weaker growth assumptions, in particular
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we can deal with realistic interactions for discrete elasticity as discussed in Chapter [3] This
provides a new solution of the large field problem in our setting. The construction of the weights
is mostly independent of the remaining parts of this chapter and can be found in Section
Finally, there are several smaller changes regarding, e.g., the combinatorics.

Let us now outline the structure of this chapter. The main result we prove is the representa-
tion formula in Theorem [£.9.1] From this result it is rather straightforward to conclude the main
results of the previous Chapter, Theorem and Theorem Since the proof is rather
involved we provide the reader with an overview of the general strategy and the main steps of
the proof in the next Section £.2l Moreover, in Section [£.3] we describe the most important
parameters used in the argument in order to facilitate the understanding of the interaction of
the various parts of the following arguments and as a future reference for the various restrictions
on their choice. In Section we discuss the general setup of the multiscale analysis. Then, in
Section [4.5| we construct the new weight functions. Section contains important submultiplic-
ativity estimates for our norms and the definition of the projection on the relevant directions
which corresponds to the operator loc in the language of Bauerschmidt, Brydges, and Slade. The
following two Sections and contain the proofs of the key results that the renormalisation
map is smooth and has a hyperbolic fixed point. Then Section contains the proof of the
main results based on the representation theorem. The latter theorem is proved in using a
suitable stable manifold theorem.

4.2 Explanation of the method

In this section we outline our general approach. It follows closely the programme for the
rigorous renormalisation group analysis of functional integrals which has been systematically
developed by Brydges, Slade and coworkers over the last decades, see [42} 48, 24] for surveys and
additional references to earlier and related work.

4.2.1 Set-up

We focus on an outline of the strategy to prove Theorem [3.2.2] the proof of Theorem is
very similar. We want to study the integral

Z = > K(X, ) n(dy) (4.2.1)
AN XcA
where
K(X,p) =[] K(De(z)) (4.2.2)
reX

and (9 is the Gaussian measure given by

I x
W (dp) = e 2 Seny SPE) )\ (d). (4.2.3)
It turns out that it is convenient to embed this problem into a more general family of problems
of the form

Z(Hy, Ko, q) := /X (710 o Ko) (A, o)D) (de). (4.2.4)
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Here q is a small symmetric md x md matrix and p(@ is the Gaussian measure given by

1

plD (dp) = ——e

-1 z))— x z
@ 3 2zery ADe(@)—(qVe(z),Vp( )))\(dgo). (4.2.5)

The circ product o of maps F, G defined the subsets of Ay is given by
FoG(X)= > FY)G(X\Y) (4.2.6)
YCX

for X C Ay. The sum includes the empty set and we set F() = G(0) = 1. The definition
of the circ product is motivated by the following property. If F' and G factor, i.e. if F(X) =

[T.ex F({z}) and G(X) = [,cx G({z}) then
FoG(X) =[] (F+&)({z}) (4.2.7)
reX

The term Hy plays a special role which will be further discussed below. It only contains so
called relevant terms, namely constants and certain linear and quadratic expressions in ¢. More
specifically we assume that

Hy(X,9) =Y Ho({z},) (4.2.8)
zeX
Ho({z},p) =ay + Z Z ai,o V¥pi(x) + %(anp(z), V(x)) (4.2.9)

1<|al<|d/2]+1 i=1

where a is symmetric md x md matrix.
The original problem corresponds to the choices ¢ = 0, Ho(X,p) = 0 and Ko(X,¢) =

[Loex K(Dp(2)).

4.2.2 Finite range decomposition

The first idea is to replace the integration against the Gaussian measure u(?, by a sequence
of integration against Gaussian measures u,gq), k =1,...N 4+ 1 such that the measure ul(f’)
essentially detects the behaviour of the fields ¢ on the spatial scales between L¥~1 and L*.

More precisely, we express the translation-invariant covariance operator (@) of the Gaussian

measure 1@ as a sum of translation-invariant covariance operators with finite range, i.e.,

N+1 k
L
e = E G,(Cq), and the corresponding kernels satisfy C,Eq) = —Cy, for |z|ec > -
k=1

(4.2.10)

Moreover the kernel Cl(f') behaves like the Green’s function of the discrete Laplace operator on

scale LF~1 ie.,
Co L~ b=Dd=2+) for 4 1 |a] > 2

4.2.11
Coln(L) L+~ D2410) for d 4 [of = 2. (4:2.11)

]vac{f)(x)\ < {

Then p(@ = ME\?-)&-I ..k ,ugq) and thus the quantity Z(Hy, Ko, q) can be expressed as an N + 1

fold integral. Alternatively we can define the convolution operator R,(Cq) by

(ROF)() = /X P + )@ (dg). (42.12)
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Then the integral we are interested in can be written as

Z(Ho, Ko,q) = (R, RY ... R (e~ o K)) (A, 0). (4.2.13)

4.2.3 The renormalisation map

In view of (4.2.13) the key idea is to define a map T : (Hg, Ki,q) — (Hpt1, Kxy1) such
that

e M1 o Kp i (Ay) = R}(;I)

Y (e o Ky(An)). (4.2.14)

Then

Z(Ho, Ko,q) = (R, (7% 0 K ) (An, 0) = /X (e o Kn)(Aw, ) 8, (dg).  (4.2.15)

_ Of course the property [@2.14) does not determine T, uniquely. Indeed, for any H such that
H satisfies (4.2.8]) we can write using (4.2.7))

e HoK(X)=(eH+eH —eH)yoK(X)= (e_H o(e —eHyo K) (X)=e "o K(X)
(4.2.16)

where K = (e —e ") o K.

The guiding principle for the definition of T is that we want T'%(0,0,q) = (0,0) and that
the derivative of T at the origin is contracting in K} and expanding in Hy. This will allow us to
apply the stable manifold theorem to show that the term on the right hand side of is 1
up to an exponentially small correction provided that we chose Hy suitably in dependence of Ky,
see the next subsection. Indeed, the special form of relevant Hamiltonians given in (4.2.9) stems
from the fact that exactly monomials of this form do not lead to a contraction under application
of R if we equip the space of functionals with natural scale dependent norms. See the text
after for further discussion on relevant vs. irrelevant monomials. The definition of the
map T';, thus involves three key steps

(9)

J41s 1-€., application of R\

e Integration against u ki1

e Extraction of the relevant terms, see (4.4.66) where R’ = R,Eggl

e Coarse-graining to maps defined on disjoint blocks of size L¥*1 (k + 1-blocks) and their
union (k4 1-polymers) rather than single points and subsets of Ay, see (4.4.65) and (4.4.67)

The motivation for the coarse graining is that a field ¢ which is typical under the next-scale
measure “1(522 varies only slowly on scale LFt!. The circ product is adjusted to the coarse

graining: for two maps F, G on k-polymers the circ product is defined as

FoG(X) = > F(Y)G(X\Y). (4.2.17)
Y k-polymer,Y CX

In particular for £ = N there are only two polymers, the whole torus Ay and the empty set. Thus
the right hand side of ([#.2.15) simplifies further since e ¥ o Ky (An) = e N (AN) + Kn(An).
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The key results about the maps T’ are contained in Theorems [4.4.7] and [4.4.8| below: they
are smooth in a small neighbourhood (uniformly in k& and N) and the derivatives at the origin
are given by

DT,(0) (g ) - (‘%’“ g:) (g) (4.2.18)

|A | <e<1, |Gkl <e<t. (4.2.19)

where

These estimate give a precise formulation of the idea that the flow is contracting in the K variable
and expanding in the H variable.

4.2.4 Application of the stable manifold theorem and fine tuning

The uniform smoothness of the maps T, and the contraction estimates allow us
to apply a discrete version of the stable manifold theorem. This guarantees that there exists a
smooth function Hy such that for each sufficiently small Ky the flow starting with (I:IO (Ko, q), Kop)
satisfies Hy = 0 and ||Ky|| < Cn" for a suitable n < 1. This is described in full detail in
Section below (for a slightly modified situation).

The basic idea is very simple. One considers the vector Z = (Hy,...,Hn,, K1,... Kn) and
a weighted norm [|Z|| = max(maxo<k<n—1 7~ ¥||Hg||, maxi<g<n 7| Ki|)). The space of vectors
with finite norm is denoted by Z. Then one reformulates the conditions that (Hgi1, Kx+1) =
Ty (Hy, Ki,q) and Hy = 0 as a fixed point condition. More precisely one defines a map T on Z
which has Ky and g as an additional parameters such every Z which satisfies 7~'(q, Ky, Z)=27
also satisfies (Hp41, Kgy1) = T (Hg, Ki, q) for k < N —2 and Tn_1(Hg—1, Kr—1) = (0, Kn).

The contraction estimates will imply that that map 7~'(q, Ky, -) does indeed have a
fixed point Z = Z(q,KO) for every small K. Then the map Hy is obtained by taking the H
component of Z. Thus we get for each small Ky

Z((Kova). Ko@) = [ (14 Kn(An.0) il (0 (4.2.20)

where Ky is exponentially small (and depends smoothly on Ky and q). If ﬁo(Ko, 0) = 0 holds
by chance we have solved our original problem. In general, there is, however, no reason why this
should be true.

In the final step we will thus use the freedom to tune the free parameter q so that the effects
of q in the Gaussian measure (9 and the effect of ﬁo(Kg, q) cancel exactly up to a constant
term which can be pulled out of the integral. Thus the final dependence our original partition
function Z(K) on K is encoded in this constant term, up to an exponentially small term which
comes from K. This allows us to conclude easily.

The details of this fine-tuning procedure are explained in Section It is actually conveni-
ent to write the enlarged family of problems in a slightly different way. Instead of working only
with g as the main free parameter we use a full relevant Hamiltonian (see (£.2.9)) as the free
parameter and identify g with the quadratic part a of the relevant Hamiltonian. Denoting the
relevant Hamiltonian by H and the quadratic part by q(#H) we are thus lead to study the family
of problems

[ o R ) A0 it KaK) =M (422
XN
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see Section . We then show as above that there exists a function Hy such that the choice
Ho = Hy(H,K) leads to Hy = 0 and an exponentially small Ky. In fact we can use exactly
the argument given above in connection with the observation that the map (H,K) — e K is
smooth. It is then easy to see that there exists a map 7 such that Ho(H(K),K) = H(K) and
that the integral for H = H(K) and Hy = Ho(H,K) agrees with our original integral up to a
scalar factor.

4.2.5 A glimpse at the implementation of the strategy

Our main objects are relevant Hamiltonians Hj and perturbations K. The relevant Hamilto-
nians are described by the parameters ag for the constant part, a,; for the linear part and a
for the quadratic part. The K} are functions depending on a k-polymer X and the field ¢. One
key ingredient is to design the RG maps T so that at each step the relevant terms are correctly
extracted. This can already by guessed at the level of the linearised problem. Another key
ingredient is to design norms for Hy and Kj which allow us to prove uniform smoothness and
contraction estimates. The construction of such norms will be described in detail in Section .4l
Here we just mention three guiding principles

e The norms at scale k for the fields ¢ should be such that a field which is ’typical’ under
(@)

the measure ;" has norm of approximately order 1;

e For a fixed k polymer the norm on the functional ¢ — K (X, ¢) should be dual to the field
norm. For linear functionals it is clear what duality means. Homogeneous polynomials or
degree r can be viewed as linear functionals on the r-fold tensor product of the space of
fields and there is a natural way to design norms which behave well under tensorisation

(see Appendix [4.A));

o Our starting perturbation factors, i.e. Ko(X) = [[,cx Ko({z}). This suggests that for
small K the size of K(X) should decrease exponentially in the number of blocks in X. The
property that K factors is lost in the iteration. To keep the idea that the contribution from
large polymers is exponentially small, a weight AXIx where | X|; is the number of k-blocks
in the polymer X is introduced in the definition of the norm of Kj.

Two further points turn out to be important. First, while the factorisation property is in
general lost, the finite range condition (4.2.10]) on the covariance in the finite range decomposition
ensures that factorisation still holds between polymers that are separated by one block. Here
we use the fact that we work on fields with zero average. Thus the the action of the kernel C,gq)
on fields by discrete convolution does not change if add a constant to the kernel. Hence the

) = ) is supported

condition condition C,(Cq —Cy, for |z|0o > %k is equivalent to assuming that C,iq
in {z:|r/w < %k}

This factorisation property for polymers that are separated by one block allows us to track
only Ki(X,-) for connected polymers X. The functional for general polymers is then obtained
by multiplying over the connected components.

The second point is the so called large field problem. With exponential small probability very
large values of the field V(z) may arise. Since a typical perturbation K(Dy(z)) = e Y(P#()) _1
contains also exponential terms care has to be taken that the integrals in each step are well-
defined. This problem is well known in rigorous renormalisation theory and handled by the
introduction of carefully chosen weights, or large-field regulators, in the norms of K. In Sec-

tion we present a new construction of weights which leads to almost optimal weights.
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4.3 Choice of parameters

The precise implementation of the renormalisation construction involves a number of para-
meters which help to fine tune the properties of the renormalisation map and to ensure the key
smoothness and contraction estimates in Theorems and from which the main results
Theorem B.2.2] and 3.2.7] can be deduced.

The purpose of this subsection is to give an overview over these parameters and to explain
how they are chosen. Detailed descriptions are given in the following subsections. Here we focus
on a bird’s eye view to emphasise the idea the parameters can be chosen in such a way that all
the restriction which arise in the following sections can be satisfied simultaneously.

Actually most of the parameters can be chosen once and for all (in dependence on the dimen-
sion d of the model and the maximal order Ry of discrete derivatives in a coordinate direction).
We will refer to these as ’'fixed parameters’ and we will not track how the various constants
depend on these parameters. A list of these fixed parameters is given in Subsection below.
We first discuss the free parameters which we will adjust to obtain the desired smoothness and
contraction estimates.

4.3.1 The free parameters L, h, and A

There are three free parameters, namely
e L € N: The size of a basic block

e h > 1: A scaling factor in the norm for the fields; the field norm on level k£ involves a
term h,;l with hy = 2Fh, see and . A field which is typical on scale k
(i.e., under the measure p11) has norm of order h,;l. Since the norms on functionals are
defined by duality the standard Hamiltonian H(p) = > .5 |Ve|? for a block B on scale
k has norm h2. In our earlier work [4] we used a scaling factor h which was independent
of k. The reason we now need scaling factors hy which grow sufficiently rapidly in & is
related to the new choice of nearly optimal weights (see Section . Among others, we
want to bound the field norm by the increase in the logarithm of the weights as we go
from scale k to k+1 (see (&.5.25))). This essential requires that >, _, h,.? can be bounded
independent of N. A similar issue arises for the estimates (4.5.23) and (4.5.24). The choice
of exponentially growing scaling factors is mostly for convenience. We can not allow for
faster than exponential growth because factors of hy1/hi appear in the proof of the change
of scale estimate in Lemma [£.6.T] and Lemma [4.6.9]

e A > 1: A parameter which penalises the contributions of functionals defined on long poly-
mers. The norm on functionals involves a supremum over all k-polymers X of A K (X)]|,
where | X| denotes the number of k-blocks in X.

Our goal is to show that there exists a number Ly and functions L +— ho(L) and L —

Ap(L) such that the renormalisation maps T = T,(cq) have good properties (in a suitable small

neighbourhood of 0 and for sufficiently small q) if

In the following we first review the choice for the fixed parameters. Then we describe the
key steps in the proof and discuss which restrictions on the free parameters L, h, and A arise in
each step.
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4.3.2 Fixed parameters

The following parameters are fixed once and for all and dependence on them is usually not
indicated in the following

d: Spatial dimension.
m: Number of components of .

Ry: A nonzero integer which determines the maximal number of discrete (forward) deriv-
atives through the set {e1,...,eq} CZ C {a € NZ\ {(0,...,0)} : |aleo < Ro}-

ro > 3: An integer which measures smoothness of the functionals in the field. Loosely
speaking, the restriction ro > 3 arises from the fact that third order terms are always
irrelevant, but quadratic terms are not. More precisely, the condition ry > 3 is crucial for
the two-norm estimate . This estimate in particular allows us to deduce the crucial
contraction estimate for C'? from a contraction estimate for the action of the extraction
operator 1 — Ils on Taylor polynomials at zero. See Lemma [£.6.9) and Lemma in
connection with for further details. We will take

To = 3. (4.3.2)

r1 > 2: An integer which measures smoothness with respect to external parameters (e.g.,
the deformation F’)

po: Number of discrete derivatives in the definition of the field norm |¢|; x. We need
pe > |d/2] + 2 to get the right decay in L in the Poincaré type estimate in Lemma
which is the main ingredient in the proof of the contraction estimate for 1 — IIs (see
Lemma and we will take

po = |d/2] +2. (4.3.3)

M: Number of discrete derivatives in the definition of the quadratic form M i( in (4.5.2)).
We need M > py + |d/2]| + 1 to be able to apply the discrete Sobolev embedding and to
get control of pg discrete derivatives in the supremum norm. We will take

M =pg + [d/2] + 1 =2[d/2] + 3. (4.3.4)

R: A geometric parameter which is used to define a neighbourhood around blocks (see
(4.4.34)). It determines the allowed range of dependence of the functionals on the first
scale, e.g., K({z}, ), Ho({z},¢), and M({)m} (see (4.2.2), (.2.8), and (4.5.2)) may only
depend on ¢[, (g gje. This implies that we need that R > max(Ro, M, ps) = max(Ro, M)
and we will take

R = max(Ry, M) = max(Rp,2(d/2| + 3). (4.3.5)

n: The number of discrete derivatives controlled in the finite range decomposition (see
Theorem . We need n > 2M to control the integral of the weights against the
Gaussian measures obtained by the finite range decomposition (see Theorem and
its proof in Lemma and we will take

n=2M =4|d/2] +6. (4.3.6)
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n: A secondary parameter in the finite range decomposition (see Theorem [.4.1) which

relates to the decay of the derivative of the Fourier symbols with respect to the quadratic

form we decompose. We need . > n+ |d/2| + 1 to bound the derivative of the maps R,(f)

with respect to q (see Theorem [4.4.2)) and we will take

i =2M =n+|d/2) +1=5|d/2| +7. (4.3.7)

wg > 0: A parameter which controls the coerciveness and boundedness of the quadratic

form Q. We require (see (3.2.40)

wolz|? < Q(2) <wytlz? forall z€G=(R™?E. (4.3.8)

¢ € (0,1): This parameter controls the exponential weight in the norm || - ||¢ which is
defined in (3.2.38) and measures the allowed growth of the perturbation K(z) as z — oo.

¢ € (0, i): This parameter analogously controls the growth of the weights, see (4.5.10)). To
make the norms of the perturbation K and the corresponding functional K consistent we

choose ¢ = ¢, see (1.5.8) as well as (£.10.46)), (1.10.26) and Lemma [4.10.3]

n € (0,3]: This parameter controls the rate of convergence of |[Hy| and [|K||. More
precisely it appears in the definition of the norm of the vector (Hy,..., Hy_1, K1,... Kn).
Vectors with norm < 1 satisfy ||Hy|| < n* and || K[| < n¥, see ({:10.2)). For the purpose of
the current paper we could take n = %, but other applications require smaller values of 7.

4.3.3 Choice of the free parameters in the key steps of the proof

The key technical results are the uniform smoothness and contraction estimates for the renor-
malisation maps T’ (see Theorem and Theorem [£.4.8). From those the assertions follow
by standard abstract results as outlined in Section [f.10]a discrete stable manifold theorem (The-
orem, a second fixed point theorem (Lemma@ which implies a representation formula
for the partition function (Theorem [4.9.1)). From this formula the desired results follow easily,
see Section [£.9.2] and Section [£.9.31

The key steps in the proof of the smoothness and contraction estimates are:

construction of a familiy of finite range decompositions;

definition of the renormalisation map and factorisation properties;
construction of weights;

submultiplicativity of the norms;

estimates for the extraction map Ily and for (1 — Il3) (with change of scales);

smoothness and uniform estimates on the derivatives of the renormalisation map (The-

orem (4.4.7);

contraction estimates for the linearised operator (Theorem [4.4.8]).

We now review the role of the free parameters in the key steps.
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Family of finite range decompositions. In Theorem we obtain a finite range decom-
position for all quadratic forms with wp/2 < Q < 2wy L Dependence on of the estimates on
L is expressed explicitly and there is no restriction on L. The parameters h and A do not ap-
pear. A key property is that the convolution operators ngq) which correspond to the finite range
composition for the quadratic Q@ (z) = Q(2) — (gzV, zV) depend smoothly on g, with bounds

independent of N, see Theorem [4.4.2]

Definition of the renormalisation map: locality, factorisation, geometric properties.
To make the combinatorics or coarse-graining and the properties of the finite range decompostion
interact nicely we define various neighbourhoods of a polymer and locality conditions on the
functionals ¢ — K (X, ¢), see Section [1.4.2]

Consistency of these definitions requires L > 2% + R. The construction involves a map 7
which assigns to a polymer X at scale k (a union of blocks of size L¥) a polymer 7(X) at scale
k -+ 1. In general X is not contained in 7(X), but the condition L > 2% + R guarantees that the
corresponding small scale neighbourhoods, defined in , satisfy X* C 7(X)*. To ensure
that the renormalisation map preserves the factorization property we need the stronger relation

L>2M2 L 4R, (4.3.9)

see Proposition [£.4.6

Weights. To deal with the large field problem we introduce families of weak weights wiX (¢) and
Wi.x+1 () as well as strong weights WkX () which depend on the field ¢ and a polymer X. These
weights need to satisfy certain natural supermultiplicativity properties and to be consistent with
application of the integration map RZ +1- These properties are summarised in Theorem m

They hold provided that the following constraints are satisfied

L>2¥3 L 16R, (4.3.10)

h>Co V2 (L), (4.3.11)

Here (L) is a parameter that appears in the construction of the weights, see (4.5.10)) and ({.5.57)).
It measures how much the weights can be perturbed using the terms My, defined in (4.5.4)). The
free parameter A does not appear in the construction of the weights.

Submultiplicativity of the norms. The map T can be written as composition of linear
maps, the harmless map H — e ¥ for relevant Hamiltonians and a number of polynomial maps
which arise from the combinatorics of the circ product and the coarse-graining procedure. The
key difficulty is that the degree of the polynomials is not bounded independent of N. Hence an
important idea is to work with norms which are submultiplicative so that polynomials (and their
derivatives) can be easily estimated. The submultiplicativity of the relevant norms, defined in
—, essentially follows from general facts about tensor product norms on (Taylor)
polynomials (see Appendix and the supermultiplicativity of the weights. The details are
described in Section [£.6] The submultiplicativity estimates require only that the weights satisfy

the properties stated in Theorem Thus the conditions (4.3.10)) and (4.3.11)) are sufficient

as discussed above. The parameter A does not appear.
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Estimates for IIs and (1 —1I3). A key step in the definition of the map Ty is the extraction
of relevant terms. We need that this leads to a bounded map from Kj to Hpy1 and, more

(9)

importantly that due to the extraction of the relevant terms the linearisation C’kq
Ky — K1 is a strong contraction.

of the map

As we will discuss below the main step is to analyse the extraction at the level of Taylor
polynomials at zero. This leads to the definition of the projection Il and the remainder map
1 — Iy, see Section [£.6.4] The key properties of these maps are stated in Lemma [£.6.7] and
Lemma [4.6.9] The L dependence is handled explicitly in these lemmas and L only needs to
satisfy a mild geometric condition: L > 2¢ + R. The estimates only rely on the definition of
the field norms in and the dependence on h (or hy = 2Fh) cancels exactly. The free
parameter A does not appear.

Uniform smoothness estimates. The restrictions on L and h are of the form
L> Lo, hZ>hoL) (4.3.12)

and come from Theorem through Lemma [£.6.3] (submultiplicativity of the norms) and
Lemma (smoothness of the integration map).
The restrictions on A take the form

A > Ay(L) (4.3.13)

and arise from smoothness estimates for the polynomial maps, in particular P;. An explicit
choice of Ag(L) is given in (4.7.91))

Otherwise the dependence of constants L, h and A is tracked explicitly in Section and we
get explicit bound for the final neighbourhood U, , on which S is smooth. We can take s as in
Theorem and p can be taken of the form p = cA~2 where c is given explicitly in terms of
a constant in the finite range decomposition and the bound for the map Ila, see Section [4.7.8]
The bounds for the derivatives do not depend on h.

Contraction estimates. The contraction estimates impose conditions on all three parameters.
To show that the contributions from single blocks are contracting we need L > Lg in order
to exploit the good L-dependence of (1 — IIy). Here Ly depends on the constant Ap from
Theorem (this is the only non-geometric condition on L). An explicit choice is given in
. The parameter A is used to cancel the combinatorial explosion and can be chosen as
A > Ay where Ay depends on Ap from Theorem [£.5.1] An explicit choice of Ay can be found
in . Moreover, Lemma imposes the minor additional condition on Ag. For

h we obtain the condition h > hg where hg must satisfy the condition in Theorem and, in
addition, hg > 1/Ca20 (see (4.8.29)) where Cy is the constant in the estimate (4.4.13) for the

finite range decomposition.

4.4 Description of the multiscale analysis

In this section we introduce the key elements of the multiscale analysis. We recall the results
on finite range decomposition from Chapter [2] and we define function spaces and norms. We
continue to work on the discrete torus Ty = (Z/(LNZ))%.
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4.4.1 Finite range decompositions

Recall that G = (R™) where {e1,...,eq} CZ C {a € Nd\ {0,...,0} : |aleo < Ro} and the
extended gradient is the vector Dp(x) = (V¥p(x))acz € G. For a positive definite quadratic
form Q on G the expression

o~ 7 Laery ADP(@))

7 AN (dep) (4.4.1)

defines a Gaussian measure on Xp. In this section we recall the existence result of a finite range
decomposition for the covariance of such Gaussian measures that we obtained in Chapter
Using this decomposition we can rewrite our initial functional integral as a series of integrations.
For the convenience of the reader we also repeat some definitions that were already given in
Chapter 2

We denote the generator of Q by Q : G — G and we get a corresponding elliptic finite
difference operator A on Xy

Agr= > (V)'QusV 0. (4.4.2)
a,Beg

We use Ag to denote the covariance of the Gaussian measure generated by Cq = .Aél
The operator Ag : Xy — X commutes with translations, hence its inverse Cq also com-
mutes with translations. Thus there exists a unique kernel Cq : Ty — R that satisfies

erTN Cq(z) =0 and

(Coy)(z Z Colz —y)e(y). (4.4.3)
yeTN
Recall that L > 3 is odd. The dual torus is given by

~ LN — )& LN —3)n LN —)r» d
TN:{—( LN) ,—( LN) ,...,( LN) } (4.4.4)

For p € ZFN, we define the functions f, : Tn — C by fy(z) = ¢!P¥)  Then the Fourier
transform ¢ : Ty — C of a function ¢ : Ty — C is defined by

= > fo(—2)i(). (4.4.5)
z€TN

For vector and matrix valued functions the Fourier transform is defined component-wise. In
particular, the Fourier transform diagonalises translation invariant operators

Cap(p) = Co()P(p). (4.4.6)
We will also use the Plancherel identity
(o, ) LNd >3 (4.4.7)
peTN

The discrete derivatives satisfy

Vo(p) = a(p)p(p) (4.4.8)
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with g;(p) = e®i —1for 1 < j <d. Forp € Tx we have % <q(p)| < |p|- The Fourier transform
of the kernel Ag of the operator Agq is therefore given by

Agp) = D Ap)*Qupa(p)’. (4.4.9)

a,BEM

and Co(p) = (Aq(»))
We consider the set of all quadratic forms Q that satisfy,

1
wolzV|? < Q(2) < = |22 (4.4.10)
wo

for some constant wg € (0, 1) which is a slightly weaker condition than (3.2.40)). Note that (4.4.9)
then implies that there exists a constant w such that

~ 1
wlp]? < Ag(p) < a|p|2,

w ~ 1

W < CQ(p) <

(4.4.11)
w|pl*’
where w only depends on wqg, Ry, and d. Let us also restate the main results from Chapter

Theorem 4.4.1 (Theorem . Fix Wy > 0. Consider the family of symmetric, positive
operators Q : G — G corresponding to quadratic forms Q that satisfy with wg. Let L > 3
be odd, N > 1 as before and let n > n be two integers. Then there exists a family of finite range
decomposition Cq, k =1,2,...,N + 1, of the operator Cq such that

N+1
Cqo = Z Cqk, with
k=1 (4.4.12)
Lk
Cqi(z) = —Ck for |z|ec > -

where Cy > 0 is a constant, positive semi-definite matriz that is independent of Q. The family
Cq.k satisfies the following bounds where all constants may depend on R, d, m, wo, n, and n.
The a-th discrete derivative for all o with || < n is bounded by

sup |V D5Coi(x)(Q, ... ,Q)‘ < (4.4.13)

{Ca,gL_(k_l)(d_”O") ford+ o] > 2
j@|<1

Co ln(L)L_(’f—l)(d—Q-Hal) ford+ |a| = 2.

Further, for kernels in Fourier space we have the following lower bounds with a constant ¢ > 0,

~ eL2d4n) =125 (k=g)(=dt1l=n)  for [=i=1 < |p| < L7 and j < k
Coi) =9 oigim_ B U - (4.4.14)
cL 2(d+)—17 2k f07" |p| <L k 17
and similar upper bounds with a constant C,
~ C LA+ 2) [ (k=5)(=d+1=n)  for =31 < |p| < L7 and j < k
‘CQ,k(p)‘ < _k|_1| (4.4.15)
CL for |p| < L .
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For the derivatives of the kernels with |Q| <1 and £ > 1 we finally have the following stronger
bounds

d e CyL\ M+ 2) [(k=5)(=d+1=0)  for [=7=1 < |p| < L7 and j < k,
st Q+sQuP)| = C,L?* for |p| < L7k
(4.4.16)

The lower and upper bound can be combined to give, for £ > 1 and Q, @ satisfying |3.2.20

d’ i K LA +2 [ (k=3)(n=0)  for [ =71 < |p| < L7 and j < k,
ds? @+s0.k(P) ‘ ’ = | K, L2d+)+1 for |p| < L=F1,

(4.4.17)
where the constants Ky do not depend on N or k.

Moreover we recall Theorem that states that expectations with respect to u.q are
k+1
differentiable in Q. This will be a

alisation map.

ey ingredient in the proof of the smoothness of our renorm-

Theorem 4.4.2 (Theorem . Let Cq x+1 a finite range decomposition as in Theorem
withn—n > d/2 and X C T be a subset with diameter D = diamy (X) > Lk Let F:Vy —R
be a functional that is measurable with respect to the o-algebra generated by {p(z)|x € X}, i.e.,
F depends only on the values of the field o in X. Then for £ > 1 and p > 1 the following bound

holds
d’ —ky % 4

T | @) 00,109,y < CoDOLHE QU 1Pl sguen (G418
N

The constant depends in addition on Ky from (4.4.17)) and therefore on wo, d, m, n, n, and Ry.

We already explained in Section that in order to prove Theorem it is not sufficient
to decompose the Gaussian measure generated by Q but we have to consider small perturbations
of this quadratic form. However, it is sufficient to consider only perturbations of the gradient-
gradient term of the quadratic form. They are parametrized by symmetric maps q : R™*™ —
R™>™ and we denote with |g| its operator norm with respect to the standard scalar product on
R*™ We consider the family of quadratic forms Q(@ given by

Q@ (2) = Q(2)—2" - g2V (4.4.19)
and the corresponding family of operators
A = Z LD Z (i) (5.5 (V@) VD) (4.4.20)
7B€gl7] 1 ‘a| |5‘ 1'L,j 1

where V(@) p(z) = V¥;(z) and Q denotes the generator of Q. The partition function of the
Gaussian measure generated by A(@ will be denoted by

Zla) _ / 3@ g, (4.4.21)
XN

In the following we Will always assume that g € B, = B,(0) :== {q € Régrxnm)x(dxm)) :q| < Kk}

for some x with Kk < 2. Later we will impose additional conditions on k.
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Note that the family Q(@ satisfies the condition ([#.4.10) with @y = wo/2 for q € By.
To obtain our main results we fix a finite range decomposition as in Theorem with
parameters Wy = wp/2 and

d

n:2M:4BlJ+6, ﬁ:n+{2J+1:5{d

2J +7. (4.4.22)

The choice is related to the choice of the norms and a Sobolev embedding as we will see later.
In particular we obtain a finite range decomposition C‘Z,(Cq) with kernels C,iq) with 1 <k < N+1

for g € B, of the covariances C@ = (A(q))_l. To state the result in Theorem in slightly
bigger generality we consider more general choices of parameters there.

The key property of these decompositions is their finite range which implies for a random
Gaussian field ¢ with covariance C,(Cq) that E(Vip(2)V,p(y)) = V;vic}f) (r—y)=0if |z —y| >
L*/2, rendering the gradient variables V;¢(z) and V¢ (y) to be independent. In particular, this
implies

E(FL(Velx)Fa(Vely)) = E(F1(Velx) E(F2(Vely)) (4.4.23)

for sets X and Y such that dist(X,Y) > L*/2. In analytic terms this means

[ AR g = [ BVl ng [ BTemng (@420

We will use this factorization property frequently in the following. Also, we will often use the

shorthand u,(f) = Ho(@); dropping occasionally g from the notation.
k

If ¢ is distributed according to p and the fields ¢ are independent and distributed according
to g, the finite range decomposition amounts, in probabilistic language, to the claim that

023 o (4.4.25)

in distribution. Or, from the analytic viewpoint, it is formulated in terms of the convolution of
measures,

The renormalisation maps are then defined by sequential integrations,

(ROF)(p) = /X Flo+6) pl(de) = F» 5@ (p) (14.27)

for 1 <k < N + 1. Later we will define Banach spaces of functionals that will guarantee that
this map is well-defined and continuous. For F integrable with respect to x(? this definition
implies

N+1
F(p) 1P (dy) = / F i | 1P @er) .. 1 (de
/XN (AR = [ it ; r(den). v (don) (4.4.28)

= (R, ... R?)(F)(0)
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Figure 4.1: Torus (Z/(LZ))? with d = 2, L = 2, and N = 4. The light, middle, and dark gray
regions are connected 0,1, and 2-polymers, respectively. The image is taken from [55] and similar
to Figure 1 in [83].

4.4.2 Polymers and relevant Hamiltonians

In this section we define certain subsets of the torus that will be used to organize the multiscale
analysis. To keep these definitions simple we introduce the constant

R = max(Ry, 2|d/2] 4+ 3) = max(Ry, M) (4.4.29)

depending only on the range of the interaction Ry and the dimension d.
We use Ay referring to the set underlying the torus Ty = (Z/(L™VZ))¢, and identify it
sometimes with the set Ay = {z € Z¢: |z| < *} For every 1 < k < N we pave the torus

with blocks of side length L* which are translates by (L¥Z)? of the block By = {z € Z%: |%]| <
LkQ_l }. We refer to these blocks as k-blocks on Ay and denote their set by

By ={B: Bis a k-block}. (4.4.30)
Next, we summarise a notation for particular unions of blocks:

e A union of k-blocks is called a k-polymer and Py will be the set of all k-polymers. Note
that this definition of polymers differs from the definitions inspired directly by physics, in
particular polymers need not be connected.

e A set X C Ty is connected if for all x,y € X there is a sequence T = g, Z1,...,Tm = Y
with x; € X for 0 < i < m such that |z; — xiy1|ec = 1 for 0 <7 < m — 1 (see also Figure
. This notion corresponds to graph connectedness in the graph with vertices Ay and
edges between z,y € Ay if |z — y|oo = 1. We say that X, Y C T are touching if X UY is
connected.
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e Sets A and B are strictly disjoint if their union is not connected. An important property
is that for X,Y € Py such that X and Y are strictly disjoint we have dist(X,Y) > L*. If
& is distributed according to p this implies that the gradient fields V& restricted to X
and Y are independent by the finite range property.

e We use Py to denote the set of connected k-polymers and C(X) to denote the set of
connected components of a polymer X.

e Bi(X)isthe set of all k-blocks contained in a polymer X with | X | denoting their number.

e The closure X € Pj41 of a k-polymer X € Py is the smallest (k + 1)-polymer containing
X.

e We say that a connected polymer X € Py is small if | X|; < 2¢. We use S, to denote all
small k-polymers. All other polymers in Pf \ Sy will be called large. Small polymers are
introduced because they need a special treatment in the renormalisation procedure. The
reason boils down to the fact that for large polymers X € Py \ Sy the closure satisfies
| X i1 < a(d)|X|; for some a(d) < 1. For X € S, however, it is possible that | X |11 =
| X |-

e For any block B € B, and k > 1 let B € Py be the cube of side length (24! +1)L* centred
at B. Note that this is similar to the definition of the small set neighbourhood in [4] but
the side length is slightly bigger. For B € By let Be Py denote the cube centred at B
of side length (297! + 2R + 1) where R denotes the range of the interaction as defined in
(T.2.29).

e For any polymer X € P, and k > 1 we define the small neighbourhood X* € Pr_1 of X by

x= |J B (4.4.31)
BeB,_1(X)

For k = 0 we define X* = X + [-R,R]*N Ty € Py. Note that we view * as a map from
Pr to Pr—1 for k > 1. In particular, X** = (X*)* € Py_o for X € Py and k > 2. If the
scale of the considered polymer is not clear from the context it will be indicated explicitly.
The definition of B implies that for X € Pr, k> 1, and x € X*,

disteo (2, X) < (24 + R)LFL. (4.4.32)
e Finally, for any X € Py we define the large neighbourhood

Xt = U B for k>1and X+ = X* for k = 0. (4.4.33)
BeB4, is touching X

For future reference we recapitulate the definitions of neighbourhoods:

5_ B+ [-2¢- R 21+ R¥NTN for B€ By
| B+ [<29LF, 240k N Ty for B € By, k> 1
] NTx for X € Py
X* = 2d R 244+ RIYNTy for X € Py (4.4.34)

] NTxn for X € Py

+[-R
+[-
+ [-29Lk1 20k N Ty for X € Py, k> 2
+[-R
+[- L’f JIMAN Ty for X € Py, k> 1.
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Let us also collect several obvious geometric consequences of the definitions.
For strictly disjoint Uy, Us € Pry1 and L > 2042 4 AR we have

Lk+1

2

dist(Uy, Uz) > LF1 —2(29LF + R) > (4.4.35)

For L > 2%+ R and X € P, we have
X*cXt. (4.4.36)

Indeed, for k& = 0 it holds as the equality and for & > 1 the inclusion follows from (4.4.32)).
Moreover, for L > 29 4+ Rand k>0

X*CcXtcY* for X € S, and Y € Pjyq such that X NY # (). (4.4.37)

To verify the second inclusion, let B € By(X NY). We will show that then X* C B and thus
Xt C Y*. Indeed, given that X is small, it is contained in a cube of side length (2¢+! — 1)LF
centred at B. For k > 1 this implies that X is contained in a cube of side length (2¢+! + 1)L*
centred at B, while for k = 0 in a cube of side length 241 + 2R + 1 centred at B. In both cases
it implies that X+ C B.

Now we introduce the class of functionals we are going to work with. We set

M(Py,VN) ={F : P, x Vv = R|F(X,-) € M(Vn), F local, translation and shift invariant}.
(4.4.38)

Here, M(Vy) is the set of measurable real functions on Vy with respect to the Borel o-algebra.
Locality of F is defined by assuming that F'(X, ) depends only on the value of the field ¢ on
X*, that is, assuming the equality F'(X,¢) = F(X,%) to be valid whenever ¢[x+ = ¢[x=+. The
translation invariance of F means that for any a € (L*¥Z)? we have F(7,(X),7.(¢)) = F(X, ¢),
where 7,(B) = B + a and 7,¢0(x) = ¢(z — a). Finally, for a local functional F' and a connected
polymer X, the shift invariance means that F(X,¢ 4+ ¢) = F(X,¢), where ¢ is a constant
function, ¢ (x) = ¢ for x € X*. For general polymers X we define the shift invariance by
assuming that F(X, p+1) = F(X, ¢) whenever 9 is a step function—a constant on each nearest
neighbour graph-connected component of X*. Here nearest neighbour graph-connectedness refers
to the usual nearest neighbour graph structure on Ay (defining the set E(Ay) of edges in Ay as
E(AN) = {{z,y},x,y € Ay such that |x —y|s = 1} in contrast to the relation |z — y|so = 1 used
when defining connectedness of polymers). Note that for £ > 1 and X € Py, the graph-connected
components of X* agree with the connected components we defined before.

It is convenient to define the functionals on Vy instead of A’y the space of fields with average
zero which are in one-to-one correspondence with gradient fields. Nevertheless, all the measures

u,gq) appearing in the following are supported on X which implies that the functionals are only

evaluated for ¢ € Xy. Moreover the measures u,gq) are absolutely continuous with respect to

the Hausdorff measure on X. Note that for F' € M(Vy) such that F(¢ + ¢) = F(p) for any
¢ € Vy and any constant field ¢ € Vy, the restriction F'[y, is measurable with respect to the
Borel g-algebra on Xy. Indeed, the condition F(¢+c) = F(y) implies that for any Borel O C R
with A = (Flxy) 2(0) , we have F71(0) = A x Xy C XAn ® Xy = Vy .

Let us formulate an equivalent characterisation of shift invariance. For any subset X C Ay
we introduce the set of edges E(X) = {{z,y} € E(Z%),z,y € X} and the set of directed edges
E(X) = {(z,y), (y,z),{z,y} € E}. For ¢ € Vy we can view V¢ as a function from E(Ay) to
R™ by taking Vo((z,x+¢€;)) = Vip(x) = o(x+¢;) —p(x) and Vo((x +¢e;,z)) = Vip(r +e;) =
o) — ol + )
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Lemma 4.4.3. A functional F': Pp x VN — R is local and shift invariant iff for each X € Py
there is a functional Fx : E(X*) — R such that F(X, ) = FX(VgO[E(X*)) for any ¢ € Vy , i.
e., F(X,-) is measurable with respect to the o-algebra generated by Vi [E(X*).

Proof. We first observe that for a graph connected set Y, a fixed y € Y, and 7 : E(Y) — R™,
there is at most one function @ : Y — R™ such that ¢(y) = 0 and V@ = 7. Note that a necessary
condition is that n((x,y)) = —n((y,z)) for any (x,y) € E(Y).) Indeed, if there were two such
functions @1 and @2 and a point z € Y such that ¢1(z) # @2(z), we would get a contradiction

since ©1(2) — $2(2) = D10 Maswirs) = 2oimo Maiyeey,) = 0 for any path zo = y,21,..., 2, = 2.
Such a path exists since the graph (Y, E(Y)) is connected.

Now, let F' be shift invariant and local, Y7,Y5,...,Y, be the graph connected components
of X*, and let y; € Y;,7 = 1,2,...,n. Note that the argument above implies that for n :

—

E(X*) — R™ there is at most one ¢ € Vy such that ¢(y;) = 0 and Volgxs = 1 Then

we define Fx(n) = F(y) if such a ¢ exists and Fx(n) = 0 otherwise. For ¢ € Vy define
o(z) = p(x) — >, ¢(yi)1ly,(x). Then by shift invariance we have

F(X,¢) = F(X,$) = Fx(V@l g xv)) = Fx(Vol g xo))- (4.4.39)
The opposite implication is obvious. O

In addition to the set M (Py,Vn) of functionals we consider its obvious generalizations
M(Pg,Vn), M(Sk,Vn) and M(By,Vn). We use the shorthand M (Py), M (Pg), M(Sk), and
M(By). There are two canonical inclusions ¢y : M(By) — M(Py) and v : M(P5) — M(Py)
given by (11 F)(X, ) = HBeBk(X) F(B,p) and (1oF)(X, ) = HYGC(X) F(Y, p), respectively. In
the following we will usually drop ¢ from the notation and write F (X, @) = FX () for F' € M(By,)
and F(X, @) = [Iyecx) F(Y, p) for F € M(Pg). The set M(Py) can be endowed by an associ-
ative and commutative product o,

(FioR)(X,0)= Y  F(Y,)R(X\Y,9), Fi,F, e M(Py) (4.4.40)
YeP,(X)

that is useful to streamline the notation. For example, it serves as a shorthand for the expansion
of the product

(F1+ F2) () = (Fi o F)(X, ) (4.4.41)

with Fy, Fy» € M (By).
Finally, we introduce the space of relevant Hamiltonians My(By) C M (By) given by all
functionals of the form

H(B,p)=> H({z},9) (4.4.42)

TeB
where H({z})(y) is a linear combination of the following relevant monomials:
e The constant monomial My({z})(p) = 1,
e the linear monomials M; o ({7})(¢) := Vi%(x) := Vep;(z) with 1 < |a| < [d/2] + 1;

e the quadratic monomials M; o) (; 3 ({7}) () = VY¢i(7) VA;(z) with |a| = |B| = 1.
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The rationale for declaring exactly these monomials as relevant is based on the following heuristic
argument concerning the decay of their expectations under the measures up: Let us assign the
scaling dimension [p] = %52 to the field ¢, and the scaling dimension [M,] = r[p] + >°I_; |ai
to a general monomial M, ({z})(p) = V¥ ¢, (x)--- V¢, () (with a; # 0). The relevance of
the scaling dimension follows from the asymptotics E,,, |[M,,({x})|? ~ L=2*™xl and the fact that,
by the smoothness properties of correlations of uy, we expect that the fields ¢(x) and ¢(y) are
correlated only if |x — y| < cL9. As a result, for a k-block B we get E,, (3 ,c5 Mu({z})?) ~
L~2kMul+2kd - Hence the relevant monomials are exactly those for which the expectation of
| > we Mu({z})] under py, is not expected to decay for large k. One often calls the monomials
for which this quantity grows with k relevant, those for which it remains of order 1 marginal
and those for which it decays as #rrelevant. To avoid clumsy notation such as 'not irrelevant’ or
'relevant or marginal’ we include marginal monomials into our list of relevant polynomials.

Any H € My(By) is clearly shift invariant and local (the fact that B + [-R, R|NTy C B*

once R > |d/2] + 1 implies that H € My(By) and thus My(B) C M (Bg)).

4.4.3 Definition of the renormalisation map

In this section we define the flow of the functionals under the renormalisation maps .
Specifically the flow will be described by two sequences of functionals Hy and K. The coordinate
Hj, € My(By) stems from the finite dimensional space of relevant Hamiltonians and collects the
relevant and marginal directions whereas the perturbation Kj € M(Pf) is an element of an
infinite dimensional space that collects all remaining irrelevant directions of the model. In this
section we introduce the map T';, that maps the operators H; and K} to the next scale operators
Hyq and Kjyq. Formally it is given by a map

T}, : My(By,) x M(P§) x R 5 My(Byy) x M(PgL,), (4.4.43)

where we reflected the fact that it also depends on the a prior: tuning matrix g which is mostly
suppressed in the notation in this section. In the following we fix a scale k and write (H, K) =
(Hy, Ky) and (H',K') = (H11, Kiy1). Using R,gq) or a shorthand Ry, for T} with a fixed g,
the key requirement for the renormalisation transformation is the identity

R (e o K)(Ax,¢) = (T o K')(Aw, ¢). (4.4.44)

Moreover it must be chosen in such a way that the map K — K’ is contracting. For most
polymers this will follow from the definition of the norms and the fact that typically the number
of blocks decreases when the scale is changed, i.e., | X |p4+1 < | X|r. However, for k-blocks X € By,
and in general also for X € Sk, this is not true, | X|x+1 = | X|x. As a result, we have to subtract
the dominant part of their contribution and include it in the Hamiltonian H’. The process
of selection of the relevant part that is to be included to the space of relevant Hamiltonians
determines a projection

Il : M(Bk) — Mo(Bk) (4.4.45)

Existence, boundedness and further properties of this projection are discussed in Subsection [4.6.4]
below. Slightly informally, IIoF is defined as a “homogenization” of the second order Taylor
expansion Ty around zero. Namely, considering the second order Taylor expansion of F'(B) given
by ¢ +— F(B)(0) + DF(B)(0)(¢) + 2 D?F(0)(¢,¢), we define IILF as the ideal Hamiltonian
F(B)(0) + £(¢) + Q(¢, ) where £ is the unique linear relevant Hamiltonian that satisfies the
condition £(p) = DF (B, 0)(¢) for all ¢ whose restriction to BT is a polynomial of degree |d/2]+1
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and similarly Q(¢,¢) is the unique quadratic relevant Hamiltonian that agrees with D?F(B,0)
on all functions whose restriction to BT is affine. Note that BT does not wrap around the torus
for k < N —1and L > 5 and, as a consequence, the condition that ¢ restricted to BT is a
polynomial is well-defined.

We defer the definition of T';, and first motivate its definition with a sequence of manipulations
starting with the left hand side of . We define the relevant Hamiltonian on the next scale
by

H(B.o) = S H(By) (4.4.46)
BeBL(B')
where H(B, ) is defined by
H(B,y) = LR H(B,yp) - ILRK(B,y). (4.4.47)

Note that we need to subtract only the contributions that stem from a single block. In the
following we write

I(B,p+¢&) =exp(—H(B,¢+¢)), I(B,o)=exp(—H(B,p)), and J=1-—1. (4.4.48)

Using repeatedly the identities (4.4.41)), we rewrite the initial integral in (4.4.44)) in terms of the

next scale Hamiltonian,

/X I(p+€) 0 K(p+ &) s (d€) = / T(p) o (I — D) +€) 0 K(p + &) e (d€)

AN

= /X I(p)o (1 =I)(p) o (I = 1)(¢ +&) o K(p+&) prtr(d)

— T(g)o ( [ F@ret-e+9eKp+e ml(df)) |
! (4.4.49)

This allows to to introduce an intermediate perturbation functional K:PxVyxVy—R by

K(X,9,6) = (J(p) o (I(p + &) — 1) 0 K(p +€))(X). (4.4.50)

The initial integral then becomes

R(IK)Avg)= S I"\¥(o) [ R(X,0,€) s (do). (4.4.51)
XeP(Ay) AN

In the next step we regroup the terms in a such a way that we obtain an expression in the
form e #" o K’ with H' € Mo(Bg41) and K’ € M(P§.,). For X € Py \ S, we just include the
contribution of the integral of IN((X) to the terms labelled by U = X in K'. Introducing, on the
spaces M (Py), the norms with the weight Ak we will prove the contractivity of the linearisation
of the map Tj. For A > 1 and X € Py \ Sk for which we can show that | X|x+1 < |X|g, this is
based on the suppression factor AlXlk+1=1Xlk However, for X € Sy this strategy does not work
since we might have |X|g+1 = |X|x. In this case, as explained above, we have to include the
dominant part of their contribution into the Hamiltonian H' as anticipated in (4.4.47).

In addition, for X € § = Sk, we have to determine to which of the blocks B’ € B’ = By1,
among those that intersect X, we attribute the corresponding contribution. This is achieved
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in the following claim. There exists a map 7 : P¢ — P that is translation invariant, i.e.,
T(1aX) = 7,7(X) for a € (LFT1Z)9 and, for connected polymers, satisfies

X if X eP°\S,
T(X) = B’ where B' € B with BNX #0 for X € S\ {0}, (4.4.52)
0 if X =0.

We then extend 7 to a map 7 : P — P’ defined on all polymers by

m(X)= |J 7)) vXxeP (4.4.53)
YeC(X)

To show the existence of a map 7, it suffices to define the image 7(X) for any X € S and show
that the resulting 7 is translation invariant. “Unwrapping” the torus Ty, it can be viewed as
a projection P : Z* — Ty with the preimage of any point z € T being the set P~ 1{z}) =
{raz, 0 € (LNZ)?}. The preimage of any X € S is a collection of sets {raX,a € (LNZ)?}, where
X C Z% can be chosen as a connected set X C Z9 (recall that any X € S is connected) for
which X = P(X) For any X € S consider the k-block B(X) € B(X) such that the preimage
of its centre in X is the first one in the lexicographic order in Z% among the preimages in X of
centres of k-blocks in B(X). We determine the image 7(X) as the (k + 1)-block B’ = B(X).
Translation invariance of the map 7 follows immediately from the fact that B(7,X) = 7,B(X)
for any a € (L*Z)4.
We claim that for X € Py, and L > 2¢ + R,

Pi—1 > X Cn(X)* € Pg. (4.4.54)

By it is sufficient to show this for X connected. For connected polymers X that are
not small this is clear by . For X € & this is a consequence of applied with
Y =7n(X).

We define the function x : P x P’ — R by

This definition ensures ) ;;cp X(X,U) = 1. Using the relation (Ay \ X)U (X \U) = (Ax\U)U
(U \ X) we rearrange the right hand side of (4.4.51])

R(IoK)(Av,0) = > I [Z XX DT (N () [ K (X, 0,€) pra (d€)
Uep’ XeP AN
(4.4.56)

where the shorthand expression 1= = (I*)~! was used. Therefore we define
K'(U,0) = > x(X, I () "X\ () [ K(X,,8) p(d€) (4.4.57)
XeP AN
for any U € P’.

Lemma 4.4.4. For H, H € My(By), I, I, and J as in [@#A48), and L > 22+ AR the functional
K' defined in (4.4.57)) has the following properties



Definition of the renormalisation map 107

i) If K is translation invariant on scale k, i.e., K(X, ) = K(1,X, T.¢) for a € (LFZ)? then
K’ is translation invariant on scale k + 1.

) If K is local, i.e., K(X,p) only depends on the values of ¢ in X* then K' is local.
iii) If K is invariant under shifts then K' is also shift invariant.
i) If K € M(P) then K' € M(P').
v) If K€ M(P) factors on the scale k, i.e.,
K(X1UXa,p) = K(X1,0)K(Xa,p) for strictly disjoint X1, X2 € P, (4.4.58)
then K' factors on scale k + 1, i.e.,

K'(Uy UUs, ) = K'(Uy, 0)K'(Ua, ) for strictly disjoint Uy, Us € P'. (4.4.59)

Proof. The first claim is a consequence of the translation invariance of K, H, and .

For the second claim we observe that I(X,¢), J(X, @), I(X,¢), and K(X, ) only depend
on the values of ¢ X*. Moreover x(X,U) = 1 implies by for L > 2% + R that X* C
U*. Since the * operation is monotone and the renormalisation map R preserves locality, the
functionals K'(U, ¢) only depend on p[y+.

To prove the shift invariance of K, we first notice that I, I, and J are shift invariant because
they are compositions of H,ﬁ € My(By) with the exponential. Thus, by Lemma m the

functionals K (X, ¢), I(X, ¢), I(X, ), and J(X, ) can be rewritten as functionals of Vg [E(X*).
As in the locality argument this implies that K’ can be written as K’'(U,¢) = Ky (Ve [E(U*))
and is thus shift invariant.

The claim is a consequence of the first three claims.

To prove the last claim, we observe that functionals F, G € M (P) that factor on the scale k,
satisfy the equality (FoG)(X UY) = (F o G)(X)(F o G)(Y) whenever the polymers X and Y

are strictly disjoint. Indeed,

(FoG)(XUY)= > F(Z)G(XUY)\Z)
ZCXUY
— Z F(Z1UZ2)G(XUY \ (Z1U Z2))

Z1CX
Z2CY

=Y ) F(Z)F(Z)G(X\ Z)G(Y \ Z5) = (F o G)(X)(F o G)(Y).
Z1CX Z2CY
(4.4.60)

Given that the o-product is associative, we can extend this to three functionals: the product
F oG o H factors if F', G, and H factor. In particular, the functional K factors on the scale k.

Let Uy,Us € Pry1 be strictly disjoint polymers and let X € Py be a polymer such that we
have Uy cex)m(Y) = n(X) = U = Uy UUz. We claim that there is a unique decomposition
X = X1 U X5 such that X; and X5 are strictly disjoint and satisfy = (X;) = U;.

For the existence, consider X; = U N X, X9 = Uy N X. Clearly, X and Xy are strictly
disjoint and X; U Xy = X since by we know that X C (U UUz)* = Uf UU;. The
inclusions 7(X;) C U;" together with U NUy = Uy NUS =0 and U = 7(X) = 7(X1) U n(X2)
imply that 7(X;) = U;.
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Uniqueness follows from the observation that 7r( i) = U; implies by (£.4.54) that X; C Uz,
and thus X; C X;.

Assuming L > 292 + 4R and using and (£.4.35)), we conclude that the distance
between X| and X3 is bigger than the range of pi541,

Lk+1
dist(X7, X5) > dist(Uy,Us) > 5 (4.4.61)
Thus, using that K factors on scale k, we get
K(X1UXo,0.6) pir(d6) = | K(X1, 0, K (X2, 9,€) prisr(d€)
W N N (4.4.62)
= K(X1,9,¢) Mk+1(df)/ K(X2,¢,&) p1(dE).
XN XN
Finally, we observe that
XjUX Uyulsy) = (X1 \Up) U (X \ U:
(X1 UX2)\ (U1 Ul) = (X1 \ U1) U (X3 \ Us) (4.4.63)

(Ul U UQ) \ (Xl UXQ) = (U1 \Xl) U (U2 \XQ)
The inclusion 'C’ holds in general, the other inclusion follows from X1 NUs = Xo N U = 0.

As a result, using manipulations similar to (4.4.60|) for strictly disjoint Uy, Us € P’, these
facts imply

K'(UyUUs,0) = Y x(X, Uy UUs) TUNX () [~ () [ (X0, €) pag1(dE)

XeP AN
=Y Lix)eryurpd TP (o) - ANGR)) () K(X,,€) p41(dE)
XepP AN
Z j(UIUUQ)\(XIUXQ)(QO) ~( ) ( )
= Lo =v11n(x2)=U2 = K(X1UX2,¢,8) pgy1(d€
e (X1)=U1+7(X2) 2 [XUX\(U1UU:) () [ xy,

TUI\ X1 T7U2\ X2 _ _
= Lex)—tiLn(xa)=Us in\Ul(SO) §X2\Uz(<p) K(X17807§)Mk+1(df)/ K (X2, ¢, &) pi41(d€)
X1,X2€6P (SD) (SD) XN XN

= K/(Ul’ @)K,(U% 90)

(4.4.64)

O

For future reference we state a concise definition of T';. Recall that we defined for 0 < k <
N — 1 and Hy, € My(By) the next scale Hamiltonian Hy,1 € My(Bg11) by

Hk—}—l(B,,(P) = Z Hk; 7(10 (4465)
BEBk B’)

where



Norms 109

For Kj, € M(Pf) we denote Ki(p, &) = (1 — e*ﬁk(@) o (e*H’C(‘/’*g) —1) o Ki(p + €) and we
define K1 € M(Py,,) for U € P, by

Kin(Ug) = > x(X,U)exp (= > Hu(B.g) + > Hi(B.p)) /X K(X,0,6) n®,(d¢)

XeP BB, (U\X) BeBL(X\U)
(4.4.67)
where x(X,U) = 1;(x)=v and 7 : Py, — Py was defined in (4.4.53).
Definition 4.4.5. Let 0 < k < the renormalisation transformation
T, : Mo(By,) x M(Pg) x R xm) Ao (Byy1) x M(PgLq) (4.4.68)
1s defined by
Ty(Hy, Kk, q) = (Hi41, Kit1) (4.4.69)

where Hi11 and Kpyq are given by (4.4.65) and (4.4.67)) respectively.

We have the following result for T.

Proposition 4.4.6. For L > 292 + 4R and 0 < k < N — 1 the renormalisation transformation
Ty, is well-defined and satisfies for Hy, € Mo(By), K € M(P;), Hip1 € Mo(Bit1), and Kiq €
M(Py,,) with Ty (Hg, Ky, q) = (Hyy1, Kiy1) the identity

Rl(ggﬁ@_Hk’ o Ki)(An, o) = (e 41 o Ki 1) (Aw, ). (4.4.70)

Proof. Lemma implies that Ky € M(Pf, ;). From Lemma [i.4.4y])| we conclude that
12Kj11(U) equals the expression on the right hand side of (4.4.67) for all U € P41. Now (4.4.70))
follows from (4.4.56]). O

Of course the condition is not sufficient for our analysis. In addition we need smooth-
ness and boundedness results for the map T',. This requires to equip the spaces M (Py) with a
norm. In the next section we will define the relevant norms which will allow us to establish the
smoothness result and to prove contraction properties of T'.

4.4.4 Norms

Next we introduce suitable norms on the space M (Py, V) of local functionals (see (4.4.38)).
For any F' € M(P;,Vn) and any X € Py we define F'(X) € M(Vn) by F(X)(p) = F(X, ).
Fixing now rg € N with 79 > 3, we introduce a norm [[F(X)|z7, based on a norm of the
ro-th order Taylor polynomial of the functional F'(X) at ¢ as well as the norm ||[F(X)|xx =
sup,, W (@)[|F(X)| k1, where w™*(p) = w%@ and w® is an appropriately chosen weight
function. The main difference in comparison with [4] (which was based on earlier work of Brydges
et al., cf. e.g. [44] and [42]) is in the choice of these weights. The current choice allows us to
relax substantially the growth condition for the potential. An additional difference with respect
to [4] is that we use a different norm on polynomials (essentially the projective instead of the
injective norm on the dual tensor product, see Appendix . This is not crucial but it puts our
approach in line with the much more general framework developed in [44, 45].

The main observation for the definition of the norms on Taylor polynomials is that the action

of polynomials can be linearised by looking at their action on (direct sums) of tensor products.
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More precisely a homogeneous polynomial P(") of degree r on the space of fields X' can be
uniquely identified with a symmetric r-linear form and hence with an element P(") in the dual
of X®" (see Lemma[{.A.1).

To define a linear action of a general polynomial P we recall that @22, X" is the space of
sequences g = (¢(©, g, ..) with ¢) € X®" and with only finitely many non-vanishing terms.
Then we define the dual pairing

(Pg) =Y (P0),¢") (4.4.71)
r=0
with the space of test functions
=B, :={g e X : g =0 forall r>ry}. (4.4.72)

The restriction to the space ®,, means that the linear maps P correspond to polynomials of
order at most rg.

In the following we take X = Vy as the space of fields with norms defined on @ as follows.
On Vf\;}o = R we take the usual absolute value on R. Let

X eP and je {kk+1} (4.4.73)
For ¢ € Vy and = € A we define V5%p = (V;)(z) and consider the norms

oljx = sup sup  sup  wj(a)” |V (4.4.74)
zeX*1<i<m 1<|a|<ps

= sup sup sup wj(a) ! |Vi(z)|.
zeX* 1<i<m 1<|a|<pe

where

pe = |d/2] +2 (4.4.75)

and the weights w;(a) are given by
wi(a) = hy L7 L7 with  hj = 2h, (4.4.76)

The | - |; x-norm for the fields depends on a k-polymer X and a scale j € {k,k + 1} and it
measures the size of the field in a weighted maximum-norm in a neighbourhood of this polymer.

The weights are chosen so that a typical value of the field £ distributed according to ,uﬁ)l has

norm of order h;l (cf. (4.4.13)). The parameters h; allow to control the scaling of the field
norms | - |; x and since norms are defined by duality the parameter h; also appears in the norm
for Hamiltonians H € My(B). See Section for further discussion why we choose scaling
factor h; which grow with j.

Viewing homogeneous terms ¢(") Vf\’}r as maps (or more precisely equivalence classes of
maps modulo tensor products involving constant fields, see Section in the appendix) from

A" to (RP)®" with V% acting on the j-th argument of gi(:)_ir, we introduce the norm
\g(T)|j,X = sup sup wij(m) V" ®...® v gz, ... x,) (4.4.77)
Tl Tp €EX* mMEMp g

= sup sup  wj(m)~ V™ ®...@ Vg (X1, xp)

010y
T1,..,Tr €X* mEMpy
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where m,, , is the set of r-tuples m = (my,...,m.) with my = (i, 0y) and 1 < |oy| < pp and
T
w;(m) = [ ] wj(c). (4.4.78)
/=1

The norm defined above is actually the injective tensor norm on (Vy,|-|;x)®", see (1.A.71]),
implying, in particular, that

|<p(1) ®R...Q w(r)]jx = \g0(1)|j,X . \¢(T)\j7x for any go(l), ... ,QD(T) € X. (4.4.79)

We now define a norm on the space ® of test functions by

l9lix = sup |9 [;.x = sup [g")]; x. (4.4.80)
€N r<rg
and a dual norm on polynomials by
|Pljx ==sup{(P,g) : g € ®, |gljx <1} (4.4.81)

Assume that F' € C™(Vy) satisfies the locality condition with respect to a polymer X € P¢,

Flp+v)=F(p) if ¢[x-=0. (4.4.82)
We define the pairing
and the norm
|Fljxr, = |Tay Fljx = sup{(F,g), : g € ®, [gl;x <1} (4.4.84)

Here Tay, I denotes the Taylor polynomial of order ro of F' at .

We remark in passing that the right hand side of may be infinite since |- |; x is only
a seminorm, but this will not occur in the cases we are interested in, namely when F' is local and
shift invariant in the sense described in the paragraph following . More precisely the right
hand side of is finite if and only if Tay, F(¢ + Y) = Tay, F(¢) for all ¢ € Vv and all
1,1.1 € Vy with |1/1\3X = 0 (to see this one uses the fact Vy is finite dimensional and the zero norm
elements of V}?}T are linear combinations of tensor products £; ® ... ® & where at least one of
the & has zero norm). Note that W’kx = 0 implies that ¢ is constant on each graph-connected
component of X* and therefore by the definition of shift invariance F(p + 1)) = F(yp) for all
Y € VnN.

The final norms for the functional F' are weighted sup-norms over ¢ of the norm |F|x x T, .
Dividing the norm |F|; x , by a regulator wy (), we allow the functional to grow for large fields.
A way to think about these regulators is that |F'(¢)| < || F(X)|| wk(e). This bound must behave
well with respect to integration against ur41 and satisfy certain submultiplicativity properties.
The exact definition of the regulator is slightly involved and will be given in the next section.

Now, we define a norm on the class of functionals M(P}) = M(Pg,Vy) defined in (4.4.38).
Writing FI(X)(¢) = F(X, ) for any F' € M(Pj,Vn), we sometimes use the abbreviation

|F(X) |k, = [F(X)|rx,1, (4.4.85)

Let Wi, wil, wipe1 € M(Pg) be weight functions that will be defined in the next section.
Let us denote W, X = (W)~! and similarly for w. The strong and weak norms are defined,
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respectively, by

I (X)) lx = suplE(X)|kz, Wi (9), (4.4.86)
)
17 (X) Ik, x = sup| F(X)[x1, wi ™~ (), (4.4.87)
)
[ E(X) |kekt1,x = st;p!F(X)!k@ Wi (). (4.4.88)

The last norm is a version of the weak norm which lies between the weak norms of scales k& and
k+1. In fact we will use the strong norm only for functionals in M (B) which already factor over
single blocks. We write [|F'[|, = [[F'(B)l) p where the right hand side is independent of B by
translation invariance.

Finally, for any A > 1 we define the global weak norm for F' € M(Pj) given by a weighted
maximum of the weak norms over the connected polymers

A
1P = sup POk x A (1.4.8)
€P%

For polymers X that are not connected we will usually estimate the norm of F(X,-) by
the product of the norms of F(Y;,-) where Y1,Ys,... are the connected components of X. In
Lemma [4.6.3] we will state submultiplicativity properties of the norms needed for these estimates.
With the norm (4.4.89) we also consider the version where we replace the weak k£ norm by the
in-between k : k + 1 norm.

We finally introduce another norm on the space of relevant Hamiltonians (at scale k). Recall
that we defined these to be functionals of the form

H(B,p) =L%ag+ > > aaVi@)+ > > agausVie@)Vie(x).

reB (i,Oé)EUl z€B (iva)’(jvﬁ)EUQ
(4.4.90)
Here B is a k-block and the index sets v and vy are given by
b1 :={(,0): 1<i<m,aeN¥{ 1<|al <|d/2]+1}, (4.4.91)
b2 :={(i,a),(j,8): 1 <i,j <m, a,BENY, |a| = |8] =1, (i,a) < (4, )}, (4.4.92)
where U = {e1,...,eq}. The expression (i,a) < (j, ) refers to any ordering on {1,...,m} x
{e1,...,eq}, e.g. lexicographic ordering. We use ordered indices to avoid double counting since

Ve, (x)VPp;(z) = VPp,;(2)V%;(z). We now introduce a norm for relevant Hamiltonians
which is expressed directly in terms of the coefficients a,, and given by

ko= Lagl + 7 h LML LR g+ ST B2 Janl. (4.4.93)

(i,a)€07 mevg

I1H

The weights in front of the coefficients are chosen in such a way that the norm |- || is equivalent
(uniformly in k& and N) to the strong norm |||-|| (see Lemma and Lemma below).
Intuitively the weight in L can also be understood by recalling that the typical value of |V%p;(x)|
under g1 is of order [klel[—k45*

Note that the norms depend on the constants hr, A and also on L that will be chosen later.
We will need one additional norm because the renormalisation map Ry,; does not preserve
factorisation on scale k so that we cannot rely on submultiplicativity. This norm will only be
required in the smoothness result in Section and we postpone the definition of the last norm
to that section.
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4.4.5 Properties of the renormalisation map

We are interested in results for fixed values of
d, m, Ro,WO,C (4494)

and therefore we usually do not keep track of the dependence of constants on these parameters.

Our definition of the renormalisation transformation T in Definition [4.4.5| satisfies the con-
dition . A second requirement for the map T, is that it separates relevant and irrelevant
contributions properly. Observe that the origin (0,0) is a fixed point of the transformation for
every g. The separation of relevant and irrelevant contributions can be made precise by showing
that the linearisation of T’y at the origin defines a hyperbolic dynamical system. A close look at
the definition of T, reveals that H’ is in fact a linear function of K and H, i.e., we can write

T\(H,K.q) = (A H + B K, 8,(H, K, q)) (4.4.95)

where A,(f) and B,(f) are linear operators. We need two theorems concerning the renormalisation

transformation T',. The first theorem states local smoothness of the map S which is required to

apply an implicit function theorem. Let us denote with U, ., C Mo (By) x M (Pf) x Rggém)x(dxm)

the subset

Uy = {(H; K, q) € Mo(By) x M(Pg) x REXm*@xm) g, o < p, K1Y < p, lg] < #}
(4.4.96)

Theorem 4.4.7. Let Ly = max(293 + 16R,4d(2¢ + R)). For every L > Lg there are ho(L),
Ao(L), and k(L) such that for h > ho(L) and A > Ag(L) there exists p = p(A) such that the
map S} salisfies

00 c A
Sk € €% (U, (M(PE ) IFIED) ) - (4.4.97)
Moreover there are constants C' = Cj, j, j,(A, L) such that
| D} D DY Sy(H, K, ) (7 K72, )| < cll iy (1K1EY) ™ al? (4.4.98)
for any (H,K,q) € U, . and any ji,j2,j3 > 0.

The proof of this theorem can be found in Section The second theorem concerns the
hyperbolicity of the linearisation of the renormalisation transformation. Recall that n € (O, %]
is a fixed parameter that controls the contraction rate of the renormalisation flow.

Theorem 4.4.8. The first derivative of Ty, ot H =0 and K = 0 has the triangular form

)it A(Q) B(Q) )it
DT (0,0, q) (K>:< (1; Cé]}]) (K) (4.4.99)
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where
(AVIB ) = 3 HBg)+ L8 57 aga ) (V) VG 45(0) (44.100)
BEB(B,) (i7a)7(j76)602
(B,(Cq)K)(B',cp):— Z H2< K(B <P+§)/~Lk+1(d§)> (4.4.101)
BeB(B') AN
CPR) U= > (1-T) | K(B,g+&u? (de)
B:B=U A
(4.4.102)
+ ) K (X, + ) i, (d€).
XeP\B(X) /N
m(X)=U

There exists a constant Lo such that there are constants ho = ho(L), Ao = Ao(L), and k(L) >0
such that for any L > Lo, A > Ao(L), h > ho(L) and for |q| < x(L) the following bounds hold
independent of k and N

and | B?|| <

lc@) <3 U [N = (4.4.103)

W

<3
4’
Here the norms denote the operator norms for maps (M (Py), HHI(CA)) M(Pp ), I Hk-l—l)

(Mo(Bry1)s Ile10) = (Mo(Bg), [|-Ilx0), and (M(PE), |1 — <Mo<6k+1>,,u lks10). In ad-

dition the derivatives of the operators with respect to q are bounded:
105 AP E o < Cl|E |0, 0B K |0 < C|IK|, |04CP K] < C|K]| (4.4.104)

for some constant C = Cy(A, L). The proof shows that Ly only depends on d, m, Ry, and on
and wq through A where Ag comes from Theorem [{.5.1]

Proof. Here we only show the validity of the expressions for the operators A,(cq), B,(fq), and C,(f)
and the bound . The bounds for the operator norms will be shown in Section in
Lemma [4.8.5] Lemma [4.8.6| and Lemma The proof of the bounds (#.4.104) can be found
in Corollary I&I for the operators A]({q) and B,(Cq). For C,gq) it follows from Theorem M and
the identity

9LCY = 00k Sk(0,0,q). (4.4.105)
To obtain the formula for A,(f) we recall that by (4.4.65) and (4.4.66))
(APH)(B )= Y. LRI H(B). (4.4.106)
BeBy(B)

We write the Hamiltonian H as a sum of constant, linear and quadratic terms, H (p) = Ldka@ +

U(p) + Q(§). Then
H(B,p+¢€) = H(B,¢) + Q(€) + terms linear in ¢ (4.4.107)

where in view of (4.4.90))
=3 Y @ en VG V@),

zeB (i,a)7(j,ﬁ)€t]2
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Linear terms vanish when integrated against pugy1(d§). Observe that the projection IIy
preserves relevant Hamiltonians, i.e., lloH = H for H € My(Bg). It remains to evaluate the
integral of the quadratic form Q(§,&). Since the covariance of ugy; is translation invariant we
have for E=E

Hk+1
E(VE (2)VPE (y)) = E(VP)* Vo (2)¢ (y) = ((VP)*VCij) (z — ). (4.4.108)

This implies that

/ Q 'uk+1 dg Z Z A(i,a),(5,8) (vﬂ) vaC]ng)l U( ) (44109)

z€B (i,a),(7,8) €Ev2

Summing over B € By(B') we get the formula (£4.100) for A(? using that |B] = L% and
IB(B')| = L% to obtain the prefactor L#+D? of the constant term.

The formula for B’ (9) i a direct consequence of the definitions (4.4.65) and (4.4.66).

We now derive the formula for C(q) Recall that we defined K (K, H)(gp ) =01- e_Hk(V’))) o
(e~ Hr(#+8) _1) 0 K} (p+€). We calculate the derivative at 0 in direction K, hence we set Hy, = 0
and

Hy, (B, ¢) = —HzR,EfﬁlKk(B, ©). (4.4.110)
This implies for the derivative of K at zero

o K(X,p+6) —LRY K(X,¢) if X € By,
DrK(0)(K)(X,0,8) =4  K(X,p+&)if X € P¢\ By, (4.4.111)
0if X € Py \ PE.

The derivative vanishes for non-connected polymers because K factors on scale k. Now the

definition (Z.4.67) implies (£.4.102).

Finally we show that the derivative of Ky with respect to Hj vanishes. To this end we
notice that
H(X,¢+€) - IR H(X, ) for X € By,

DK (0)(H)(X,¢,£) = { (4.4.112)

0 otherwise.

Thus (4.4.67) implies that the derivative vanishes for U ¢ By, and we infer that for B’ € By

DKy (H)(Bp)= Y (B, +¢€) — (R H)(B,p) 12, (de)
BEBy,(B') " w (4.4.113)
- ¥ <R,;’+1H><B ¢) — (LR H)(B, ) =0
BEB,(B')

(9)

where we used that R;7/, maps relevant Hamiltonians to relevant Hamiltonians as shown above
and IIy is the identity on relevant Hamiltonians. O

4.5 A new large field regulator

In this section we construct a new large field regulator. It allows for substantially rougher
initial perturbations than the previous regulator in [4] or [42]. Previously explicit estimates for
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carefully chosen Gaussian integrals were used to construct the regulators. In the new approach
we define the weights implicitly based on the abstract formula for Gaussian integrals.
Recall that we defined the constant

M = M(d) = pe + |d/2] + 1 =2|d/2] +3 (4.5.1)

that is related to the discrete Sobolev embedding (note that compared to [4] we changed M).
For any k-polymer X we define the linear operator Mf : Xy — Xy by

MY = Z LRl =1) (g*)oy v (4.5.2)
1<]a|<M

where xx : Ty — R is defined by

xx(@)= > 1pi(x)=|[{BeByX):ze€ B} (4.5.3)
BeB(X)

Here 1 denotes the indicator function. Recall that BY = (B + [-L*, L¥]) N T¢ for k > 1 and
BT = (B+[-R,R]%) N Ty for k = 0. Note that here and in the following we sometimes use the
natural inclusion R < R™*™ given by A — AId without reflecting this in the notation. Let us
also introduce the operator

M= Y 1=y, (4.5.4)

1<|o|<M
The operators MQN and M, are related by
1<|a|<M

where 2 = |BT |, B € By, accounts for the sum over 1g+. From the definition of B™ we find
Eo=(2R+1)% Ey =1, and Z, = 3¢ for 1 < k < N and therefore in particular

Zr < Emax = 2R+ 1)% (4.5.6)

Note that M, is translation invariant and therefore diagonal in Fourier space.

Recall that we consider the space G = (R™)Z where T satisfies {e1,...,e,} C Z CC {a €
NE\ {0,...,0} : |a|s < Ro}. We assume that Q is a quadratic form on G that satisfies ({.4.10).
From now on we use the shorthand notation A = Ag = AWO) for the operator generated by Q on

Xy (cf. and ([£.4.20)),
(p.Ap) = > ADy(x)). (4.5.7)

x€TN
Let ¢ € (0, 1) be a parameter. We will later set
(=C(/4 (4.5.8)

where ¢ € (0,1/2) is the parameter in the norm on E that appears in Theorem [3.2.3] Let
§; = 4795 > 0 be a sequence of real numbers with § to be specified later. We define large field
regulators w,‘f, wi{kﬂ for the weak norm for 0 < k < N by

wi (p) = exAT2R) WX (o) = e2(ARkn199) (4.5.9)
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where A;X and Aj5, ., are linear symmetric operators on Xy that are defined iteratively by

(¢, Ag @) = (1=40) Y A(Dy(x)) + do(p, M p)  for X € Py,

zeX
Ai(:k-qu = ((Ai()il - (1 +Z)ek+1)_1 for X e P,and 0 <k <N,
A?ﬂ = A§;+1 + 5k+1MkX+1 for X e Ppyiand 0 < k< N —1.

(4.5.10)
Here Cjyq is a finite range decomposition for the operator A = A as in Theorem The
definition of A7, 41 is a bit sloppy because A is in general not invertible, however the definition
makes sense on the space kelr(Ai()L and then Aﬁk_H is the extension by zero of this operator;
see the beginning of the Subsection and Lemma below. We use the neighbourhood
X™ in the definition of Ai(—i-l to account for the fact that in the reblocking step we also add
contributions to X that come from polymers that are not contained in X but only in X*.
We define the strong norm weight functions almost as in [4] by

WE(p) = e2(Gi %) with (0, G ) = % Z L= (g2 15 V) (4.5.11)
F1<lal< )41
where as before hy, = 2Fh with h = h(L) to be chosen later.

To motivate the definition of the weight functions, we add several observations. In the
evaluation of functional integrals [ F(¢)u(dy) where p is a Gaussian measure it is a well
known problem that the functional F' is in general unbounded for large fields ¢. This is the
large field problem that makes the construction of good norms for F' difficult. A more detailed
discussion can be found in [42]. In our approach we defined the norms for F in by
1l x = supy|F (@) |k, x,1, (wif (p))~* where w;X are the weight functions. They regulate the
allowed growth at infinity. The larger the weight function the weaker the norm. So the results
get stronger, i.e., the class of admissible potentials is bigger, if we can choose wy bigger. The
growth assumptions for the potential V' in our theorems are weaker then those in [4] due to the
larger weights that we construct in this section.

The first key requirement for the norm is that the renormalisation map, i.e., convolution with
the partial measures pgq is bounded. This yields the condition

In other words the renormalisation map is bounded if and only if wlf 1 S Cw;z(ﬂ. Therefore

[ P+ i) H —sup (0 \ [ P+ vmn(as)
N N (4.5.12)

< HFHsipw;fl(z/J)/ Wik (0 + ) s (de).

XN

the optimal choice is w,ﬁrl o ka % tpr1- In general this is a very implicit definition that is

not very useful. If, however, wi(p) = e3(PATY) g an exponential of a quadratic form, the
convolution can be carried out explicitly and then the next weight has the same structure, i.e., it
is again the exponential of a quadratic form. Indeed, by general Gaussian calculus the following
identity holds for a given linear symmetric positive operator A on a finite dimensional vector
space V and a covariance operator C'

=

-1 -
L(A(p) o) _ (det(C — 4) L(A1=0)lpp)
/V b o) ( e b

(4.5.13)

D=

= det (]1 — C%AC%>_ o3 (A=) Tpp)
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under the assumption that A < C~!. This implies that the next scale quadratic form is essentially
given by the expression for Ai{kﬂ in (4.5.10)).

The second key requirement for the norms of the functionals is that they are submultiplicative
for distant polymers, i.e., [|[FXFY| < ||[FX| - ||FY| if X and Y are strictly disjoint polymers.
This condition is necessary to regroup the terms and estimate products. Since the maximum
norm is sub-multiplicative we find the condition wi( w{ > w,‘f YUY for the weights. At first sight
this might appear problematic because we have no explicit expression for ka . But it turns out
that the finite range property of piy1 ensures that the weight functions factor for strictly disjoint
polymers if we choose w,ﬁl x w,f * fip+1. To show this we note that wg((gp) only depends on the
values of ¢ in a neighbourhood of X. The same is true for wi((go) because it is a convolution
of wg with some measure. Then the factorisation follows by induction from the finite range
property

wit = it g = (W wp) # e = (W ) (0 % ) = wigwig. (45.14)
Finally, let us briefly mention why we need the second set of weights wy.,11 that includes the
operator M é( . The reason is twofold. On the one hand, in every step we also need to control
contribution from the Hamiltonian terms on blocks that are bounded in the strong norm but
the blocks are not separated from the considered polymer. Therefore sub-multiplicativity does
not hold in this case. Instead we add the operator M kX that allows us to bound the terms from
the Hamiltonian. Secondly, the field norm |¢|x, x must be controlled by the weight function wiX.
This is also guaranteed by the addition of the term M kX . It turns out, however, that this changes
the weight functions only slightly for sufficiently small prefactor § (see Lemma below).

4.5.1 Properties of the weight functions

Here and in the following we consider the extensions of the quadratic forms Gi( , M i( , A? ,
and Ap,., to Vv by Gro = 0, for ¢ € X3y = {constant fields} and similarly for the other
forms. Then we can also extend the weight functions ka, wﬁk 41, and WkX to V, using their
definition (£.5.9) and ({{-5.11). This extension has the property that w;i (o + 1) = wi(p) if ¢ is
a constant field.

In the following theorem we collect the properties of the weight functions wi( , w,fk 41, and
WkX . The claims of the theorem will be reformulated and proven directly in terms of the operators
A, Ai{k 41, and Gi( in the following subsections. We state our results for general values of pg,
M, n, and n but we will later only use the weights for the parameters chosen as indicated before.

Recall our convention that we do not indicate dependence on the fixed parameters wq, (, d, m,
Ry, M, n, and n

Theorem 4.5.1. Consider G as above and let Q be a quadratic form on G satisfying

wol2V 2 < Q(2) < wyt2)? (4.5.15)

with a constant wy € (0,1) and let ¢ € (0,%). Let M > pg + [4] + 1 and let @Lq) be a family
of finite range decompositions for the quadratic forms z — Q(z) — (qzV, 2V), with n > 2M and
n > n. Then, for every

L>2M3 L 16R, (4.5.16)

there are constants A\ > 0, 6(L) > 0, (L) (specified in (4.5.55)), (4.5.57), and (4.5.81)) and
ho(L) given by

ho(L) = 6(L) ™2 max(82, cy) (4.5.17)
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such that the weight functions defined in (4.5.9) and (4.5.11)) are well-defined and satisfy:
i) ForanyY C X € P, 0 <k <N, and ¢ € Vy,
wi, (9) S wif (9)  and  wigpy () < Wity (). (4.5.18)

ii) The estimate

M M
wik (¢) < exp (o, Mip) and  wij.1(p) < exp (e, Mip) (4.5.19)
2\ : 2\
holds for 0 <k < N, X € Py, and ¢ € Vy.
ii1) For any strictly disjoint polymers X, Y € Px, 0 < k < N, and ¢ € Vy,
wiy () = wi (P)wy (). (4.5.20)

iv) For any polymers X,Y € Py such that dist(X,Y) > %Lkﬂ, 0< k<N, and ¢ € Vy,
wli{lgfl(@ = wiifkﬂ(cp)w;ﬁkﬂ(w)- (4.5.21)
v) For any disjoint polymers X, Y € Pr, 0 < k < N, and ¢ € Vy,
WY () = Wl (@)W (). (4.5.22)
vi) For h > ho(L), disjoint polymers X,Y € Px, 0 <k < N, and ¢ € Vy,
w2 (@) = wif (2)W (). (4.5.23)
vii) For h > ho(L), X € P and U = 7(X) € Pry1, 0< k<N —1, and ¢ € Vy,
wf1(0) = (o) (W () (4.5.24)

viii) For any h > ho(L) and all0 <k < N —1, X € Pxy1 and ¢ € Vy,

2
“p‘k-t,-l,X

e 7w (9) < wi (9). (4.5.25)

iz) There is a constant Ap = Ap(L) such that for ¢ € Be, p = (1 +OY? -1, X € Py,
0<k<N, and p € Vy,

(/XN (wi(p+)"" /‘I(gk)l(df)) ﬁ < <AQP> . w1 () (4.5.26)

z) There is a constant Ag independent of L such that for q € B, p= (1+{)/3 -1, X € Py,
0<k<N, and ¢ € Vy,

™A
</X (wl(p+8)™ u;‘ﬁl(df)> STBw{ij(@. (4.5.27)

Proof. The theorem follows from a sequence of lemmas in the following sections. Lemma {4.5.5
establishes basic properties of the operators Ai( and Ai{kﬂ that imply [i)| and . Lemma 4.5.6

concerns factorisation properties of the operators Ai( and Aﬁ k.1 that allow us to conclude M

[vii)] Lemma gives a bound on a particular determinant that implies and [x)] Finally,
Lemma bounds the field norm | - |5 x in terms of the weights. This easily yields property

0
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4.5.2 The main technical matrix estimate

In this subsection we prove a crucial technical estimate which shows that the iterative pro-
cedure introducing the operators Ay — Ag.p+1 — Agy1 is well-defined.

We first recall some standard facts about monotone matrix functions. We say that two
Hermitian matrices A and B satisfy A < B if (Az,z) < (Bz,z) for all xz. We say that a map
f from a subset U of the Hermitian matrices to the Hermitian matrices is matrix monotone if
A < B implies f(A) < f(B) for all A,B € U.

Lemma 4.5.2. i) The map A — —A~! is matriv-monotone on the set of positive definite
Hermitian matrices.

ii) Let C' be Hermitian and positive definite. For positive definite Hermitian matrices A with
A < C71 define
f(A) =@t -0 (4.5.28)

Then f is matrix monotone.

i) If we extend f to Hermitian matrices A with 0 < A < C~1 by

A -1 _ (R P, -1 ker A+
f(A) — (( kerAi) ( kerALC kerAi)) omn Ker 7 (4529)
0 on ker A.

then the extended function is still matriz monotone.
w) If0 < A< C™' then AYV2CAY2 < 1 and the extended function f satisfies
f(A) = AV2(1 — AV2C A2 714V, (4.5.30)

There is the following absolutely convergent series representation for f and 0 < A < C~1
f(A) =) A(CA). (4.5.31)
i=0

Proof. The assertions are classical. We include a proof for the convenience of the reader.

The first assertion follows from Lowner’s theorem ([|122], see also [103]) since the imaginary
part of the map C\{0} > 2z — —2z71 = ﬁ is non-negative in the upper half-plane. Alternatively,
it can be proved elementary as follows. First, monotonicity is clear for B = 1 since for a positive
definite symmetric matrix A the condition A < 1 is equivalent to spec(A) C (0, 1] while the
condition A > 1 is equivalent to spec(A) C [1,00). To prove the result for a general B assume
A < B and note that this implies FLAF < F' BF for all matrices F. Taking F' = B2 we get
B~ 124AB~Y2 <1 and thus BY2A-1BY2 > 1 which implies that A~* > B~Y/21B-1/2 = -1,

The second assertion follows by applying the monotonicity of the inversion map twice.

The third assertion follows since the right hand side is the limit lim. o f(A + €1).

The fourth assertion is clear for 0 < A < C~!. Fix A with 0 < A < C~!. Then there
exist 6 > 0 and 9 > 0 such that for all ¢ € (0,59) we have A, := A+l < (1 —6)C~L
Thus C < (1 — §)AZ! and hence AYPoal? < (1 —0)1. Passing to the limit € | 0 we get
AY2CAY? < (1 - 6)1 and the validity of [{.5.30). Equation follows from by

0

expanding the the Neumann series.

We now show the crucial technical lemma that allows us to find suitable bounds for the
operators Ay . Basically this lemma shows that for sufficiently small § the M i( terms are just
a small perturbation of the operators.
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Lemma 4.5.3. Suppose that Q, M, n, n, and C, = @,go) satisfy the assumptions of Theorem
4.5.1L  Then the following holds. For all A\ € (0,1/4) and L > 3 odd, there is a constant
(A, L) > 1 such that for any e € (0,1), 0 <6 < 1/# and for all 0 < k < N — 1, the bound

N+1 -1 N+1
AM 4+ (142) > €| +0Mpyy < (MMl +(1+e—pd) Y € (4.5.32)
j=k+2 j=k+2

holds in the sense of Hermitian operators on Xy.

Remark 4.5.4. The proof is quite technical and not very insightful. Therefore we first give a
brief heuristic argument. All operators are diagonal in the Fourier space. Thus it is sufficient to
show the bound for all Fourier modes p € TN \ {0} of the kernels of the operators that actually
are m X m matrices. Note that M. acts diagonally with respect to the m components and thus
its Fourier modes are multiples of the identity. We use ]Tl\k(p) € R to denote the coefficient
of the Fourier mode and use the embedding into R™*™ when necessary. Let q(p); = e — 1
and note that the Fourier multiplier of V is the vector q(p) whose norm is of the order |p|:

/2 < |a(p)| < |p| for p € T (cf. EAR)). Therefore we can write

My(p)= > L*(e=D]g(p)>| (4.5.33)
1< ol <M

To shorten the notation we introduce the notation

N+1

N+1
erl= > e (4.5.34)
j=k+1

There are two regimes |p| < L™ and |p| > L% requiring different treatment.

Using ([£.5.33), for |p| < L% we find that J\/Zk(p) ~ |p|?. Indeed, since, roughly speaking,
CA](p) ~ |p|=2 for |p| = L™7, we observe that |p|=? ~ CAﬁ_ﬁl(p) for |p| < L7*. Hence, after
factoring out the term |p|?, we are left to show an inequality of the type o' 4+ < (a — pud)~!
for given real numbers o and §. This is true for some large p if « is uniformly bounded above
and below and § > 0 is bounded above. e

For |p| > L™* the asymptotic behaviour is My (p) ~ |p|*M LEM=2k gnd CA,]CVH(p) ~ 0.Then
the bound is implied by M (p) < M1 (p).

Proof. Here, we implement rigorously the heuristics described above. The first step is to compare
the operators My and My,1. For |[p| > L~ and L > 8 we observe using |p|/2 < |¢(p)| < |p|
that

32 - e 1 al— o
4|Q(p)‘2 < 16|q(p)|4L2k < ﬁ Z LQ(k+1)(|Oé| 1)|Q(p)2 | < 5 Z LQ(k+1)(| ‘ 1)|q(p)2 |
|o]=2 lo]=2 (4.5.35)
1~
§Mk+1(p)-

IN

Hence, for |p| > L™ and L > 8, we have

AT o|l— « 4 o|— « AT
AMy(p) =4 Y L Djg(p)*) <dlg)’ + 45 Y LI Dg(p) P < Mg (p).
1<jal<M 2<jal<M

(4.5.36)
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We claim that there is a constant ko = ko(\) independent of & and N such that

N+1
C,ﬁ_zl =2 Z Ck’ < )\M]H_l(p)_l (4537)
=k+2

for |p| > L~F**0_ To prove this we observe that for L™7~! < |p| < L™/ and j < k — ko the sum
on the left hand side is by (4.4.15) dominated by a geometric series which implies

N+1
Z Ck/ < ClL2(d+ﬁ)+lLQjL—(k“i-Q—j)(d—l-‘rn) — ClLd+2ﬁ+2_nL2jL_(k+l_j)(d_1+n).
=k+2
(4.5.38)
Note that
> lalp)*| < la(p)|* < [pl* (4.5.39)
o=l
This implies that, for 5 < k and |p| < L7, the right hand side of (4.5.37) satisfies
M
-Z/\Zk:+l(p) S ZLQ(I—l)(k‘-i-l)L—le S 2L_2jL2(M_1)(k+1_j). (4540)
=1
Therefore we find that
w _ 2 1
)\—1]\’Zk+1 Z Ck’ lLd+2n+2 n g (k+1=j)(2M —1-d—n) < 3 (4.5.41)
=k+2

for k — j > ko with ko = ko(\) = [log3(4C1/A)] + d + 27 + 2 — n where we used that L > 3
and n > 2M and thus 2M — 1 —d —n < —1. Note that the constant C; from (4.4.15)) does not
depend on L. Hence, in particular, kg is independent of L. This proves (4.5.37). The bounds

[@.5.36) and (#.5.37) thus, for |p| > L=Ftk § < ﬁ, and € < 1, jointly imply

—~—1 -1 — 1~ _—
(AMk (p) +(1+ E)Cﬁ:%l(l?)) + M 41(p) < XMk(p) +0Mp11(p)

4 (4.5.42)

In the first and the last step we used the fact that the inversion of a Hermitian positive definite
matrix is a monotone operation (see Lemma . This ends the proof for p € fN with
[p| > L=++ho,

For p € Ty such that Ip| < L=**%0 we note that there are constants wy, ws, Q1, Qs depending
on L, ko(\), and A such that

wilp| 72 < c,ffj;( ) < (L+e)CNE (p) < Qulp| ™% and (4.5.43)

walpl > < AM gy (p) < Qulpl ™2 (4.5.44)
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Indeed, the upper bounds are trivial and even hold uniformly in Ky and N for all p because
C(p) < |p|~2 for some constant €y by @4.11) and M1 > —A. The first lower bound
follows from (4.4.14)) which implies the bound

CNE p) > Cj(p) > eL HHWTIL2Z > o~ AdHR)=3) | =2 (4.5.45)

for L7 ' <|p|< L7 andj>k+2 For L7 ' <|p|< L7 and k — ko < j < k+ 2 we use
é\é\le (p) > é\k+2(p) > CL—2(d+ﬁ)—1L(k+2—j)(—d+1—n)L2j > CL—Q(d+ﬁ)—3L(ko+2)(—d+1—n) |p\_2.
(4.5.46)

Therefore the lower bound in ({#.5.43)) holds with w; = c¢L—2(d+7)=3+(ko+2)(=d+1-n) The gecond
lower bound is a consequence of (4.5.39)) which implies

M M
Myi(p) < ZLZ(Zfl)(k+1)|p’2l < ZL2(171)(k+1)L2(171)(7k+k0)|p‘2 < 2[2M=D)(ko+1) ;2
=1 =1

(4.5.47)
if |p| < L~*+k0_ So the lower bound in holds with wy = A(2L2M-D(ko+1))—1,

Observe that é\é\:gl (p) and ]/\Zkﬂ(p) are Hermitian and they commute because ]\/Zk+1(p) is a
multiple of the identity. Therefore we can work in basis where both matrices are diagonal which
reduces the estimates to the scalar case m = 1. Then the bound we want to show is essentially
the estimate (a —2)~' —a~! > z/a? for a > = > 0. In more detail, using and the trivial
estimate ]\/Zk(p) < .Z/\Zk+1<p), we find for |p| < L™F% m =1, and 0 <0 < (1 +¢)/u,

(M (0) + (12— w5 0)) — (MM () + (1 2085 )

> (AWM 4(0) + (1 +e = w)E5 ) — (WMia) + (1 + 85 0)

N udCrs' (p)
= 1 ~ —~ -1 P~ 4.5.48
(MM 1 (0) + (12— w)C5 ) (Mepa (o) + (1 + )5 () (4543
péwi|p| >
= (1 4 Qo) p|
v Hwiw2
> M e B
= k+1 (p))\<Ql + 92)2
Then for
2
= /\M (4.5.49)
Ww1wo

(where w1, wa, Q1, and Q9 where introduced in (4.5.43) and (4.5.44)) the inequality (4.5.32]) fol-
lows. For m > 1 the claim follows by applying (4.5.48|) to each diagonal entry of the diagonalised

matrices. The estimates (4.5.42) and (4.5.48]) imply the claim. O

4.5.3 Basic properties of the operators A; ., and A}

Recall that ¢ € (0, ) is a fixed parameter and Sy was defined in (£.5.6). For given values
of h, §, and p (that will be specified later) we define sequences

J
hy=2h, 6;=476 (;=20- nBmaxdi. (4.5.50)
i=0
The following lemma proves the claims [i)| and fii)| from Theorem m
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Lemma 4.5.5. Under the assumptions of Theorem for every L > 2943 4+ 16R, there are
constants X > 0, u(L) > 1, and §(L) € (0, Mﬁ) such that ZJ- > forall 5 =0,...,N, and
forall0 <k < N:

i) The operators Aﬁkﬂ and A;X are well-defined, symmetric and non-negative operators on
XN for any X € Py.

i) Translation invariance: For any translation t,0(x) = @(x — a) with a € (LFZ)?/(LNZ)4
the equalities (i, Ay p) = (Tacp,T_aAkX+aTacp) and (go,Ai{ngo) = (Tacp,Aif;fITago) hold.

ii1) Locality: The operators Aé( and Ai{kﬂ only depend on the values of ¢ in X T and the
are shift invariant, i.e., they are measurable with respect to the o-algebra generated by

Vo [E(XH—)-

iv) Monotonicity: For Y C X the inequalities A}, < Ay and A}, < Apq hold in the
sense of operators.

v) Bounds: The weight functions are bounded from above as follows

N+1 -1
AM '+ (14 > € (4.5.51)

j=k+1

Ay

IN

-1
N+1

AM + (1+¢) D> 6| (4.5.52)
J=k+2

IA

X
Ak:k+l

Proof. Note first that the estimate (; > ( is an immediate consequence of the definition of 4.
The proof is by induction on k. First, for & = 0, the properties , and are ob-
vious. Indeed, Q has range at most R, is positive, and Dg(x) can be expressed as a func-

tion of Vi rﬁ(a} +[0,R]9)" Similarly M é( is non-negative, symmetric, and monotone in X and

M ¢ only depends on the values of Ve restricted to the bonds E((X T + [-M, M]%) N Ty) and
(Xt +[-M,M]*)NTy C X+ since R > M by (#.4.29) and (£5.1).

Translation invariance for k = 0 follows from the facts that the discrete derivatives commute
with translations and 7_,1x1,7¢ = 1x where 1x denotes the multiplication operator with the
indicator function of X which implies translation invariance of the operators M in the set
variable that is (i, My @) = (TQQO,Mi(—HITa(p). A similar statement holds for Q. Finally, we
establish the bound . First we note that there exist two constants Q,w > 0 independent
of L, such that the operator A (see (4.5.7)) satisfies the bounds

wA < Mo < QA. (4.5.53)

This is a consequence of the fact that both operators have the Fourier modes bounded uniformly
by |p|> from above and below. For A the bounds follow from (4.4.11)) and for M the lower

bound follows from |q(p)|> > @ while the upper bound follows from [¢(p)| < [p| and the fact
that the dual torus is bounded. Then, for oy < (/€), we estimate

1 1
(13041~ My + 1+ 20)¢
(4.5.54)

A < AN = (140 A+ 6oMy < (1 -30)A <
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Hence (4.5.51)) holds for £k = 0 and A < (w. We now fix
(= 1
A = min (Cw, 4> (4.5.55)

where w was introduced in (4.5.53) and

p=pAL)>1 (4.5.56)
as in Lemma [£.5.3]1 We then set
6(L) = min (é 2M5Cmax> , (4.5.57)

where Z,2¢x Was introduced in (4.5.6))
Now we perform the induction step from A7 to Ay ;.

First we show that Ai{ k.1 is well defined. By the induction hypothesis, the operator Af is
non-negative and symmetric and the bound (4.5.51)) implies

A < (1 +C)Chst) (4.5.58)

Since Cj41 is also symmetric, Lemma implies that A3, 11 is well-defined using the extension
defined in (4.5.29)) and it can be expressed as follows

1 1 1\ ! 1
AX,., = (AN)? <1 (AY)? € (A]) ) (AF)?. (4.5.5)

This expression shows that the operator Ai{k 41 18 symmetric and, again by Lemma ,
also non-negative. Moreover, the matrix monotonicity stated in Lemma implies that the
monotonicity Agkj_H < AjY,.q for Y C X follows from the induction hypothesis A} < Aj.

To prove the claim [ii)| for Aif k11> We use the induction hypothesis, the series representation
for Ai{kﬂ, and the translation invariance of the kernel Cxi1, [7a, Ck+1] = 0. The easiest
way to show the locality of Ai{k 41 stated in is based on the observation that, by Gaussian
integration , we get the identity

e%(%((Akx)_l*(1+Z)@k+1)_1<ﬁ)

M(1+Z)ek+1 (dg) =

-

/ A (e AY (p40))
Xn

[N

det <]1 - (@ +Z)ek+1)% A (14 O)Chia)

;
"

(4.5.60)

1 X
@§(¢7Ak:k+190)

det (11 - (@ +Z)€k+1)% A (14 O)Chia)

D=

By the induction hypothesis the left hand side is measurable with respect to the o-algebra
generated by Vo [E(X++), hence the same is true for the right hand side.

For the proof of [v)| for Ai{k 41 we first note that, by the monotonicity , it is sufficient
to prove the bound for X = Ay. This is an immediate consequence of the bound for AQN ,
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Lemma , and the inequality ; > ¢ which implies

N+1
AN = (AT = (4 0Ck) T < [ AM + (14C) Y €= (1+0)Ckp
j=h+1

-1
N+1

AM +(1+G) Y ¢
j=k+2

IN

(4.5.61)

It remains to show the induction step from Ai{ ki1 tO A?H. We begin with the observation
that the operators M ﬁ(ﬂ are well-defined, symmetric, non-negative, monotone in X, and transla-
tion invariant. Moreover M, ; only depends on V¢ | B+ + (- ey and Xt4[-M, M4 c X+t
once L > M, the inequality that follows from M < R < L.

Now, the points [i)| and [ii)| follow from the induction hypothesis applied to A?; 41 and the
previous observation. The claim follows from the induction hypothesis for Ag.x11 applied
to X* C Y* for X C Y and the monotonicity of M§+1- To show it remains to check that
Ai(;; 41 1s measurable with respect to V! Bx++)- Using the induction hypothesis we are left to

show the inclusion (X*)*+ C X*+. Note that by (4.4.34),

X +[-2? - 3R, 27 + 3R)? for X € Py,

4.5.62
X + [ (244 2)LF 1 (24 +2)LE~19 for X € Py, k > 2. ( )

(X*)++ — {

Therefore (X*)™+ C X+ holds for X € Py, k > 1, and L > 2% + 3R.
Finally, the bound for A§+1 is a direct consequence of Lemma [4.5.3[ and our choice for

0. Indeed, recall that 6=, < % < i and dx11 < 4, hence Lemma K4.5.3| and the induction
hypothesis imply

-1

N+1
A A A _ = -
Al < Ay = Apip 0k My < AM + (14 G) Z C + Ok +1Zmax M1 <
j=k+2
B N+1 -1
< AMG A+ (4G — w0k Bmax) Y G| (4.5.63)
j=k+2

The claim follows from (), — Zk+1 = U= maxOk+1-

4.5.4 Subadditivity properties of the operators A; and Aﬁkﬂ

In this section we prove that the weight operators satisfy additivity properties that directly

imply the statements in Theorem In Section [4.6| we will also prove that they imply
that the norms we defined in Section [£.4.4] are sub-multiplicative.

Lemma 4.5.6. The weight operators Ai( and Aé(:k-s-l satisfy for 0 < k < N —1, under the same
assumptions as in Theorem with 6 and X\ as in Lemma the following (sub)additivity

properties:
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i) Additivity: For any strictly disjoint X,Y € Py, the equality
AFY = A 4+ AY (4.5.64)
holds. For any X,Y € Py, such that dist(X,Y) > 3L*! we have

AR = AR + Al (4.5.65)

i) Subadditivity: For any disjoint k-polymers X,Y € Py, the inequality
A + G < AXYY (4.5.66)

holds if h=2 < §. For any (k + 1)-polymer U € Pjy1 and a k-polymer X € Py, such that
m(X) = U, the inequality

A +2GY < AV (4.5.67)

holds if 8h™2 < §.

Proof. We first prove (4.5.64]) and proceed by induction. Note that for all £ > 0 and any disjoint
X,Y € Py, we have

MY = M+ M) (4.5.68)

since a block B € By, is contained in X UY if and only if either B C X or B C Y. From (4.5.68|
With k =0 and -, it follows that (4.5.64) holds for £ = 0. Hence it suffices to show that

(@55, ~ (553, fo >0 nd (503, > (50, Do 20,

To prove the second statement, (4.5.65), 1' j+1> We consider strictly disjoint X,Y €
Pry1. Then dist(X,Y) > L1 and, by ([#£.4.32), X* Y* € Py, satisfy

dist(X*,Y*) > LF —2(2¢ 4 R)LF > %Lk“ (4.5.69)

for L > 29+3 4 8R. Then
Ai(;ill/* Ak k+1 T Aﬁ;H (4.5.70)

by (#.5.65),. Together with 4.5.68 this implies ALY = AL+ AL

To prove the statement ([4.5.64), = (4.5.65)),, we observe that by property fiii)|in Lemmal[4.5.5]
the operator Ak is, for a k polymer X € Pk, measurable with respect to the o-algebra gen-
erated by Vol z Bx++) and similarly Ak ¢ is measurable with respect to the o-algebra gener-

ated by Vol z By++) Let X, Y € Py be polymers such that dist(X,Y) > %Lkﬂ. Note that

dist(X T+, Y+H) > dist(X,Y) —4LF > LF1 /2 for L > 16 and k > 1 and thus dist(X T+, Y++) >
dist(X,Y) — 4R > L/2 for k = 0 and L > 16R. This implies that V&g [E(XJrﬂ and

Vi1l F(y++) are independent under fi11 and therefore also under the measure )€

Hence the random variables (¢ + &1, An (¢ + &xr1)) and (@ + Epy1, AY (o + Exp1)) are in-
dependent under the same measure for {41 and any ¢. To simplify the notation we denote
C = (14 (441)Cht1. Independence and the formula (4.5.13) for Gaussian integration shows that
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there exist positive constants cx, cy, and cxyuy such that

3 (AKX )

2 k1

e2 kPP _ /X HATY (40040 | (de)
N

— /X o3 (AT +HAD) (916 0+6) pe(d€)
N

:/ e;(Ai((eoJr&),soJrE)MC(dg)/ e2 (A0 11 (dg)
Xy i

CXuY

(4.5.71)

1iaAX LeAY
e2 (Ak;kJrl ©,p) ez (Ak;k+1 ©.p)

)

'¢ Cy

where, in the second step, we used the induction hypothesis. In the third step we used that
the integral factors by the finite range property of Cr.;. Evaluation for ¢ = 0 shows that the
constants must satisfy cxuy = cxcy which implies Ai{}j}rfl = Ai{k ot Az:k +1- The equality
cxuy = cxcy can also checked explicitly. Using we can rewrite

&2 =det(l — C2AXC2)det(1 — C2AY C2)
= det(1 — C2 (A + AY)C2 + C2 AXCA) C3) (4.5.72)
= det(1 — C2AXYY C2) = &y
Here we used the induction hypothesis for the linear term. The quadratic term vanishes because
AXCAY = 0 which we now show. Note that supp (A} ¢) C X+, Indeed, the symmetry of
AkY and the locality property in Lemma [4.5.5( imply that (1/},Azgo) = 0 for any @ with
suppy) N YT+ = (). Since the kernel C(x) of C is constant for |z|o > LFT!/2 we find that
Cy(x) = c for some constant ¢ for x ¢ Bret1o(supp ). Using dist(X T+, Y*F) > LF1/2 we
conclude that VCA{(,O[E()HH =0 for all ¢ € Xy and therefore AXCAY ¢ = 0.
Now we prove We first observe that the following operator inequality is true for h=2 < §

MY >0, Y LT, Ve > GG > GR. (4.5.73)
1<]al<M

This implies (4.5.66)) for £ = 0. For £ > 1 the monotonicity of Ai(_l:k in X, the positivity of

M?, and the additivity property (4.5.68) of Mi( imply
AR = AT MY > A+ M+ .M > AY + GY (4.5.74)

It remains to prove (4.5.67]). Note that 5k+1h%+1 = 6h? > 8. Similar to (#.5.73) we conclude
that for U € Pr41

ot MYy > 0 Y LADD (9901, v > 5,0k GYY > 8GYL,. (4.5.75)
1<]a|<M

Recall that by (4.4.54) we have X € X* C U* if U = n(X). Together with (4.5.75|) this implies
Al = Al + 0 M > Ay + SGg—:I > A + 2GY" (4.5.76)

where we used in the last step that h%_H = 4h} and therefore 4G£(+1 > G3X. Note that in the
last expression the operation U™ in G,g+ is still on scale k + 1. O
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4.5.5 Consistency of the weights under R,(;i)l

In this subsection we prove the necessary bounds that imply the integration property of the

weights and [x)|in Theorem [4.5.1] “ They follow from a Gaussian integration stated in (4.5.13])

with the operators A and the covariances 859421

Lemma 4.5.7. Under the same assumptions as in Theorem with § and A as in Lemma
the operators A? satisfy the following additional properties:

i) Let p = (1 —I-Z)% — 1. There is a constant Ap depending on (, and in addition on L if
d = 2, and a constant k = k(L) such that for any k-polymer X and q € B, = {q €
R(dxm)x(dxm) . .

sym | lg| < K} the following estimate holds

1/2 1/2\ ~1/2 Ap\ X
det (]l—(l—l—p) (ei2))  A¥ (e) > g(f) . (4.5.77)

For blocks X € By the same estimate holds for a constant Ag which does not depend on L.

i) Integration property: Let Ap and p be the constants from . Then

1+p X A ‘Xlk 1+p
/ (AL (P18 t8) (dg) ( 27’> e 2t (Al 19:9) (4.5.78)
XN

for any polymer X and the same bound with Ap replaced by Ap holds for any block X € By,.

Proof. The statement [i)| can be proved similarly to Lemma 5.3 in [4]. We rely on the abstract
Gaussian calculus sketched at the beginning of this section. One difficulty is the fact that we
need to renormalise the covariance. Hence we later need the integration property fii)| not only for

M}SL but also for q in a small neighbourhood B, (0). As in Section we impose the condition

# < wp/2. This condition ensures that the finite range decomposition of the covariance €@ is
defined for g € B,; under the assumption on Q.
The first step is to bound the spectrum of the operator (62?1)2AX(€2321)%. This is a
necessary condition for the convergence of the integral in and it is also needed to bound
(q

0
)1 and 65’64)’1

small q. Namely, for a sufficiently small neighbourhood B of the origin, the inequality

the determinant. We show that the covariance operators C are comparable for

(a)
City <

(1+ p)GI,(C ll holds for g € B,. Since both operators are block-diagoinal in the Fourier space, it

is sufficient to show the estimate for all Fourier modes. Indeed, we observe that for p € TN and
q satisfying |q| < wp/2, the bound (4.4.17)) with ¢ = 1 implies

0) t n
CAi(czr)l( ) — é}i+1 / 'é\l(cfl ‘ dt < |q| K, LA (0) 1l (4.5.79)
)|
From this and the bound Id/|A~!| < A, we infer that
G ) = G ) < gl B LI RED, (). (4.5.80)

The claim now follows for g € B, where

k= min(pL ™72 /K 0y /2). (4.5.81)
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Note that here, the lower bounds for the finite range decomposition are essential. We can rewrite

e;(;i)l <1+ p)(‘f,(ﬂl equivalently as

1 _ 1
@)z Ee ) < (1+p). (4.5.82)

The constants (, that appear in Lemma satisfy the inequality ¢, > ¢, and we assumed
¢ €(0,1/4). Thus we have p € (0,1/4). Using this, the bounds (4.5.51)) and (4.5.82), for X € P,

we estimate

(1+0) (€ )5 A (e )5 o (+p) (el )% (e,) ™" (el )5( )
k+1 k\Vkt+1) = k+1 k+1 k+1) \P

L+ G 1583
S4p? L p 58
T (1+p)? 2’

Therefore we have shown that the determinant in (4.5.77)) is non-vanishing.

To complete the proof of (4.5.77), we bound the trace of (61(321)%‘4?(61(9?1)%' Recall that

the operators G,(;le and Ai{ can be extended to Vy so that they annihilate constant fields.

This extension does not change the trace. Let nx : Ty — R be a cut-off function such that
nx | x++ = 1, supp(n) C X1, and 7x satisfies the smoothness estimate

Vinx| <L (4.5.84)

for I < 2M where © does not depend on L or X. We use m,, to denote the operator of
multiplication by nx. First we note that

My A Moy, = A (4.5.85)

because A? is self adjoint and depends only on ¢(x) for z € X+t+. We observe that, for
symmetric operators, the inequality A > B implies that Tr A > Tr B which by (4.5.51)) yields

o (6f0,) A ()" = (6f2)) Ay (i)’

1 1 1

< ST (€%)) my My, (€f7,)° (4.5.86)
1

= Trmy, Mmy, G,(ggl.

Recall that A from does not depend on L.

The remaining part of the proof is, up to minor details, the same as in [4, Lemma 5.3]. For
the trace calculation we will use the orthonormal basis e’ (y) = 6%’ of Vi, where ¢! € R™ is a
standard basis vector. Note that

(mnx @,(Ji)leia (x) = nx(x)C,(;i)l (x — x0)€. (4.5.87)

For the evaluation of the operator M, we need the product rule for discrete derivatives that
reads

Vi(fg) =VifSig+ SifVif (4.5.88)
where
(Sif)(x) = 37 (@) + 3/ + e, (1589)
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The operators S; commute with discrete derivatives and we use the usual multiindex notation
S% for a € Ng. This implies that

M, €7 el () =

+1€x0
_ ZLQk |a|-1) Z K’% 7522 (852) sz(v&)*v'nn(,)(sﬁh)*S'n (vﬂ2)*vv2cl(f)(' _ :L‘U)ei
la|<M B Fa=a
Y1t+r2=a
(4.5.90)
where ng% is a combinatorial constant. Note that ||S;|| = 1 where, only here, we use ||| to

denote the operator norm with respect to the maximum norm ||-||cc on Vx. The bound (4.4.13])

for the discrete derivatives of 612(21 and the choice of n > 2M for the regularity parameter of the

finite range decomposition, jointly imply that there is a constant Cp; = Cpr(L) > 0 such that

sup [VOCLY ()] < CarLHE@=24eD for all |af < 2M, (4.5.91)
ze€TN

where C); is independent of L for d > 2, but Cjs o< In(L) for d = 2. Using this combined with

(4.5.84) and (4.5.91)), we get

1My, € € oo

k+1
< ZL% la—1) Z K51152|| 5’52) SW2(V51) V9|0 H(Sﬁl)*svl(VﬂQ)*V”C;Si)l('—mo)ei\loo
la|<M B1+Be=a
T1t+y2=a
< Z 1,2k(lal=1) Z Kfff’%llvﬁl*“ lloo ||Vﬁz+72(j’(€+lez”oo
la|<M p1+B2=a
Y1t+v2=a
< Z 1,2k(lal=1) Z Kgll:’?;@L_k(|51|+|71‘)OML_k(d—2+|52|+|’YQ‘)
la| <M B1+B2=a
Y1+y2=a

M
< OyOK Z L2k(l—l)L—k’(d—2+2l) < C]V[@KML_kd _ QL_kd.
=1
(4.5.92)

Here K is a purely combinatorial constant depending on the Kwﬁf,’%.

Using (4.5.86]) and (4.5.92)), this implies

Tr <€l(€q+)1) A (Gggrl) 2 Z Z ex,mnXMANmnXG(i)le;)

xEAN i=1

Qm| X+ L=k Qm(7TR + 1)4
> Z”MANmnx k+1 €lloo < | 3 | < ()\ ) | X[ = O1] X .

IN
> =

z€supp(nx) i=

(4.5.93)

where ©; depends on L if d = 2. The factor (7R+1)? arises because X+ = (X +[-3R,3R]¢)N
Ty for X € Py. It could be strengthened to 7¢ for k > 1.

The appearance of an L-dependent term seems to be only an artefact of the use of a cutoff
function. Let us show how we can get rid of the L-dependence if X is a single block. This shows
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the second part of the first statement. First, let us consider 0 < k£ < N —1. Note that by (4.4.13])
there is a constant C', independent of L such that

sup |VChi1(2)| < ChL7FE=24al)  for all 1 < |a| < 2M. (4.5.94)
x€TN

Consider the set
T = {0,20F 4L* ... (LW —3)LF}7. (4.5.95)

Then the blocks 7,(B) and 7,(B) with a,b € T,a # b, have distance at least L* for B € By.
Therefore we find using properties fii)} iv)} and [v)| from Lemma and [i)| from Lemma [4.5.6]

B o(B) 1 A 1
Ck_HA 815-5-1 |T\ ZTr ek+1 A} Gl§-|-1 \T| Tr @§+1A Nek+1 )\|T] k+1Mkek+1

a€T
(4.5.96)
This trace is estimated similarly to using as follows
mILNe
)\|T| TYGI?HMkekH /\|T\ J:EZTN; ¢4 M1Cpirey) < AT [ M kCrt1lloc
(4.5.97)

2M
KmLN ZL2l(k D -kd-2421) < CMKmLNdL kd

= UNIT & =TT

where K denotes again a combinatorial constant and none of the constants depends on L. Using
the bound |T'| = (LVN—F —1)4/2¢ > 4=4L(N=F)d we find that there is a constant O, independent
of L such that for all blocks B € By,

€k+1ABGI§+1 < O2|B|, = O2. (4.5.98)

Note that for k = N there is only one block and we can use the same argument with 7" = {0}.
The estimate for the determinant is now standard. We denote the eigenvalues of the operator
1
(1+p) (61(321) AX (61(9421) by Ai. Recall that p = p(¢) < 1/4 is a constant and the bound
(4.5.83) on the spectrum implies that A\; € [0,1 — p/2]. Concavity of the logarithm implies that
In(l —z) > Inp/2)  — ln(Q/p)x for z € [0,1 — p/2]. Using this we obtain the bound

1—p/2 p/2
In det <]1 —(1+4p) (e,ﬁjl) A¥ (e Hl)é) 21 (1- (p/?;Z)\
- 52{)%(1 +p) Tr (e}jﬂl) AX (eéjl)é . (4.5.99)

From (4.5.93) we conclude that, for Ap > 2exp(©1(1+ p)In(2/p)/(2(1 — p/2)),
1 1 1
(@) )2 24X (p@ \? In(2/p) (@) )2 24X (@ )2
In det <11 ~(1+p) (€2,)7 A (e2)) ) > ()T (ek‘il) A¥ ()

A
—2|X |, In (;’)

Y

(4.5.100)
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which implies the claim (4.5.77)). Similarly we find the same statement for blocks B € By, for the
constant Ag > 2exp(0O2(1+ p)In(2/p)/(2(1 — p/2)) which does not depend on L.
The integration propertyfollows directly from Gaussian calculus (which is justified because

of (4.5.83))) and the previous point

/ o S (AT ()0 +E) 9 (de)
Xy *

1
1 1N\ 73 1
— (et 1= 14 (ef2)" A (e22)") e (5 ( (@4 AN - €2 ) )
1 X5 X1k
<(F) e (e an - ar el () e,

(4.5.101)

where we again used the monotonicity of the inversion combined with the bound (1 + p)@é‘ﬁl <

(1+ p)QGgEI <(1 +Z)(‘3,(£zl for g € B,. If X is a block we can replace Ap by Ag. O

Finally, we prove the property Theorem {.5.1jviii)

Lemma 4.5.8. Under the same assumplions as in Theorem [{.5.1) and with 0 and X\ as in
Lemma[{.5.5], the norm for the fields can be bounded in terms of the weights as follows

i) Interaction with the field norm: For any polymer X € Py the bound

‘@’%H,X < (¢, A§+1¢) — (¢, Ai(:kJrlSO) (4.5.102)

holds if h > ho = (M'3*M'S/5)1/% := ¢,671/% where M’ = [4] +1, S = S(d) is the Sobolev
constant in Lemma and 0 is the constant from Lemma[{.5.5

Proof. This property follows from the discrete Sobolev inequality stated in the next lemma.

Lemma 4.5.9. Lelt B, =[0,4YNZ% and M' = L%J + 1. For f: By — R we define the norm

IfllBe2= | D 1F@F | (4.5.103)

TEBy

Then the following Sobolev inequality holds for some constant S(d) > 0

max|f(x)| < S(d)e"

> 1wVl (4.5.104)

0< || <M/

where we assume that f is defined in a neighbourhood of By such that oll discrete derivatives
erist.

Proof. Sobolev already considered such inequalities on lattices, see |[142| for a similar statement.
Also, a similar claim with d derivatives appeared in [43|[Proposition B2| and [44|[Lemma 6.6].
For the statement above a proof can be found, e.g., in [4, Appendix A]. O
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We apply this lemma to the function V%y; for 1 < |a| < pe = |d/2| + 2 and the set B*
for B € Byy1. Using that B C B* C BT for B € By, we obtain that the side-length of B* is
contained in [L*+1 3L*+1] and therefore

max [V, (x)|* < M'S(d) (LM~ Y IBLMIY) Vg
0<|B|< M/
< M’SQM'S(d)L*(k“)d Z 72—l (k+1) (Vi 15:V¢;)  (4.5.105)
1<|y[sM
< M/SZJV[’S(d)Lf(k+1)(d+2\a|f2) (% MkB+190)'

Here we used that M = M’ + pp = 2|d/2] + 3 by (@.5.1) and the definition of M3\ in ({.5.2).
Note that the definition of MkB involves the term 1p+ > 1p«. Using the definition (4.4.74) of
the primal norm we deduce

1 _ .
lplis1.8 = —5— max max  max LEHDA=2425) g () |2
’ hi,y z€B* 1<i<m1<|a|<ps

M'32M'E(d)

4.5.106
(§07ME+1(,0) ( )
k+1

< Op1(0s ME, 1)

provided that k2 > M'32M'S(d) /5. We can now easily conclude for a general polymer X € Ppy1,

2 2
= maX
Mkﬂ,x BeB(x) |<P\k+1,B

< Y Gkra(e, MR e) (4.5.107)
BeB(X)

= Spr1(0, M 10) = (0, Apy1#) — (@, Ajpsr @)-

4.6 Properties of the norms

In this section we collect some bounds for the norms we defined before. In particular we
establish submultiplicativity of the norms as well as bounds for the renormalisation maps Ry
and the projection Ils. Here and in the following section we assume that for any given L our
norms are defined using weights as in Theorem with ¢, M, ps, n, and 7 as indicated in
Section

4.6.1 Pointwise properties of the norms

Specialising the general properties of norms on Taylor polynomials described in Appendix . A]
to the (injective) tensor norms defined in and the dual norm in we obtain the
following result.

Recall that E(X *) denotes the set of directed edges in the small neighbourhood X* of a
polymer X € Pp. Lemma [4.4.3] states that functional F' : P x Vy — R is local and shift
invariant if and only if for each X € Py the map ¢ — F (X, ) is measurable with respect to the

o-algebra generated by VI Bxey Recall also that we always assume rg > 3.
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Lemma 4.6.1. Let X € Py, F,G € C"(Vy) and assume that F' and G are measurable with
respect to the o-algebra generaled by V@[E(X*). Then

\FGlkx1, < |Flkx1, |GlrxT, (4.6.1)
and

Flerrxm, < (04 1@l x)? (IF |k, xm + 16L7%d0§£1 |F e x1,)- (4.6.2)
Proof. The first inequality will follow from Proposition applied to a certain quotient space.
In the following we will define this quotient space and show that it is a Banach space on which
the Taylor polynomials of " and G act. We first note that ||, x = 0 implies that V) [E(X*) =0
and therefore by assumption F(p + 1) = F(p) for ¢ € V. Hence, F' and G have the property
that‘ (Tay, F)(¢ + Y) = (Tay,, F')(¢) and (Tay, G)(¢ + ) = (Tay, G)(¢) for all ¢ € Vy and
all ¢ € Vy with |¢’k7x =0

This implies that the norms in are finite (see the remark after (4.4.84))) and that the
Taylor polynomials act on the quotient space Vi /~ and on @) ((Vn/~)®" where ¢ ~ ¢ if and
only if |£ — ¢|r,x = 0. Moreover | - | x is a norm on this quotient space. Thus the assertion
follows from Proposition [{.A.9]

Similarly for the second inequality we again use that F' acts on the quotient space Vy/~
where ¢ ~ £ if [p — £k, x = 0. Since [plk,x =0 < [p[g+1,x =0 both |- [y x and |- [511,x define
norms on Vy/~. We may thus apply the two norm estimate in Proposition with
the norms |g|r,x and [g|g4+1,x and 7 = 2. It follows directly from the definition of the norms
lgl;x in (4.4.76), (4.4.77) and (4.4.78)) (and the fact that |o;| > 1) that

d
97k x 2L g py x Vg € VYT (4.6.3)

Here we used in particular that hyyq/h; = 2. Thus the quantity p® in Proposition (.A11)
satisfies

p® < 16124, (4.6.4)
Therefore the two norm estimate (4.A.51) with 7 = 2 implies (4.6.2). O

Lemma 4.6.2. Let p € V. Then

1. for any Fi, Fy € M(Py) and any (not necessarily disjoint) X1, Xo € Py, we have
|F1(X1) Fa(Xo) |k, x 0x0,1, < [F(X0) |k,xy 1, [F2(X2) |k, X0, 1,5 (4.6.5)
2. for any F € M(Py) and any polymer X € Py the bound
E (X)) kg 1,7000.1, < FX) |k xurx),1, < F(X)|kx71, (4.6.6)

holds if L > 2% + R.

Proof. In view of (4.6.1)) (applied with X = X; U Xy, F = F; and G = F3) the first inequality
follows from the bound

|F'(X) |k, xuv,, < 1F(X)|k,x 1, (4.6.7)
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which itself is a consequence of the estimate |¢|r x < @[k xuy-

The second inequality in follows from ([.6.7). To prove the first inequality in (4.6.6)
it is sufficient to show that for any polymer X € Py and any ¢ € Vy the primal norms satisfy
the estimate

o]k, xur(x) < 1@lkt1,7(x) (4.6.8)

for L > 2% + R. Note that by (4.4.54) the condition L > 2¢ + R implies that X* C 7(X)*. This
fact and the bound

hi 1 L(k+1)(f+|a|) > hy 1Lk(f+\a|) > hy 17 k(452 +al) (4.6.9)
2
for |a| > 1 imply (#.6.8). O

4.6.2 Submultiplicativity of the norms

Lemma 4.6.3. Assume that L > 273 + 16R odd, and h > ho(L) where ho(L) is specified in
(4.5.17) in Theorem|4.5.1. Let K € M(Py) factor at scale 0 < k < N —1 and let F, Fy, Fy, F5 €
M (By). Then the following bounds hold:

i) For every X € Py

KXk x < 1 HK ey (4.6.10)
vee(x

1K () lkwirx < ] HK Y) |lskt1,y- (4.6.11)
yee(x)

More generally the same bounds hold for any decomposition X = J,;Y; such that the Y; are
strictly disjoint.

ii) For every X,Y € Py with X and Y disjoint

||X‘k.

I (V) F e xoy < IE ) ey I1F (4.6.12)

iii) For any polymers X,Y,Zy,Z5 € Py such that X NY =0, Zy N Zy = 0, and Z1,Z5 C
T(XUY)uXUY

7 7 X
IFA P2 FE K (Y ke xor) < IO ks IIEZ S BN w5 Y. (4.6.13)
i) For B € By,

1Bl = 1. (4.6.14)

Proof. The proof is the same as in [4] with the difference that the definition of the weight functions
changed. The submultiplicativity from Lemma [{.6.2] reduces the proof to the factorisation of the
weight functions stated in Theorem [4.5.1] “m Indeed for [1) ! we observe that

|K(X) |k, xT, ‘HYGC(X)K Y)‘kXT¢
[K(X)[lkx = sup ——— " = -
e @) e lveeao wi ) (4.6.15)
|K(Y)
< sup T’)’ < H [ K(Y)
PEVN yee(x) kK \P Yee(x)
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The same proof applies for a general decomposition X = |J; Y; into strictly disjoint sets Y;. To
prove the estimate for the ||-||5.x+1,x norm it suffices to use property [iv)|in Theorem instead

of property [iif)] The proof of fii)| relies on Theorem which together with (4.6.5)) implies

K(Y F(B
1K (Y)FX|kxuy < sup ' )‘k’Y’T“"PBEBk()fH (B)lk,B.1s
PEVN wy (@)W (@)
KOy, gy FB) ks, (4.6.16)
Teen Wi (9) g WE®)

D'
< 1K Tex NFIE
To prove [iii)| we use property in Theorem and estimate (4.6.6) to get

FAFZ2EXK(Y -
| P KO e, < sup 2 18 K v oony .

r(XUY)+ 2
N wE (o) (T ()

(4.6.17)

where for U € Py, the neighbourhood U™ is given by Ut = U + [~LFFL L9 N Ty, see
(4.4.34). Now Theorem implies that w,ifkufl > w};kﬂ. Moreover we have X C 7(X U
YYUXUY, Z1UZy Ca(XUY)UXUY and Z; N Zy = (. Thus the factorisation property

(4.5.22) of the strong weight function yields
m(XUY)* 2
(WEX (@) = WAV (W (9) = WE ()W ()W (), (4.6.18)

Together with (4.6.5)) we get

|FP P2 N K (V) |1, m(xov) 1,

< s [ses () 1F1(B)lk,B.1, HBtEZBk(ZQ) !1;2(3)\&3,:@ [ses, (x) 1F5(B) k1, [ K(Y ) kv,1, |
PEVN W (o)W ()W (@ w)p 1 (©)

< (1 |2 e 22 e T )L () sk,

(4.6.19)

where we used the definition of the norms in the last inequality. The last property is clear from
the definitions. O

4.6.3 Regularity of the integration map

The next lemma gives the bound for the renormalisation maps R,(:'). Moreover it states

regularity of the renormalisation map with respect to the parameter g. This is one of the major
differences compared to [4] where the authors have to deal with a loss of regularity for the g
derivatives. The regularity we obtain here is a consequence of the new finite range decomposition
from Theorem that was constructed in [54].

Lemma 4.6.4. Assume that L > 23 + 16R and let Ap = Ap(L) > 1, k = k(L) > 0 be the
constants from from Theorem[{.5.1. Then for q € B, and X € Py,

IR, ) (X) la1,x < Ap XK (X) 1 x- (4.6.20)

Let X € Py, be a polymer such that 7(X) € Py . Then for £ > 1 and q € B,
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bl|1<pl|56(Rk+)1 )X, @lkekrr,x < Co(L) ApP WK (X) |k x- (4.6.21)
q

The same bounds hold with Ap replaced by Ap if X € By is a single block.

Proof. We first consider ¢ = 0. Here we argue similar to [4]. Since Taylor expansion commutes
with convolution we have

9 (dé). (4.6.22)

(REF) Ol < [ 1Ko,
AN
It follows that

H(Rg)l Yk, x < Squk ki (® /’K M x.1, 06 Ml(c?gl(dg)

< supuil (¢ / IKCOlex w0+ O u@de)  (46.23)
| X |5
<(7) KOs

where we used Theorem in the last step. Using Theorem Ap can be replaced
by Apg for single blocks.

For the derivatives we argue similarly. First we bound the diameter of X. Note that we have
BN X # () for any block B € By1(n(X)) by definition of 7. This implies |7(X)|g+1 < |X|x. By

we have X* C w(X)*. We get using
diam(X*) < diam(7(X)*) < L¥a(X) |ppr + 2024 + R)LF < 2LFF1| X, (4.6.24)
Next we claim that for £ > 1, p > 1 and D = diam(X™)
dt

REHD (X
dt’ [t=0 0

sup
lg|<1

} e
< )DL ([ IKCOR o, itae))
(4.6.25)

k,X,T,

Indeed we have

d€

d* b
(Tavy e, _ (RO VBN Xop)0) = g

jt=0 /X (Tay,, K(X), g) @), (4.6.26)

Denote the integrand in (4.6.26)) by F'(§) = F, 4(£) and observe that we have the bound |F(£)| <
| K (X)|k,x,7,.¢ |9k,x- Passing to absolute values and using Theorem with Q(z) being the

generator of the quadratic form z — —(gzV, zV) we get
¢ ; P
|<Tay¢%\t:0R<q+tq>K<X>, )|
<Cp, ()DL PP (@ ™"

Lr(X,p k+1

_ o\ 9p .
<DL [ KCOR i, 2 (dE) llf 1"
N

Taking the supremum over g with |g|x x <1 and over g with ||g|| <1 we get (4.6.25).



The projection Iy to relevant Hamiltonians 139

Now (#.6.24)) implies that DL—* < 2L|X|;. Using that 29/22=7 is bounded and (4.6.25) we
see that there is another constant Cj (L) such that

1

d’ . 1
Sup | =7 RUMIK(X) < Cp (L2 K (X) |1k x </Iw?(w+§)!pu,§‘£1<d£)> -
lgl<1 | 42" |e=0 K XT,

(4.6.27)
Now we set p = 1+ p where p = (1 + Z)l/?’ — 1. Then Theorem implies
dt . x
sup |77 ROTVR(X) < Co(L) AR K (X))l x wilges () (4.6.28)
llgll<1 [t=0 k,X,T,

The conclusion follows by multiplying with w,;iil(go) and then taking the supremum over .
Again, using Theorem we can replace Ap by Ag for single blocks. O]

4.6.4 The projection II; to relevant Hamiltonians

In this subsection we introduce the projection Ils to relevant Hamiltonians and prove its
key properties. The argument is based on a natural duality between relevant monomials in the
fields and monomials on Z%. The projection Il is a very special case of the operator loc (in
fact locp) introduced by Brydges and Slade [45], except that we do not need to symmetrise
between forward and backward derivatives. Since our situation is much simpler than the general
case considered in [45] we give a self-contained exposition, which follows the strategy in [45], for
the convenience of the reader. For d < 3 a more simple-minded proof of the boundedness and
contraction properties of IIy was given in Lemma 6.2 and Lemma 7.3 of [4]. This argument can
be extended to the case d > 3, but we prefer to follow the more elegant approach of [45]. As
pointed out in [45], related questions are discussed in the paper [36] by de Boor and Ron.

Regarding dependencies on the various parameters we recall our convention that we do not
indicate dependence on the fixed parameters described in Section [£.3] The parameter A does
not enter at all, so we only indicate dependence on L and h.For the contraction estimate which
involves norms on scales k and k 4+ 1 we use that the ratio hgy1/hg is bounded, in fact with our
choice hyy1/h; = 2. Inspection of the proofs shows that the constants which appear in the rest
of this subsection depend only on the spatial dimension d the number of components m and the
parameter R = max(Ry, M) where Ry is the range of the interaction and M = pgs + |d/2] +1 =
2|d/2] + 3.

We follow closely the notation of [45], with the following exception. Since we only deal with
forward derivatives we set

U="{e,...,eqt ~{1,...,d}. (4.6.29)

In contrast, U is the set {£e1,..., ey} in [45]. We also drop various subscripts + which refer
to forward derivatives.

Relevant monomials in the fields. Recall that we declared the following monomials to be
relevant.

e The constant monomial My({z})(p) = 1,

e the linear monomials M; o ({7})(¢) := Vi9¢(z) := V;(z) for 1 < |a| < |d/2] + 1;
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e the quadratic monomials M; o) ;3 ({7}) () = V() VByi(z) for |a| = |B] = 1.

We introduced the corresponding index sets (recall that U = {e1,...,eq} ~{1,...,d})

oo := {0}, v1:={(,0):1<i<m,aeN{,1<]|a|<|d/2]+1}, (4.6.30)
vz := {(i,0), (j, ) : 1 < 4,j <m, o, BENG, a] = 8] = 1, (i,a) < (4, 8)}. (4.6.31)
and v = vg U by Uvy. Here (i,a) < (j, 8) refers to any ordering on {1,...,m} x {e1,...,eq},

e.g. lexicographic. We use ordered indices to avoid double counting since M(w),(jﬁ)({:n})(@ =
M8, ({23 ()

In the following we will always consider levels k& with
0<kE<N-1 (4.6.32)

For a k-block B and m € v we define

Mu(B) = > M,({z}). (4.6.33)

z€B

We denote by V = Vy @ V1 & Vs the space of relevant Hamiltonians, with
Vo =R, Vi =span{M,(B): me v}, Vo=span{M,(B):mc vy}. (4.6.34)

Given a local functional K(B) we want to extract a 'relevant’ part H = II;K(B) € V in
such a way that the functional K (B) — IIoK(B) measured in the next scale norm || - [[541,5 is
much smaller than K(B) measured in the || - || 5 norm, see Lemma below. This is not
true without extraction as can be seen by considering the constant functional. In fact we need
to gain a factor which is small compared to L~ (to compensate the effect of reblocking which
combines L? blocks on the scale k to a single block on the scale k + 1) and for this we need to
extract exactly the elements of V.

We will show that H = IIoK(B) can be characterised as follows. Let K + K1) + K(2)
denote the second order Taylor polynomial of K at 0 written as a sum of the constant, linear
and quadratic part. We will show that there exist unique H® € V; such that

HO = g©), (4.6.35)
HW (p) =KW (p) for all ¢ such that |+ is a polynomial of degree < |d/2] +1; (4.6.36)
H® (p) =K@ (p) for all ¢ such that |+ is a linear map. (4.6.37)

Here the large set neighbourhood BT was defined in (4.4.33). We then define H = II,K by
H=HO 4+ g 4 g2,
We can write this in a more concise notation by using the dual pairing (K, g)¢ introduced in

(4.4.71) and (4.4.83)). Before we do so we note that both H(y) and K(B)(¢) depend only on
values of the field on the set BY if L > 29 4+ R (see Section [4.4.2).

Since k < N — 1 the enlarged block B™" does not wrap around the torus T for L > 7 and
we can view BT as a subset of Z¢ rather than of Ty. Note that V®p;(x) for |a| < pg and
x € B* only depends on o[ g++ for L > 2% + R since by B* C BT.

We will thus consider in this subsection the space of fields

X =R™ME7 N, 5 (4.6.38)



The projection Iy to relevant Hamiltonians 141

equipped with the norm

1 -
|plk. g = — sup sup  sup Lkla‘Lk%|Vo‘4pi(:ﬁ)] (4.6.39)
’ hk zeB* 1<|a|<pe 1<i<m

where
n
Nis={p € R™"" :|¢lkp = 0}. (4.6.40)
Note that Ny p contains in particular the constant functions.

Polynomials on Z¢. We introduce a convenient basis for polynomials on Z¢ as follows. For
t € Z and k € N we define the polynomial

tH(;) :_t(t—l)..};t—kJrl) (4.6.41)

and we extend this by (8) =1 and (li) =0if k € Z\ No. Then V(D = (kfl) where V denotes

the one dimensional forward difference operator. For a multiindex o € N({)l”"’d} and z € Z% define

ba(2) = <211) <Z> (4.6.42)

VPba = ba_p- (4.6.43)

Then

This relation leads to a natural duality between monomials in V and polynomials on Z¢. Finally
we set

b(i,a) (Z) = ba(z)ei, (4.6.44)
where e, ... e, is the standard basis of R™, and
bn =bia®@0bjg for m=((i,a),(4,0)). (4.6.45)

We also define the normalised symmetrised tensor products

1
fu = Nyby = Nmi(bi,oc ®bjg+bjs@bia) for m=((i,a),(j,5). (4.6.46)
where
1 if (4, ) = (4, B),
Niiw).(5.8) = o ‘ (4.6.47)
2 it (i,@) # (4, B)-
54 —
This agrees with the much more general definition N,, = 7||§0((";))|‘. in (3.9) of [45]. There X(m)

o

denotes the group of permutation that fix the species and g is the subgroup that fixes m =
N

(m, my). In our case there is only one species so that 3 (m) is simply the group of permutations

— — —
of two elements and Xo(m) = X(m) if my = my and ¥y = {id} otherwise.
We now define the subspaces P, C X®* of (equivalence classes of) functions by

Po:=R, Pi=span{b;a: (i,a) €v1}, Pz:=span{f, :m € va}. (4.6.48)

and we set P =Py D P1 @ Ps.
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Definition and properties of the projection Ils.

Lemma 4.6.5. Let K € M(P;) and let B be a k-block. Then there exist one and only one
H €V such that

(H,g)0o =(K(B),g)o Vg€P. (4.6.49)

We remark in passing that ([£.6.49) is equivalent to (£.6.35)—(4.6.37). For H©® we simply

evaluate at ¢ = 0, for H(!) we use test functions ¢ such that @p+ is a polynomial of degree
|d/2] + 1. For H® the implication ([£.6.49) —> ([#.6.37) follows by taking ¢ = ¢ ® ¢ for
a linear function ¢. For the converse implication one can use polarisation, i.e., the identity

A i o(H®) — K(B))(sbia + thy ) = 0.

Definition 4.6.6. We define I, K (B) = H where H is given by Lemma[{.6.5

We now state the main properties of Ily: the maps Ils is bounded on a fixed scale and 1 —1Il5
is a contraction under change of scale.
Recall that on relevant Hamiltonians H =) ., anM,(B) we defined in (¢.4.93) the norm

d—2
1H [0 = L¥ag| + > mLRL™ 2 L7 a; o[ + ) b7 al. (4.6.50)

(i,a)€01 meoy

Lemma 4.6.7 (Boundedness of IIy). There exists a constant C such that for L > 2% + R and
0<k<N-1

[Tl K (B)||x,0 < CIK(B)|k,B,1:- (4.6.51)

Since IIsH = H for H € V, Lemma shows in particular that ||H|[ro < C|H|p1, <
C[H |y, 5- We can also prove the converse estimate, in fact a slightly stronger result which will
be useful to bound e (see Lemma below). Define

1 1 e — o 1 al— [0
e =5z swp g 2 PNV Gi@) P = g sup YT LMD 9 ().

k (i;a)€01 zE€B B (i.o)cor zE€B
(4.6.52)
Then it follows directly from the definition of |¢|x p in that
[@lk,e2(B) < ¢l B- (4.6.53)
Lemma 4.6.8. For H € My(By), L >3, and 0 < k < N we have
|H|r, < (1+ Mk,@(B))Q | H ko < 2(1+ “P‘%,EQ(B)) | H |0 (4.6.54)
and in particular
IH 5 < 4 H|lk0- (4.6.55)

Lemma 4.6.9 (Contraction estimate). There ezists a constant C such that for all L > 29+ R

(1 = T2) K (B) k11,81, < CL™ WL K (B)

k,B,To- (4.6.56)
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Proofs.

Proof of Lemma (ezistence and uniqueness of IIy). Clearly H®) = K(©) = K(0).
Step 1:  There exist one and only one H®) € V), such that

(H®, g)o = (K(B),g)o Vg € Pa. (4.6.57)

Indeed each H® €V, is of the foom H® =3 _ "4, M,. Now Mia),j,8)(B) defines a unique
symmetric element of (X ® X) via (see Lemma [4.A.1))

(Mi,0),5,8)(B); p @) = 2 V% (x)VPh;(x) + VP, (2) Vi (). (4.6.58)
acEB
Thus in view of (4.6.43), (4.6.46) and (4.6.47) we get
(Mu(B), furyo = L*6 s Vm, m' € vy, (4.6.59)

It follows that there is one and only one H ) which satisfies (£.6.57) and the coefficients are
given by

an = L™K (B), fu)o = LK), fu)o Vm € va. (4.6.60)
Step 2: There exist one and only one HY) € V; such that
(HY, ¢)o = (K(B),p)o Vg € Pr. (4.6.61)

Writing H Z(l a)ev; Gisa M, «(B) and testing against the basis {by o : (i',@’) € v1} of Py

we see that the condition for H® is equivalent to

Z By, = <K(B),bm/>0 V' € b1 (4.6.62)
meovy
where
Buw=Y_ V(1) 8y = Y bar—a() by for m= (i,a), m' = (i',a/). (4.6.63)
reB reB
In particular
Byw=L% and  By,=0 ifl|a| > || (4.6.64)

Thus if we order the indices (i,«) in such a way that (i,«a) < (i,¢/) if |a| < |@/| then B is
a triangular matrix with entries L% on the diagonal. Therefore B is invertible and hence the
coefficients of H1) are uniquely determined. O

Proof of Lemma (boundedness of T1y). We have
L*ay| = |[HO| = |K(0)]. (4.6.65)

Since L > 2¢ + R we can again view BT as a subset of Z¢. Moreover, since the space of
polynomials of a certain degree is invariant by translation we assume without loss of generality
that 0 € B. This implies that

1 1
Ibisali.s = hka% if o] =1 and thus  |fulop < 255 L Vm € va. (4.6.66)
k k
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Then (4.6.60)) implies that

lan] < L™ K® e 51y | fn

1
kB < 2ﬁ|K(2) k. BTy

k
and therefore

Z hi|an| < 2400 |[KP|4 513 (4.6.67)

mevg

To estimate the coefficients of H(1) we note that the system for the coeflicients a(; q)
decouples for different i since B(; 4)(i7,a/) = Caa’di- Hence it is sufficient to prove the estimate
for the scalar case m = 1. It convenient to work in a rescaled basis. Using again that 0 € B we
get for |o/| > |o]

Sup |V (2)] = sup |ba—a(z)| < (diame, B*)' =1 (4.6.68)
r€EB* xeB*

and the left hand side vanishes for |o/| < |a|. Thus

1 — ! 1 - !
bolip < sup  —LF LFOl(diamy, B 1-lol < ¢f = [F3° pHe| (4.6.69)
1<]al<]a’| Pk hi
where
C" = (L *diam, B*)P*~! = (L *Fdiam,, B*)L49/2+1 (4.6.70)

depends only on d and R (the dependence from R arises from the fact that for & = 0 we have
diam.,B* = 2R + 1).
Now we use the basis of test functions given by

Doy = hy LRSS LR (4.6.71)
Then _
|bo/ |k, < . (4.6.72)
We define rescaled coefficients
Go = hp L LR [ Hlelg (4.6.73)

In these new quantities (4.6.62) can be rewritten as

> Awala = (K, ba). (4.6.74)
(61 S ]
with
Ay o =h WLk LRGP Rl kG2 kel g, o —  pedkpk(lal=le) T g (),
o o k k a'a JJEZB o a(l')
Hence

Apa =0 if || = |al, |Awal < if o/ — o e N{ 4\ {0} (4.6.75)

o
(o —a)!
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and Ay = 0 if o} < «; for some i € {1,...,d}. This implies that (A — 1)l9/21+1 = 0. Indeed,
let V; := span(eq : |a| < £). Then AT — 1 acts on Vid/2)+1 and we have (A — )7V, ¢ V, and
(AT —1)V; = {0}. Thus

14/2]
Al=1+A-1)t=1+ Z (A—1) (4.6.76)

Since the matrix elements of A — 1 are bounded this implies that

|ao| < C sup (K(B),by)o < CC'|KW(B), 5. (4.6.77)
a/€oy (4.6.72)
Here C' is a combinatorial constant which depends only on the dimension d. Thus
IHW ko =Y [dal < CC"#01 KW (B)k, 1, (4.6.78)
aeb

in the scalar case m = 1. For m > 1 the equations for the different components ¢ decouple and
thus the estimate holds with an additional factor m. Combining this with ( m ) and ( m
we get [|H [0 < C 320 [KU(B) gz < CIK(B)lk5.1. -

Proof of Lemma[4.6.8 The assertion (4.6.55) follows from (4.6.54), the definition of the strong
norm in (4.4.86) and (4.5.11)) as well as the estimates \¢|i€2(3) < GP(p) and (1 +1t) < 2e¥/2 for
t>0.

To prove (4.6.54) we use that |My({z})|x 1, =1 and that by (4.A.74) and (4.A.70) we have
Mial{ahlkp s, < L ™MILHE and  (Ma({ah)lkprs, <HELTH ¥m vy (46.79)

Now for ¢ = 0 the estimate (4.6.54|) follows directly by summing (4.6.79)) over x € B. For
© # 0 we use that for the decomposition of H = Hg+ Hy + Hs in constant, linear and quadratic
terms we get

Tay, H = Tay, H + (H1(p) + Ha(p)) + Ly (4.6.80)

where Hi(p) + Ha(p) is a constant term and L, is the linear functional defined by Ly () =
2H5(p ® 1) or explicitly by

Lo() = > (i .p) (V@i (@) VPP (x) + VP (2) V(). (4.6.81)
2€B (i,0)<(j4,8),]el=[B|=1
Since VYi(z) = M;o({z})(¢) we get from ({.6.79) (with || = 1) and the Cauchy-Schwarz
inequality for ) . p

Lolemy < ) > lati.a).8) | (Vi) + V7 0;(2)]) hiL ™2
zeB (Z,a)g(j,ﬂ),|()é‘:‘ﬁ|:1

<2 sup 1(Z|va ) A (4.6.82)

(6,0, Ja|=1 Pk mevs
It follows directly from the definition of Hy and the inequality [ab] < a2 + $b% applied to
Vo‘cpivﬁ% that
1
@) < s 5 (2 V@) Y hla. (4.6.8)
(i,),|a|=1 Tt

r€EB mevy



146 Renormalisation group analysis of gradient models

Finally the Cauchy-Schwarz inequality for ) _p gives

1 o|— « 1/2 d . _ ol—
|Hi(¢)| < sup h—k(ZL%(‘ Y goi(:c)|2) > LR g ) (4.6.84)

(,0)€01 z€B (i,a)€01

Now (4.6.82)—(4.6.84)) imply that

|Tay, H — TayoH e, < (2l ellem) + 1007 0y5)) I1H

lo- (4.6.85)
Together with the estimate for ¢ =0, i.e., [H|pz, < ||H||x0, this concludes the proof. O

Proof of Lemma[4.6.9 (contraction estimate). This will easily follow from a duality argument
given below and the following result. O

Lemma 4.6.10. There exists a constant C such that for all L > 20 + R

min ¢ — Plep < CLWPHIRI D)y g Vo e X (4.6.86)
S
and
min [Sg — Pl p < CL™“gli1p Yge X R X, (4.6.87)
2

Here S is the symmetrisation operator, defined by S(p ® 1) = (o ® ) + 3(¢ ® ¢) and linear
extension.

Proof. Since L > 2% + R we can view Bt1 as a subset of Z¢. We first show (4.6.86). It suffices
to consider the scalar case m = 1 since the estimate can be done component by component. The
small set neighbourhood B* can be written as

B*=a+[0,p]¢ with L*p<C (4.6.88)

where C' = max(2R + 1,3). We will apply Lemma for the estimate of the remainder term
in the Taylor expansion with

s:=|d/2]+1=ps —1 (4.6.89)
and
M, := M, , =sup{|V*p(z)| : o] =s+ 1,2 € Z*N (a + [0, p]") }. (4.6.90)

Then it follows from the definition of the field norm |p|;41 p that

d

-2
M, < hpy L-EFDEHD L=(R+D52 0 5. (4.6.91)

Let P = Tay, ¢ be the discrete Taylor polynomial of order s of ¢ at a. Then by Lemma [{4.B.T]
we have for t = |8| < s and all z € Z¢N (a + [0, p]?)

\:r—ah

VA p(z) — P(x)}) < M, <S iy 1) < My(dp)*™'=t < M,CLFG171), (4.6.92)
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Here C depends only on d and R and we used that |z — a|; < dp. Taking into account that for
18] = 541 we have V?(p — P) = VA and using (4.6.92)), the definition of M and the fact that
hit+1/hi = 2 we get

1 _
= Plip < C— LM LM, < CL™% L7 |ply g
hi [6.97) (4.6.93)

=CL |80\k+13

This finishes the proof of (4.6.86)).
The proof of the second estimate is similar. We consider the space

Py = span{b;o ® bj s : |a| = |B] = 1}

Thus 732 is the non symmetrised counterpart of Py. In particular SPQ = Py where S is the
symmetrisation operator. For P € Py and |a|+ || > 3 we have (V&* ® V7#)P = 0. Using again
that hyy1/hi = 2 we deduce that

h;2Lk(|a\+\ﬁl)Lk(d—2)|(Vi,a ® V%) (g — P)(z,y)]

<4 =UelHBlFd=2) g ) p <AL= Vgl 5 if|al 48] > 3. (4.6.94)

To prove (§.6.87) it only remains to estimate V>* ® V#8(g — P) for |a| = |B] = 1. We define
P € Py by

ﬁ = Z (Vi’,o/ ® Vj/’ﬁlg)(av G,) bi’,a’ X bj/ﬂB/. (4695)
(@,0/),(5",8) |’ |=]B'|=1

Then Vi@ @ VI8P = const = (V4 @ V#Pg)(a,a) for |a| = |8] = 1.
We now define

My = sup{|(V"* @ VP g)(z,y)| : |a| 2 1, |8] 2 1, |a] + || = 3, 2.y € a + [0, p]"}.  (4.6.96)
Then
My < b L3 =002 g1 g (4.6.97)

We claim that for

(V4 © V) (2 y) — (V" @ V4g)(a,0) | < Mo(Jo — als + |y — al)
—ViagVvihp (4.6.98)
<2dpMy for |a| = |5 = 1.

This estimate is a special case of the Taylor remainder estimate in Lemma 3.5. of [45], but it can
also be easily verified as follows. For h : RB™ x RB™ 4 R the difference h(z,y) — h(a,a) can
be estimated in B* x B* by the maximum of the first order forward derivatives of A in B* times
|z — al1 + |y — al;. Now apply this with h = V5@ @ Vifg.

Since p < CLF the estimates (4.6.98), (#.6.97)), and jointly imply that |g — Plp.p <
CL~(d+1) |9lk+1,5- Application of the symmetrisation operator S does not increase the norm (see
Lemma @ and thus |Sg — Sﬁ]hB < CL~@+D Since P := SP C P, the assertion (£.6.87)
follows. O
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Proof of Lemma (continued). It follows from the definition of the norm |g|; g for j € {k, k+
1} and g € X®" in (1.4.77)) and the fact that hgi1/h; = 2 that

Vr > 3. (4.6.99)

Since IIo K (B) depends only on the second order Taylor polynomial of K we get the estimate
(1 =TI2)K(B), g)o| = KK(B),g)o| < [K(B)|r,B10, |9/k,B
< 8L 2K (B)lk5.1 l9lk1.5 Vg e X¥T Vr>3.
Now for ¢ € X we have by the definition of Iy, the boundedness of Il and Lemima
(L = T2) K(B), ol = min [(1 —TI2) K(B), ¢ — P)ol

(4.6.100)

< [(1 = I)K(B)k,B,1 Igéirgll lo — Ple.p (4.6.101)
< CIE(B)k,pm L PH2H D ol .
Since the pairing ((1 — II3) K (B), g)o depends only on Sg we get similarly for g € X @ X
(L~ T12) K (B) g)o| = min (1~ T K(B), g — Pl
< |(1 - T2) K(B)|k,B,1 IgIéIPIlQ |Sg — Plk.B (4.6.102)
< CIK(B)|k1, LY |glrsrs.

The desired assertion follows from (4.6.100)— (4.6.102) and the definition (4.4.84]) of the norm
| K (B)|k+1,B10- =

4.7 Smoothness of the renormalisation map

In this section we prove Theorem f.4.7] The strategy is to write the renormalisation map
S as a composition of simpler maps and to show smoothness for those maps. For this section
we fix a scale k. No index will in the following denote quantities on scale k& while a prime will
denote quantities on the next scale k + 1.

4.7.1 Decomposition of the renormalisation map

Recall from Section that the space of functionals K € M (Py) which factorise over
connected components can be identified with the space M (Py) via the map to : M(Py) — M (Py)
given by (1.2K)(X) = [[yec(x) K(Y). We often do not distinguish between K and (K. Similarly
the space of functionals F' which factorise over k-blocks can be identified with the elements of

M(By) via FX := (1 F)(X) := [1gep, (x) F(B)-

To simplify the notation we introduce the following abbreviations from [4] for the Banach

spaces involved in the decomposition of the map S:

M(A = (M (P [,

= (M(Pf), IFIE2),
Mo = (M(B), [|llx,0) (4.7.1)
MIH = (M(B), [lIl)

« = {a € RG> qloy < ).
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Here it is understood that M) consists of those elements of M (Py) for which the norm ||'||,(€A)
is finite and similarly for the other spaces. The abbreviations M (4) ete. should not be confused
with the notation for the quadratic forms that appeared in Section [4.5]

We also need a slight modification of the spaces M (4) because the renormalisation map does

not preserve factorisation on scale k, i.e., in general for K € M(Py)

RE(X,9)# [] RE(Y.¢) (4.7.2)
Yec(X)

(here we identified K in 2 K). In other word RK cannot be identified with an element of M (Py).
In [4] this problem is solved by the use of the embedding M(P¢) — M(P) and the submulti-
plicativity estimates from Lemma In the current setting, however, it is not possible to
estimate the derivative with respect to g of the renormalisation map R@ on arbitrary polymers
(cf. Lemma [4.6.4)).

To overcome this difficulty we introduce the space of functionals that live on scale k but
factor only on scale k + 1.

More precisely we use the following definition. Recall the definition of the map 7 : Py, — Pri1
in (4.4.52) and (4.4.53).

Definition 4.7.1. We say that X € Py \ 0 is a cluster, X € 73,‘;1, if 1(X) € Pp,,. For X € Py,
Y C X is a cluster of X if there is U € Cpq1(w(X)) such that

Y = U Z (4.7.3)
ZeC(X)m(Z)CcU

We use CY(X) to denote the set of all clusters of X .

Lemma 4.7.2. Assume that L > 2972 + 4R. Let X € P, \ 0. Then
(i) For any U € Cpy1(n(X)), there is a cluster Y of X, Y € CY(X), such that n(Y) = U.
(1) X =Uyecarx)Ys

(i4i) Two clusters of Y1,Ys € CYN(X) are either identical or strictly disjoint on scale k;

() Yyecax)ICY)| = |C(X)[;

(v) If K € M(Py) factors over connected components on the scale k then

(R K)(X,0) = ] (ReniEK)(Y. ). (4.7.4)
Yece(X)

Proof. Let X € Py, and U = w(X). By definition (4.4.53)) of m we have

v= J (2. (4.7.5)

ZeC(X)
Note first that a component of X cannot be shared between two components of U:
Z € Py, implies that 7(Z) € Py ;. (4.7.6)

Indeed, if Z € Sy, then 7(Z) is a single block and hence connected. If Z € P\ Sy, then n(2) = Z
and, in particular, Z C w(Z) and every block B € Byy1(7(Z)) contains at least one point from
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Z. For any two points z,y € m(Z) consider &’ € Z N By, where By € By1(n(Z)) is the block
that contains the point = and similarly ¥’ € Z N By,. Given that Z as well as any block are
connected, there exist a path joining x with y via 2’ and ¥/’

Thus, in view of and the fact that a connected set cannot be contained in a union of
two nonempty disjoint sets, we get

Z € C(X) implies that 7(Z) is contained in one component of U (on scale k+1)  (4.7.7)

For a connected component U; € C(U) we consider the corresponding cluster Y; defined by

BT, ie.

Y = U Z. (4.7.8)
ZeC(X):n(Z)cUr

Then (4.7.5) and (4.7.7) jointly imply 7(Y1) = U; thus proving the first claim. Moreover,
also implies the second claim. To prove the third claim let Uy and Us be two different components
of m(X). Again by (4.7.7). the corresponding clusters Y, and Y> defined by are disjoint.
Since Y7 and Y> are unions of k-components of X they must by strictly disjoint on scale k.

The fourth claim follows now from the fact that clusters are union of distinct elements of
C(X).

To prove the last claim, it is sufficient to show that for different components U; and U,
of U = 7(X) with the corresponding clusters Y7 C U; and Ys C Us, the fields V&g [y
and V&1 [y; are independent if £y is distributed according to pri1. Note that by
Y;* C U;* and by dist(U7,Us5) > # for L > 2942 4 4R which implies the independence
of the gradient fields. Therefore we find for any polymer X € P; and K € M (73,‘;1) the identity
(4.7.4). O

The space of functionals which factorise over clusters can again be identified with the space
M (77,21). Now we need to equip this space with a norm.It turns out that we need norms that
involve in addition to the parameter A that regulates the growth depending on the number of
blocks another parameter B that regulates the growth depending on the number of connected
components of the polymer. For K € M(P{!) and A, B > 1, we define

K| = sup AXEBICCON K (X) 4 x. (4.7.9)
XePg!

We also consider the norm ||H,(£:ﬂ obtained by replacing, in the right hand side above, the norm

|-lx,x by the norm [|-||p:r41,x

Again we introduce abbreviations for the corresponding normed spaces
~(A,B) 1 A,B
M= (P, I

~—~(A,B) c A,B
M. = (MPD, 116G

(4.7.10)

Recall the definition of K/ = S(H, K, q) in (4.4.67): for U € P’ we have

K'(Up)= > x(X, D)"Y () X\ (p) /X (J(p) o P(p+©)(X) i (de),  (4.7.11)
XePy N

where [ = e #, J=1-1,P=(I-1)oK, I=c* and HB,p) = (ILRY H)(B,¢) -
(MR, K)(B, ).
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Using first the definition of the o product and then the factorisation property (4.7.4)) (and
(4.4.60) for P, = (I — 1) o K to verify its assumption) we get

K'(U, ) = Z X(XluX%U)jU\(Xlqu)jXluxz\U((p)le((p)/ P(X2,0+¢) u,(;ﬁl(df)

X1,X2€Py XN
X1NXa=0
= Y (XU Xy, U) VNG [0\ () X (o) T (R, P)(Y. )
))((1,X)2(67’(15 YeC(X2)
1NXo=

(4.7.12)

It is now easy to see that the map S can be rewritten as a composition of the following maps.
The exponential map

EIM()—)Mm, E(H) :exp(H), (4.7.13)
three polynomial maps
A/(2Ap),B
P M|H><M|HXM|||><M( /@4p), )—>M/(A);
Pi(l, I, LK) (U 0) = D X(X0 U X, U)X (o) [N s o) TT - K(v, ),
X1,X2€Py YeCd(Xs)
X1NXo=0

Py: My x MW — MW2 - Pyl K)=(I-1)0K,

Py MA2 S P pir(x ) H K(Y, ),
YeC(X
(4.7.14)
and, finally, two maps which include an integration with respect to u,(gl. This is the point where
regularity is lost for derivatives in g direction if the original finite range decomposition from 3]
is used. These maps are given by

R : ]\/ZT(A/Q’B) « B, — ]/\Z:(A/(QAP)vB)’
(@ (@ (4.7.15)
N
and
Ry : My x MW x B, — M,
Ro(H, K, q)(B, ¢) = Iz (R, H)(B, ¢) - (R, K)(B.)) .
In terms of these maps the map S can be expressed as
S(H,K,q) =
P1<E( - RQ(H,K,Q)),E(RQ(H,K,(]))71 - E( - RQ(H7K7q))7Rl(P?)(PZ(E(_H)vK))?q))
(4.7.17)
Note that when we insert in the arguments I; and I of P; we find I} = 1'2_1. Since the

inversion is not continuous for the strong norm we have to introduce the two terms as different
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arguments of P;. They are, however, equal to F(H) and E(—H) for some H and we clearly have
[Hllr0 = l|—H|lr,0-

Compared to [4] the smoothness estimates for R; and Ry change. Actually they become
much simpler because the bulk of the work has been done in [54]. The estimate for P; changes
slightly because of the slight changes in the combinatorics. The proof for the smoothness of E
has been simplified. The remaining smoothness estimates are very similar.

To control the polynomial maps P, and P3; we will use the assumptions on L and h in

Lemma ie.,

L>2%3 L 16R, h > ho(L), (4.7.18)
where hg(L) is as in Lemma For P; we need a slightly stronger assumption for L

L > max(297 + 16R,4d(2% + R)), h > ho(L). (4.7.19)
For the maps R and Ry we use the assumption
L>2M3 L 16R, (4.7.20)
in Lemma Finally, for the map E we use the weaker condition
L>3. (4.7.21)
4.7.2 The immersion F
Lemma 4.7.3. Assume . Then the map
E: By (Mo(By). |- ko) = (M), Ml ) defined by E(H) = et (4.7.22)

is smooth and the r-th derivative (viewed as a map from Bi(My(By)) to the set of r-multilinear
8

forms on My (By) with values in M (By)) is uniformly bounded. More precisely if we set

ID"E(H)| := sup{ || D"E(H)(Hy, ..., H) ||, g : [Hillko < 1 fori=1,....r} (4.7.23)

and
Cp = 2"et max e i(14+1), (4.7.24)

then
D'E(H)(Hy,...,H,)=¢"H, .. H, (4.7.25)

and
ID"E(H)|| < Cr for any H € B (Mo, | - [[x.0)- (4.7.26)

Moreover,

e =1l < 81 Hllko for any H € By (Mo, || - ko). (4.7.27)

Proof. We first recall some notation. In (4.6.52)) we defined the (semi)norm on fields

1 al— @
liamy = 73 sup D LD 90 (). (4.7.28)
k (i,a)€D1 x€B
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Since (4.7.21]) holds we can apply Lemma guaranteeing that

|H|pB1, <2(1+ |0l 4, ) 1 H|[k0 for all H € Mo(By). (4.7.29)

The strong norm |||, 5 is defined using the weight wp = e2(PGL%?) where

1 -
(0. Gl0) gmm e 2 L%(‘a' V(Y0 15V0) > (91} ()- (47.30)
1<|a|<[d/2]+
Thus
_ ~1(p,GB —3lel?
£, 5 5, G5 TT) supe”2(# W)‘F\k,B@ < Sl;pe 2B |Fly B, (4.7.31)

To prove the differentiability we argue by induction. The main point is to show that

H) Hel o0 Hingg gl =o. (4.7.32)
a0 || Hl|ko s, Hk0<1 A k,B
=:f(H)
We have
FUE) = (e —1 - H)H,y ... H, (4.7.33)
In the following we assume, without loss of generality, that
1Hlko < = (1.734)
k0 > 16" A
Combining the equality
~ 1 = 1
H : ™™m 72 m
—-1-H= —H™"=H ——H 4.7.35
c Z m! Z (m+2)!" 7 ( )
m=2 m=0
with the product property of the T, norm, the estimate > ° (m+2) m < e* valid for x > 0,
and (£.7.29), we infer that
g . . g . 1 2
e =1 = Hlr, <HR g e™me < [HR o401+ |0} 4y )2 es P am) - (47.36)

Thus, using again the product property, the assumptions ||H ||, < % and | Hjllxo < 1, as well

as (4.7.29), we get

. H X . 1+
P, < e e |HIE 0401+ [@f2 gy 5T WEm) Humm

| /\

11+ : sl
et TPk F|2 4(1 + 16 ) e |¢|k,42<3>> (1 + 16l ()"

" 31,12
<IHIR 0 242 (1 + [l g )" DR s o

IN

2”20;6%||H||i,oe%‘*”‘?fz<3>,

where C; = SUP¢>q € 8(1 + )"+, Using [@.7.31) we get || f(H )H|k B= 2TJFQC/egHHHkO and the

assertion m ) follows.
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To prove the bound (4.7.26]) we use the product property of the T, norm to deduce that

|D"E(H)(Hy, ..., H),

< el \Hﬂkﬂp | H, |k, T,

<esed e | Hlleo. . 1 H ko 27 (1 + 1012 0y

< Ol | H1llk0 - - | Hr ||k 0-

1 2
Dividing both sides by e? ‘Lp|kvf2(3>, taking the supremum over ¢, and using the definition (4.7.31]),

we get ({.7.26). Finally, the bound (#.7.27) follows from (#.7.26) with » = 1 since e/ — 1 =
fol DE(tH)(H)dt and Cy = 2e'/* max;>o efi(l +t) =8e /2, O

4.7.3 The map P,
We next consider the map
P(I,K)=(I—-1)oK. (4.7.37)

Lemma 4.7.4. Let L and h satisfy the lower bounds (4.7.18)). Then the map P> restricted to
By, (1) x By, C M| x M@ with py < (2A4)7! and p2 < % is smooth for any A > 2 and satisfies
the bounds

1 . . . A . jl . A j2
D DRPEFNE, o F K RO < (24070,) " (2AK1E0) ™ a7.88)

In particular, for I € B, (1) and K € B,, this implies

1P(1, K|

< 2A|T — 1, + 2| K2 (4.7.39)
On right hand side of we used the convention
a® =1 (4.7.40)
that we will use also in the rest of this section.

Proof. We have

P(LE)(X)=(T-1)eoK)(X)= > (I-1)"VEK({)
YeP(X)

= > I es-v [] Ev

YeP(X) BEBL(X\Y) ZeC(Y

Using [i)| and [ii)| of Lemma and Ty 4(Y) = AVIk we get

(4.7.41)

| X\Y| (A) IC(Y)] —|y]| 1 1\ IXI]
I e < 30 -1t ) A < (L D e )
YeP(X) 21

where we used that  ycp(x) a XYVl = (a + )Xl and A > 2.
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The derivatives of P» are given by

1 . .. .
T (DﬁD”P (I,K)I,...,[,K,...,K))(X)
= Z ([_1)X\(YUY1)I'Y1 H K(Z) H K(2Z). (4.7.43)
YeP(X),Y1eP(X\Y),|Y1|=j1 ZeC(Y)\ zeJ
JCC(Y),|T =52

Using the bound (") < 2™ we can estimate the norm of the expression above similarly as in

,
(D] DR (I K)(I, .. 1K, . K))(X)
]1]2
< 30 (DI = A (N ) R ) A
YeP(X)
< Z 2|x\y‘(2A)_|X\Y|+j1 H‘I’HH;2\C(Y)\2—\C(Y)\+j2(HKH’(CA))JEA—\Yl
YeP(X)
Ay -Ix] ST A ;
<(5) @Al @IEI)™.

(4.7.44)

Equation (4.7.39)) follows from

%Pg(l F (I —1),tK) = Dy Py(1 + t(I — 1),tK)(I — 1) + Do Py(1 + t(I — 1), tK)K (4.7.45)

using that P»(1,0) = 0.

4.7.4 The map P;

The smoothness of the maps Ps is implied by similar estimates, but simpler, as those for Ps.

Lemma 4.7.5. Let L and h satisfy the lower bounds (4.7.18)) and let A > 2, B > 1. Consider
—~(A/2,B
the map Ps : MA2) M( /%B) given by

P3K (X H K (4.7.46)
YeC(X

(4/2) < p} is smooth for any p satisfying

Its restriction to B, = {K € M/ K,
p<(2B)"L. (4.7.47)

Moreover the following estimate holds for all j > 0

1 . . . A/2.B (A j
ﬁ|y(DJP3K)(K,...,K)||,§ /28 < <2BHK||§W/2))> . (4.7.48)
Proof. We note that
1 .
ﬁDJPs(K)(X)( =Y I &2 ]] k2. (4.7.49)
JCC(X) ZeC(X)\T zeJ

J—J
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Using the bound ('C(j‘x)‘) < 211 and from Lemma for K € B, we get

BN (2) SN PR OO < @B)CN () (151 ()

< (2B|| KA.
(4.7.50)

O

4.7.5 The map P,

Next we show smoothness of the outermost map P; given by

Py(I, I, J ) (U, 0) = > x(X1 U X, U) 1)\ (o) (XN X ) T K(v, )

X1,X2€Py YGCCI(XQ)
X1NXo=0
(4.7.51)
Lemma 4.7.6. Let L and h satisfy the lower bounds (4.7.19) and
d
Ao(L) = (484p) '« (4.7.52)

where Ap was introduced in Theorem and «(d) = (1 + 29711 + 6%)~L. Further, let
A>Ap(L), B=A and

ps <A pi <1 (4.7.53)

Then the map Py restricted to the neighbourhood

+5(A/(247),B)

U = Bpl(l) X BpQ(l) X Bp3(0) X Bp4(0) C Mm X Mm X MH| X M (4754)

is smooth with the bound on derivatives,

1

—————[DR DR D} DR (I, Iy, J K) (I, Do, Do, K LK)
1122!71!72! 1 +hr

) i (A/(2Ap),B
< MLl 22> (AR LTI (VK (o )
(4.7.55)

Proof. We first note some simple inequalities for polymers. Recall from Lemma that

Y lew)=lcXx)l. (4.7.56)

Yeco(X)
Next let X € P and U = 7(X). Then by (4.4.54) we have X C U* and hence
(X\U + U\ X[ < Uk, [X[e < U (4.7.57)

We also have
|U*|, < 2|U|g if L > 4d(2¢ + R). (4.7.58)

Indeed for B’ € By and k > 1

« 1y\d 1
B[ < (L + 201y <Ld(1+ ) < L3, (4.7.59)
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while for £ =0,
* 1 1
Bl < (L+27 2Ry < 19(1+ Qd) < L3,
Finally, for Xo, X € P with Xo C X we use the identity

C(X)| = Y [c(x2nY)|. (4.7.60)
YeC(X)

It suffices to show that each connected component of Xs is a connected component of Xo NY
for some Y € C(X) (with Y N Xy # 0) and vice versa. Now if Z € C(X3) then Z is a connected
subset of X and hence contained in exactly one component Y of X. Thus Z is a connected
subset of XoNY. In fact Z € C(X2NY') because distoo(Z, (XoaNY)\ Z) > distoo(Z, X2\ Z) > LF
as Z € C(Xa).

Conversely consider Y € C(X) with XoNY # 0 and Z € C(XoNY). Then Z is a connected
subset of X3. Moreover distoo(Z, (X2 \Y)\ Z) > disteo (Y, X \ V) > L* and disteo(Z, (XaNY) \
Z) > LF. Thus dist(Z, X5 \ Z) > L* and therefore Z € C(X5). This concludes the proof of

([.7.60).

Now let U € Py | be a connected polymer. Lemma implies that

||P1(Ila127<]7 K)Hk’-l-LUT’

[(X1UX2)\U U\(X1UX X1
< Y XX UXU) I T k)|
k+1,Xo
X1,X2€P Yec(Xa)
X1NXa=0
< X(X1U X5, U) ol (X1UX2)\U| o|UN(X1UX2)| 4—2[X1]
X1, X26P)
X1NXa=0
A\ —1Xe /
% ( ) ! p-le(xa)| (HKH A/ 2A73) ))\C (X2)]
2Ap
< 22Ul (Ap) U7 Z X(X1 U Xy, U) A72Xl=1X2] p=IC(X2)]
@757 X, XoePs
X1NXo=0
< (44p)2Uls Z (X1 U X, U) H A=2X00Y = | X2 -[C(Xa)|
([.7.58), (4.7.60) X1,X2€Py YeC(X1UX2)
X1NXa=0
(4.7.61)

where we used B = A to get the last inequality.
Now we use the crucial fact that, for connected polymers X, their closure typically satisfies
the bound |X]k+1 < ¢| Xk, for some ¢ < 1. For the precise formulation, we record this standard

inequality in Lemma 1| (Appendix C). It is stating that for connected polymers
X eP; \Sk, we have

X1 > (1 + 20(d) X 1. (4.7.62)

where 0 < «(d) = ((1+2%)(14+69))~! < 11is a positive constant. This implies, for Y € C(X;UX>)
and Y ¢ Sy, that

AXL Y|+ [XaNY|+ [C(XoNY)| > V] > (1 + 20(d)) (Y ) o1 (4.7.63)
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where we used that 7(Y) =Y since Y is not small. If Y € Sj, we note that either | X; NY]| > 1
or [XoNY| > 1. In either case we get

2XiNY [+ | XoNY |+ [|C(XoNY)| > Y| +1>2[7(Y) g1 > (1 +2(d))|7(Y) g1 (4.7.64)
Inserting (4.7.63) and (4.7.64)) into (4.7.61)), we get
IPL(T1, T2, J K ko < (44200 N x(XiuXp,U) [ A0l ln

X1,X2€Py YGC(X1UX2)
X1NX2=0
< (4A7))2|U|k 31Uk g—(14+20)|U k11 < (12A7>)2|U"“A_(1+2“)|U|k+1
(4.7.58)

(124p)22 '\ Wlksr _;
S( % ) A~ Ulk+1
(4.7.65)

For the second inequality we used that X7 U Xo C U* if x(X; U Xo,U) # 0 and that there are
3IU%Ik possibilities for partitions of U* into three disjoint sets X7, Xo and X3 = U*\ (X1 U Xa).
We also used that by the definition of 7 we have 7(X) = Uycc(x)m(Y) and thus |7(X)[g41 <

Zyec \77( M1 )

Thus we get for A > (12A7>)L7

Py (I, I, J, K) (4.7.66)

i <

Let us now proceed to the bounds for derivatives.Similarly to the derivatives of P3 in Lemma

.74 we get
;‘Da( 1 v > LK) = Y I k) ] EO). (4.7.67)
Y eCel(X) Jcehx)YeT YeCHXNT
|T =4

For ||K|]k‘é€/+21A”) B) <1 we use Lemma to get,

1 .
ﬁHDJ( II v ) E)lkrrx < D [TIKOkrsry [T 1K) keksry

Yeca(x) JCC(X)YET YeC (X)\T
|T1=j
< (lex)] (i)_l |B Ic(x (HKH (A/(2Ap), ))j'
Gy 7 \24p ik

(4.7.68)
A similar bound holds for the factors of I, I, and J. Therefore, similarly to (4.7.61]), we bound

1
o 1Dh D2 DY, DR Pi(1y, Lo, J, K) [l ,v
irlialjiljo! ’
< Z (X1 U Xo, U)(l(Xlui)sz)\Ul)|||12|”|k(X1UX2)\U|722|||_,2|”22X
X1,X2€P
P o (4.7.69)

U\ (X X i i X1|—7 p 1
. (DN | EACROXI=ay i (Xl g P50

’ A\ —1Xe|
<3N (5p)  BTCIRIEE )
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Assume that (U, X; U X3) = 1. Then X; U Xo C U*. and we can bound the combinatorial
factor by

(\(XlUXz)\U|) (\U\(XlUX2)|) (\Xl\) (|C/(X2)|) < 9l (X1 UX2)\U H|U\(X1UX2)[+] X1 |[+] Xz|

12 11 J1 J2
< 22|U*|k < 42|U\k_ (4.7.70)
@7.57) [E.7.58)
Then we bound, exactly as in (4.7.61)),
I 1 nJ HK
21'22']1']2 HD'LllDsz]lD]QPl(Il? 127 J7 K)Hk‘"rlyU
<(6Ap?h ST X UXe,U) [ aTRYERRYIECCmLe
X1,X2€Pk YEC(XlLJXQ)
X1NX2=0

x (SIS 2l) ™ (A2 ) 7 (L (| B ) 72,

Now, we can conclude as in (4.7.65)) that

1 It Do T K
WHD;Di;DﬁD]’QPﬂIhI&J7K)||k+1,U,r
(48Ap) >\ Uliss (A/(2A
< () AT A (AN ()
A/(2A
< AU L B 122 (A2 ) (1K B0 Py
(4.7.72)
d
once A > (48Ap)’«. This implies the claim (4.7.55). O

4.7.6 The map R;

Next we discuss the smoothness of the maps R; and Ry which depend explicitly on q. The
proofs are similar to those in [4] however we do not have to deal with the q derivatives explicitly
because we already controlled them in Lemma Let us begin with the map R; which is
defined by

Ri(P.q)(X.¢) = (R, P)(X,¢) = P, o+ &) i) (). (4.7.73)

Lemma 4.7.7. Let L and h satisfy the lower bound (4.7.20) and let k = k(L) be the constant
introduced in Theorem and specified in (4.5.81). For B > 1 and any A > 4Ap the map Ry

restricted to M,(CA/2 ) X Uy, is smooth and satisfies
j A A A A
1D R1(P,q)(X, )(P,... P)||3/ CAP1B) < (| B A2y (| P22y, (4.7.74)
and
i A A . A A
ID{DSR1(P @) (X, )4, ., 4, P, PY|LS P < cumllall (1 P12 Y (el 2y

(4.7.75)

for £>1 and 0 < j < 1. The constants Cy(L) do not depend on h or A. The derivatives vanish
forj > 1.
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Proof. Note first that the map R; is linear in P. Therefore the statement for the derivative in P
direction is trivial and we only need to consider the g derivative. Note that X € 73,‘;:1 is equivalent
to the condition that 7(X) is connected. Therefore we can apply Lemma 4.6.4, From (4.6.20)

we get

IR K)(X) ki1 x < AplYIE(K(X)|1x- (4.7.76)
and hence
IR, KA = sup BEOON( )R, K (X ki x
Xefpcl 2A
A \IXIk
< sup B‘C(X”(i) * A X K (X) ex (4.7.77)
XGPCI 2A'P
AQB
= |KX)|5D).

Similarly, for £ > 1, we get

(A/(24p),B A N\ IXk
| DGR K/ 57 = sup BlC(X)‘(ﬁ) IDE R, K (X) 1, x
Xepg! P
A N\ Xk
< Cy(L) sup B|C<X)‘<ﬁ> Ap Xl || K (X)||x (4.7.78)
Xepd P

= Cy(L)| K (X)|15%P

4.7.7 The map R,

Lemma 4.7.8. Let L and h satisfy the lower bound (4.7.20). For any h > 1 and A > 1 the map
Rs defined in (4.7.16)) is smooth. Moreover there exist a constant Cy (which is independent of
L,h and A) and for each £ > 1 there exist a constant Cy(L) (which is independent of h an A)
such that

A) ... .
o o 1H |0 + |1 K|ISY if j1 = jo =0
|D3 D DL Ry (H, K, q)(H, K, @) llko < Co(D)|all’ 1|0 if 1 = 1,42 = 0 (4.7.79)
. A) ... .
HKHIS ) ijl - Oa]2 - 1a

and

DJDEDLRy(H K, q)(H,....H,K,...,K,q,....,q) =0 ifj1 +jo > 2. (4.7.80)

Proof. First we observe that Ry(H, K, q) = RQQ)H — Ré?b) K where both R(Q) and R( D are linear

,a
maps given by

RYH=1LRY H,  RYK=TLRY K. (4.7.81)

This implies (4.7.80)). Due to the linearity with respect to H and K the bounds for the derivatives
with respect to H and K follow from the case without derivatives in H or K direction. We
consider the two operators separately.
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(9)

The estimate for the operator R, is simple because its action on Hamiltonians can be
calculated explicitly. It only changes the constant part

ag — ag + Z a(i,a),(5,5) (VB) VC“C,EEF)I ij (0) (4.7.82)
(i’a)v(jug)GUQ

see Proposition [4.4.8] Using the bound (4.4.13)) and the definition (4.4.93)), we get
| DG RS, ClHlko < (14 ool H ko (4.7.83)

it h > 1.
Further, let us consider the map Réqb) . From the linearity of IIs and Lemma |4.6.7| we get

HDf;HQR(q)K(B, NG, @)|ko < ||H2(D$R(Q)K(B, N@, - @)k
< Cazn | DyROK (B, 0)(q, . @)|k.pm, (4.7.84)
< Czan) I DGROK(B)(G, - - @) |kehr1,5-
In the last step we used that by definition (4.4.88)),

IF(B)|k:kt1,8 = SUp Wy, bt () [F(B)ks,m > |F(B)|kpm, (4.7.85)

since w,;kBH(O) = 1. Now, Lemma for ¢ > 1 yields

IDSTI,ROK (B, )(q. ... 4)llko < Cazn IDERDVK(B)(Q, - ., @) lkks1,5
< CCZ,(L)AB HQHZ 1K (B)||k,5 (4.7.86)

< C'4.6.51 CZ, 4.6.21 (L)ABHqHZ (A)
e 1K1Y,
This implies that
. A
I DR K [lko < Co(L) a1 (4.7.87)

for £ > 1. The bounds (4.7.83) and (4.7.87) jointly yield the desired estimate for ¢ > 1. For
£ =0 we get, instead of (4.7.86)), a slightly sharper estimate,

Cass)As A
IMRDK (B, ko < Carzan | ROK(B)lkwsnp < —C202 K. (4.788)
Together with (4.7.83) and the assumption A > 1 this implies the desired estimate for £ = 0 with
Ap
Co=1+cop@zay) + C(]4.6.51])I' (4.7.89)
O]

Corollary 4.7.9. The operators A,(CQ) and Bl(cq) satisfy the estimate (4.4.104).

Proof. The operators A,(f) and B(q) satisfy the identities

A(q)H Z R2a )
- BB (4.7.90)
B,"K - > RYK(B,y).
BeB(B’)

Hence, the claim follows from bounds (4.7.83) and (4.7.87). O
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4.7.8 Proof of Theorem 4.4.7]

Proof of Theorem[{.4.7. The assertion follows from the smoothness of the individual maps FE,
Py, P, P3, Ry, and Ry and the chain rule. To get an estimate for a neighbourhood U, , > 0
on which the map S is smooth and to see on which parameters the constants p and x depend,
we sequentially trace the dependence back to the neighbourhoods on which the individual maps
and their compositions are smooth.

First, we fix a constant A > Ay(L), where

d
Ao(L) = (484p(L))'s  with o(d) = (1 +2%)~1(1 + 64! (4.7.91)
is as in Lemma [.7.6] and set
B=A. (4.7.92)

Thus, by Lemma {4.7.6] the map P is smooth in a neighbourhood O1 = B, (1) x B,,(1) x
B,,(0) x B,,(0) with

pr=pa=13, p3=A"" and py=1. (4.7.93)

Using Lemma 4.7.7, we find a neighbourhood Oy = B, x By of the origin such that R; is smooth
on Oz and R1(O2) C B,,. Indeed, we may take

k = k(L) to be the constant x defined in (4.5.81) (4.7.94)
and
ps = ps = 1. (4.7.95)

Similarly, by Lemma [4.7.3] there exists a neighbourhood O3 = B, (0) such that E is smooth on
O3 and F(O3) C B, (1) N By, (1) N By, (1). Indeed, since A > Ag(L) > 2, it suffices to take

pe = g min(1, py, pa, p3) = sA72 (4.7.96)

In view of Lemma |4.7.8] there exists a neighbourhood O4 = B,,(0) x B,,(0) x By such that
Ry(04) C B,g. Indeed, we may take
1
p7r = psg = P =5 . (4.7.97)
Co@grm  84° Co@rm)

This defines the first restriction on the final neighbourhood U, ., namely,

Upx C By, (0) x By (0) x By (0). (4.7.98)
The second restriction comes from the condition
P3(Py(E(—H),K)) € By, (0). (4.7.99)

To satisfy this condition, we note that by Lemma there exists a neighbourhood Os = B, (0)
such that P3(Os) C B,,. It suffices to take

1

1
— i 1) = —. 4.7.1
P=55 min(ps, 1) 54 (4.7.100)
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By Lemma [4.7.4] there exists a neighbourhood Og = B,,,(1) x B, (0) with P»(Og) C B,,(0).
Taking into account the bound (4.7.39)) and the fact that pg < 1, we may take

P10 = 5791 — &, p11 = % - 8%4. (4.7.101)
Using once more Lemma [4.7.3] we see that the condition holds if
(H,K) € B,,,(0) x B,,,(0) with pi2 = Lpig = 64—1/12. (4.7.102)
Combining this with , we see that the map S is C* in the set
Uy = B,(0) x B,(0) x B,(0) (4.7.103)
once
p = min(p7, ps, p11, P12) = & min(C;, 1) (4.7.104)
0,77 8
and the constant k = k(L) is as above. Since A > Ay > Ap > Ap we deduce from that
Co@rr < 1+ o @ams) + Caosy- (4.7.105)
Thus we may take
1 1
P~ gaz min<1 + co0@a3) + Caesy(d,m, R) %) (4.7.106)
Finally, the chain rule implies the estimate . O

4.8 Linearisation of the renormalisation map

In this section we prove the bounds for the operator norms stated in Theorem These
contraction estimates make precise the idea that Hy and K}, collect the relevant and the irrelevant
terms, respectively. Throughout this section we assume that

g € B, where B, = B,(0) and x = (L) is introduced in Theorem [4.5.1] (4.8.1)

4.8.1 Bounds for the operator C'?
By (4.4.102) we have, for K € M(Pj),
(CYK)U, ) = F(U,¢) +G(U,p) (4.8.2)

where F' € M(Pj;, ) is defined by

FU.) = Y | K(X.p+6u?, (). (4.83)
Xepe\BY AN
m(X)=U
and
G(B o)=Y G(B)() (4.8.4)
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with
G(B)(¢) = (1 - L) R, K (B, ). (4.8.5)
if B"is a k + 1 block while
GU,p) =0 YU €Piyy\ Brti. (4.8.6)

For ease of reading we restate the key bound from Theorem as Lemma below. Recall
the definition of R in (4.4.29) and let Ag and Ap(L) denote the constants which appear in the
integration estimates in Theorem |4_||_| andl Recall also that n € (0, ] is a fixed parameter.
This parameter actually controls the contraction rate of the flow.

Lemma 4.8.1. There exists an Lo such that for each L > Lg there exists an Ag(L) and a ho(L)
with the property that for all A > Ag(L) and all h > ho(L)

3
|C@ || = sup |Ccta K||k+1 11 forallg € By (4.8.7)
KN <1

We may take

Ly = max((dn~ 0" AgCy) 77 (32 C" Ag(Cy + 1)), 243 1 16R), (4.8.8)
Ap | 12«
Ao(L) = max(§A7>2Ld(2d+1 1), (8—67’) ET ) (4.8.9)
n n

and ho(L) as in in Theorem [{.5.1, Here Cy is the constant in the estimate |(1 —

o) K (B)|ps1.80 < C1L~% |K(B)|x.po in Lemma|4.6.9 and Cy is the constant in the estimate
I K(B) k41,80 < Co|K(B)|k,po in Lemma |4.6.1 Moreover d' = |d/2] +d/2+ 1, C' =
max,>o(1 + ar)5e_%x2, and « and & are the constants from Lemma and Lemma

respectively.

There are two mechanisms that ensure contractivity of the map C9. For the operator F'
defined in we use that the operation 7 reduces the number of blocks, i.e., |7(X)|g+1 <
|X|x. The definition of the norm ensures that we gain a factor of AXk=IT(Xlkt1 which can be
used to cancel the combinatorial explosion of the number of terms. For the operator G, i.e., the
contributions of single blocks this is not possible. For single block we use instead that (1 —IIy) K
measured at scale k + 1 is much smaller than K measured at scale k (see Lemma [£.6.9).

We first consider the simpler large polymer term F'.

Lemma 4.8.2. Let L > 23 + 16R and define

8 8Ap | 142«
Ao(L) = max(HApZLd(Qd'H 41y, (n—g’) S ) (4.8.10)

where Ap s the constant from Theorem and « and & are the constants from Lemma
4.C 1) and Lemma respectively. Then for all A > Ay(L)

A
IFIY, < Lol (4.8.11)

Proof. Lemma states that for U = 7(X)

IR K (X, Q)lirom, < |RY KX, 0)lkxr,- (4.8.12)
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The inequality (4.5.24]) in Theorem implies that

Wikpr1(9) < wiy (). (4.8.13)
We conclude that
Ry 1 K(X,0) 1o | Ry 1 K (X, 0) | x 1
HR]{+1K(X7 (P)Hk+1’U = Sup 77 +1,U, » S < 1<y L
pEXN wi () pEXy Wi 41 () (4.8.14)

= || Rpt1 K (X, 0) || k:kt1,x -

Using this bound we can estimate

AU|k+1\|F(U)|’k+1,U§A|U|’““( Y MR K(X)lkrsrx + Y \Rk+1K(X)||k;k+1,X>-

XG’P;\Sk XESk\Bk
r(X)=U ~(X)=U

(4.8.15)

We bound the two summands separately. For the first term we use that 7(X) = U implies
X = U for large polymers X so that we can use the bound | X |41 < H_%“\X\k in Lemma
and Lemma Bounding in addition the map Ry using Lemma we infer that

AN Ryt K (X) str,x < AP 3" ApXe | K (X0) |4 x

XEP\S), XEPL\S
n(X)=U X=U
Ap\ 1 Xk _ 20 \|X
<AVl STOIRIEO(EE) T < KD YD (apan ) < Ly Y
XEP{\Sk XeP\Sk
X=U X=U

(4.8.16)

142
for A > (8—%2) 2 For the second contribution we observe that 7(X) is a single block for

X € 8, i.e., the second summand in is only non-zero if U € Byy1. Moreover we can

bound the number of small polymers X that intersect a block B’ € By by L4297+ + 1)d2d.

Indeed there are L possibilities to pick the first block B of X and then all further blocks are

contained in a cube of side-length (29+! + 1)L* centred at B and there are at most 2¢ of them.
This implies for U € Bg11 and A > Ap

Ap\ Xk
[Ulk41 . < Xk < (4) el
AT ST R K(Xlenx <4 Y AKX x < AIKIEY Y (5F)
XESk\Bk XGSk\Bk XESk\Bk
w(X)=U w(X)=U w(X)=U
A a Ap? A
< AR L + )™ S < kY
(4.8.17)
for A > 8y tAp2Ld(24+1 4 1)d2”, 0

Next we consider the contribution from single blocks. Recall from (4.8.5)) that for a k-block
B we defined G(B)(¢) = (1 — II2) Rip+1 K (B, ¢).

Lemma 4.8.3. Assume that L > 293 + 16 R. Then we have

|G(B) k41,81, < AB(1 + [@|kt1,8)° (C1L~ +8(Cy + 1)L7%dwl§k+1(¢)) | K|k (4.8.18)
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where

d=d/2+|d/2]+1>d (4.8.19)

and where Ap is the constant which appears in the integration estimate for the weights in
Theorem . The constant Cy is the constant in the estimate |(1 — IIo) K(B)|k41,80 <
C1L~%|K(B)|g.po in Lemma while the constant Cy is the constant in the estimate

K (B)|k+1,80 < Co|K(B)|k,5,0 in Lemma[4.6.7
Proof. From the two norm estimate (4.6.2)) and the contraction estimate (4.6.56|) we get

|G(B)|k+1,B.1,

_3
< (1 +|@lks1,8)® (J(1 = H2) Ry 1 K (B) |ks1,8,1 + 8L Qdoiugl |(1 — o) Ryy1 K (B)|k,,11,)
<t<

iy 3
<(1+¢lkr1,8)* (C1L™ Y |Rey 1 K(B) kg1, + 8L 2% sup (1 — o) Ryt K(B) k5,11,

0<t<1
(4.8.20)
Now by Jensen’s inequality and the estimate (4.5.27)) in Theorem with ¢ =0
Ren KB, < [ VKB lnr, i (40
XN
< [ IKIen P © pn(de) < AslKlhs. (@820
N

The second term is bounded similarly. By (4.6.54), (4.6.53)), Lemma and (4.8.21) we
get, for all ¢ € [0, 1],

MRy 1K (B)k,5 1, < (1+ |¢lk,5)°|H2Ry1K (B)||ko
<Co(1+ |¢lk,)?| Rer1 K (B)|k,5my < Co(1+ |¢lk,)As | KI5, 5- (4.8.22)
Using the monotonicity of ¢ — wy.k11(tp) we get from (#.6.20) in Lemma [4.6.4]
Ry 1 K (B)lk.11, < Weg1(9) Rt K(B)lkki1,8 < Apwidy 1 () [|K(B)|[,p- (4.8.23)

Since |¢|k.B < |@|k+1,p the estimate (4.8.18) now follows from (4.8.20), (4.8.21), (4.8.22) and
(1.8.23). O

Lemma 4.8.4. Assume that L > 273 + 16 R and that h > ho(L) where ho(L) satisfies ([#£.5.17)).
Let B' € Biy1 be a k + 1 block and recall that G(B') = 3 pep, () G(B). Then

/ 3 ’
|G(B)|k+1,B’,T¢ < C,AB(ClL_d + 8(Cq + 1)L_2d) ka-i-l (p) ||K”k,B (4.8.24)
and )
IG(B)lk41,8 < C'Ag(CLLT " +8(Cy + 1)L 2%) || K||1. 5. (4.8.25)
where L
C’ = max(1 + z)%e 2.
x>0
In particular there exists an Lo such that for L > Lo and h > ho(L)

A A
IGIEY, < SnllE|(Y vA>1. (4.8.26)

We may take

Lo = max((4n*10’ABcl)ﬁ, (32771C" Ag(Cy + 1))4,2443 + 16R). (4.8.27)
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Proof. Indeed by (4.5.25)) in Theorem and the definition of C’ we have
(L4 [@lir1,5)” < L+ el 5)° wikia (9) < Cluly ().

Since |¢lpt1,8 < |¢lk41,5 and wp, | < w,ff;cﬂ the estimate (4.8.24)) follows from Lemma .

Now (4.8.25)) follows from (4.8.24)) after summing over B, dividing by wy1,p/(¢) and taking the
supremum over . Finally (4.8.26)) holds if we take Lg so large that

1 _ 1
C'AgC LI~ < o and 8C'Ap(Cy + 1)Ly "* < 7 (4.8.28)
Clearly both conditions are satisfied if L satisfies L > Lg and Lg is the number in (4.8.27). O
Proof of Lemma[{.8.1 This follows from ({.8.2)), Lemma and Lemma [£.8.4] O

4.8.2 Bound for the operator (A(q))_1

Lemma 4.8.5. Let Cyq be the constant in (4.4.13)) for £ = 0. Then for

h>+/Cap (4.8.29)

and hy, = 2Fh the operator A - (Mo(By), || - |lk0) = (Mo(Bis1), || - lks1) satisfies
3

< - 4.8.
<1 (4.8.30)

Proof. Let H = A@H. As before we denote the coefficients of the expansion of H and H’ in
monomials by a,, and a,, respectively. Here m € v. By (4.4.100) we have a/, = a,, for m # () and

ay=ap+ Y. agaGe (V)VCD, (0). (4.8.31)
(Z‘,Oé),(j,,g)ebg

I(A@) ™)

Thus A := A s invertible and by the definition (#.4.93) of the |- ||k,0 norm in connection with
the relations hiy1 > 2h; and L > 2 we get

d—2
1H ko =L agl + D mL*L7*5 L7 gy o[ + Y B [anl

(iza)enl meovg
<LHapl+ > LML LR 0] 4 3 b
(i,)€01 meEvy (4 o 32)
I g ua (V) VG 50
(i,a)7(j,ﬁ)€t)2
< H lkgr0+ L Z lai,a),0.,8)] |(V5)*VQC,£‘£UJ,(O)|
(i,a)7(j,6)602
The bound (4.4.13) implies that for ((i, @), (j,3)) € b2
(VO vee, )] < Coo L™, (4.8.33)

Using in addition that

[ H'|[5+1,0
Y. lawaanl= Do lGauel < Tm (4.8.34)
(4,0),(5,8) €02 (i,a),(5,8)E€va k+1
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and hjy1 = 2571h > 2h we conclude that

_ 1
AT H |10 < QHH/HHLO + [1H'[| 41,0 (4.8.35)

provided that h? > Cap. O

4.8.3 Bound for the operator B@

Recall from [@EA.101) that BY : (M (PY), || - ||\) = (Mo(Bi11), || - llks1.0) is defined by

BIRWB. ) = Y ([ KB+ udio) (4.8.36)
BeB,(B')

Lemma 4.8.6. Assume that
L>2%3 L 16R, (4.8.37)

and

A> Ag:=3C,AgL? (4.8.38)

where Cy is the constant in Lemma and Ap is the constant in Theorem [{.5.1[z)} Then the
operator norm of B@ satisfies

CyAgLe -

B9 <
1B < A

(4.8.39)

Wl

Proof. Set H'(B') = —(B\Y K)(B'). For a B € By(B') set H(B) = ~T,RWK(B). Then H(B)

can be written as
=22 anMau({z}).
reB mev

By translation invariance H'(B’) can be written as

=2 D anMal{a})

rEB! mev

with the same coefficients a,,. Thus it follows from the definition ({4.4.93) of the norm || - ||z,0 on
relevant Hamiltonians and the relation hyy1 = 2k that

| BOK k10 < max(L%, 2L, 4) IR, K (Bl < L TR, K (B)|lko-  (4.8.40)

Lemma [4.6.7| and (4.8.21)) (which is a consequence of (4.5.27))) imply that

[[TI2( k+)1 )(B)llk,0 <02|R;£31K( NkB1 < CoAg||K(B)|k,5- (4.8.41)

Since ||[K(B)||k,B < A_IHKHIEA) the desired assertion follows. O
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4.9 Proofs of the main results

4.9.1 Main result of the renormalisation analysis

We fix ¢ E (0,1) and we recall from (3.2.38) that the Banach space E consists of functions
K : G = (R™) — R such that that the followmg norm is finite

||/C||C—Sup > aazc )em2(1=09), (4.9.1)

|a|<r0

Recall that n € (0, %] is a parameter controlling the rate of contraction of the renormalisation
flow.

Theorem 4.9.1. Let k = k(L) be as in Theorem |4.5.1. Moreover, let Ly, ho(L), Ao(L), p(A),
Cjy jojs (L, A), and Cy(L, A) be such that the conclusions of Theorem [4.4.7 and Theorem
hold for every triple (L, h, A) with L > Lo, h > ho(L), A > Ao(L). Assume also that

1

ho(L) > 6(L)"2 (4.9.2)
where 6(L) is the constant introduced in (£.5.57) in Lemma[{.5.5

Then for every triple (L,h,A) with L > Lo, h > ho(L), and A > Ao(L) there ezists a
o = o(L,h,A) > 0 such that for each N > 1 there are C*™ maps ey : B,(0) C E — R,
Gy : B,(0) C E — B (0) € RI™> ™) g Ry« B,(0) € E — MY (defined in Jwith
the following properties. For each K € B,(0) C E

(@n(K)) ,LNdey (K)
Z e N ~
[ T e o) = G [ (14 Ryt ee)) ™ o)
AN XCTy zex Zn AN
(4.9.3)

where Z](\?) denotes the normalisation introduced in (4.4.21). The derivatives of these maps satisfy

bounds that are uniform in N and the map Ky is contracting in the sense that there is a constant
C > 0 such that for all £ >0

||8I€CKN(IC)( KIS < ColL, b, A) ™ [IK € (4.9.4)

Moreover .
| 1RO A o) 1) ) < (1.95)
Xn 2

More generally the following identity holds for fn € Xy and K € B,y(0)

[ e 3o T KDe@)na)

XCTny xzeX
(qN(’C)) LN %N (K) N ~
_ AUnean®n 4 (1 + En(K)(Ay, ¢+ €@K £y )) u 1 (dg).
70 x i
N N
(4.9.6)
We may take o as the minimum of the radius ¢ in Lemma |4.10.6 and .

Actually the proof shows that we may take p as the minimum ¢ in Lemma [.10.6] and

77_N. Thus for N > Ny(L, h, A) we may take p simply as in Lemma [4.10.6|
We will prove this theorem at the end of Section In the remainder of the current section

we show how Theorem implies the main results in Section
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4.9.2 Proof of the main theorem

Proof of Theorem[3.2.2, Choose the parameter p in the statement of Theorem as the num-
ber o(L, ho(L), Ag(L)) in Theorem We apply first (3.2.35) and then (3.2.33) and (4.9.3)

from Theorem and obtain that the perturbative free energy can be expressed as

Wn (K)= — ﬁanN(IC,Q,O)
(@x (K))
- 1 VA 1 N .
—— v (K) - vz 1n< NZ(O) ) ~ </X (1 +KN(IC)(AN,<p)) Mgg;vl(’m(d(p)) .
N N

(4.9.7)

The first term is C'° uniformly in N by Theorem Similarly the second term is C*°
uniformly in N by Theorem 4.9.1] Lemma below and the chain rule.
To address the last term we introduce the notation

G(Kn,q) = /X Kn(X, ) g8, (dg) = RO, Kn(Ay,0). (4.9.8)
N

Then the last term is given by L™VIn(1 + G(Kn(K),qxn(K))). Note that for any positive
function G the derivative D¥ In(1 + G) is given by a polynomial in derivatives of G' divided by
(14 G)k. It follows from ({.9.5) that 1+ G > 1. By the chain rule it is sufficient to show that

G : B,(0) x ME\‘;‘) — R is smooth because g(K) and IA(N(/C) are smooth functions. For the
derivatives with respect to g we use (4.6.21)) from Lemma to estimate

10LG (K n, q))] < 05 RN, KN (An)l|nvv- 1.y

Ag ~ (a4 (4.9.9)
< Gi(L) RN
We have thus established that Wy is C*° with uniform bounds. O

To show smoothness of the second term on the right hand side of (4.9.7)) we used the following
result.

Lemma 4.9.2. Let fn(q) = ﬁ In (%) . Then fn € C°°(By,/2(0)) and the derivatives of fn

can be bounded uniformly in N.

Proof. To emphasise dependence on N we denote the operator A(@ on L?(Xy) defined in (.4.20)

temporarily by Ag\?). Fourier transform diagonalises this operator in the scalar case m = 1 and
block-diagonalises it for general m (with m x m blocks). By (4.4.9) the Fourier transform is
given by

p—

APP) = Y a0 Qusa@)™+ Y. A(0) qasa(p)’ (4.9.10)
apeT jal=1B1=1

where g, denotes the m x m matrix with entries q(,)(s,) and the j-th component of ¢(p) is

given by ¢;j(p) = es — 1. Since q € B,,/2(0) it follows from (4.4.11)) that AE\?) is positive definite
and Gaussian calculus gives

(q) — _
1 1, detA 11
fn(q) = TNd5 R S tA](\é) = T¥iy Z In det (A%(p)) — Indet (.AS?(p))
S peTn\(0} (4.9.11)

11 1 (g 1 ~ o
peTn\{0}
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1jo\w it follows from (4.9.10) and (4.4.11) that q — ﬁA(Q)(p) is linear in q and both
ﬁA(Q)(p) and its inverse are bounded uniformly in N and p € Tn \ {0}. In particular

pl*
the logarithm is smooth away from 0. Since the sum contains LN — 1 terms it follows that the
function fy is smooth and the derivatives are bounded uniformly in N. O

det (IAE\?) (p)) lies in a fixed compact subset of (0,00). The determinant is smooth and

4.9.3 Proof of the scaling limit

In the setting of [4] the scaling limit was derived by Hilger [105|. Here we follow a similar
strategy. In this section I is fixed and we use the abbreviations

en =en(K), gy =ay(K), Ky =En(K). (4.9.12)

Proof of Theorem [3.2.7. Recall that we consider f € C°°(T9;R™) where T¢ = R?/Z? and define
rescaled functions on Ay = Z%/(LNZ%) by

fn(@) = LN f(LNe) — ey (4.9.13)
where the constant cy is chosen so that

> fa(z)=o. (4.9.14)
z€TN
Note that in the statement of Theorem we did not subtract to constant from fy. Since
(en, ) = 0 for all ¢ € Xy subtracting the constant does, however, not affect the statement of
Theorem B.2.7

We rewrite the right hand side of equation (3.2.58) using the definition (3.2.33) and (4.9.6))
from Theorem F9.1]

RUC2 ) _ i) oy i (1 By (v + €00 0) w2} (d)
2(K,Q,0) ey 1+ En(An,9) ni(de)

(4.9.15)

Here we used that the contribution of the term Z@N)Ze# in cancels in the quotient
because that term does not depend on fy. The matrix g5 depends on N. Since g, is bounded
independently of N we find a subsequence N; — oo such gy, converges to g. In the following
we only consider this subsequence, but for ease of notation we still write g5 . One can actually
show convergence of the whole sequence [106] using the techniques from [47].

We consider the two terms on the right hand side of in two steps. First we show that
the second term converges to 1 by showing that this holds for the numerator and the denominator.

In fact it suffices to show convergence for the numerator since the denominator corresponds to
the special case fy = 0. Theorem and (4.9.4) imply that

Kol
Kn(An, o+ G("N)fzv)ﬂggﬂ(dscv)’ < H]L”N /X Wi (¢ + €V £y 1) ()
N

‘ poe (4.9.16)

1
< O Ag wlly 41 (69 fy).

The weight function can be bounded using Theorem

ln(w][sz:VNJrl( fN)) <9y <@§\?N)fN,MN€§3N)fN> (4.9.17)
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By (#.4.11) the Fourier modes of the kernel of C(~) satisfy |C19%) (p)| < Cp|~2 < CL2N. Recall
that ¢;(p) = e — 1 and q(p)* = Hle ¢i(p)® for any multiindex a € N¢. Using the Plancherel

identity (4.4.7) we get

(€@) f, My€) f ) = LN N7 N7 (@) () (), LN D]g(p)*C19) () iy (p)

1§|a|§Mp€TN

_ Ny ZL2N\04|‘q(p)2a"é\(qN)O?)]?N(p)’Z

IS‘Q|SMpEfN

< QL NEEN ST ST p2Nlollg()2 iy (p)

1<|a]<M peTy

_ CLQN Z L2N\a|(vo¢fN’voch).
1<|a|<M
(4.9.18)

To estimate the discrete derivatives at « we apply a Taylor expansion of f of order r. This gives

da+2

fn(x+a)= L_NTf(L_Nw + L_Na)
iis ~N )8 (4.9.19)
SN DY S B!a)aﬂ F(LNa) + R,
0<p<r

where R, denotes the remainder that can be bounded by C,11|V" ! f|oo|L™Na|"*1. Since the
discrete derivative of order |a| annihilates polynomials up to order |a| — 1 and since the discrete
derivative is a bounded operator the identity (4.9.19]) implies that

d+2
[V fxr ()] < Cly LN [Vl flog LNl (4.9.20)
and thus
M
LN N LN iy VO < CY IV floo. (4.9.21)
1<|a|l<M r=0

Combining (4.9.16)), (4.9.17), (4.9.18)), and (4.9.21)) we conclude that

M
A
Kn(An, o+ € ) () (dcp)‘ < Can exp (CZ \V’“f|oo> 0 (4.9.22)
XN r=0

as N — oo. This implies that the numerator on the right hand side of (4.9.15)) converges to 1.
The second step is to prove the convergence of the the prefactor

%(fN,C’EQ’N) IN) — %(f, Craf). (4.9.23)

To show this we change the scaling of the system. Usually we think that the system size grows
with N while the distance between the atoms remains fixed , but now it is more convenient to
fix the system size and to let the distance between the atoms go to zero.

We define the rescaled torus Tj, and the corresponding dual torus f]’\, in Fourier space by

Ty =L NTy, Tk =L"Ty. (4.9.24)
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Recall from (4.4.4)) that

Th ={¢ € (2r2) : [¢|oo < (LN — 1)7} (4.9.25)

(here we use that L is odd and hence LV — 1 is even and we identify the dual torus with its
fundamental domain). To make the notation clearer we will write z and z for coordinates in Ty
and T, respectively and similarly p and £ for coordinates in Ty and fj’v, respectively. Note
that there is an inclusion T — (R/Z)? = T9. For a function g : Th — C we define the discrete
Fourier transform by

§(&) =L 3" g(z)e 7 vg e Ty (4.9.26)

2€TY

The prefactor L% is chosen so that for ¢ € CY(T?) the sum is the Riemann sum which
corresponds to the integral for the coefficient in the Fourier series of g. For brevity we write for

the rest of this subsection
Cy = Clan), (4.9.27)

This quantity should not be confused with the finite range decomposition at scale N. We define
the rescaled functions f, : Ty — R™,

(d+2)

fn(z) = LN72 fn(IN2) = f(2)
Ch(z) = N2 (LN 2).

(4.9.28)

Note that the rescaling of Cn reflects the expected behaviour of the Green’s function of the
Laplacian, namely Cy () ~ |2/~ Then the corresponding Fourier transforms f : T4 — C™,
and C)y : Ty, — CL™ satisfy

O =LV f2)e ™ = LN Y ()TN = LN fy (LN
z€TY, zeTy (4.9.29)

Civ(€) = L™2Nen(LNe).
Using this rescaling, Plancherel and the zero-average condition (4.9.14)) we find that

(fmeNfN):ﬁ > Unw.Cv@ive) = > (INE.CNOINE) (4930

peTn\{0} ¢eTH\{0}

On the other hand the Plancherel identity and the fact that f has average 0 yield

o~

(£ef)= > (F9,Cra(©F(©) (4.9.31)
ge(2nz)\{0}

where the Fourier modes are given by

~

J© = | f@e,
i . -1 (4.9.32)
Cra(€) = Z §i&i(Q + a)ij

i.j=1

The last expression is well defined because Q + q is positive definite. Now we show the pointwise
convergence

o~ ~ ~

lim (fp(€),Ch(€)FN(€)) = (F(€).Cra(€)F(€)) (4.9.33)

N—oo
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for ¢ € (27Z)?\ {0}. First note that fi(£) — f(£) for all £ € (27Z)%\ {0} because fi(€) is
a Riemann sum approximation of the integral for f(£). For the covariance we observe that by

(#.9.10)

Civ(€) = Cn(L~Ne) L™

-1

d
= D0 YA N QupLNg(L TN+ > LNGLTNE) g L g(LNE)
a,fel lo|=]8]=1

(4.9.34)

We have LNq(LN¢)* = LN (L6 — 1) — i€; as N — oo for a = e;j and LV g(L™NE)* — 0 as
N — oo for |a| > 2. Then the assumption g5 — g along the subsequence we consider and the
fact that the inversion of matrices is continuous yield

Ch(€) = Cra(§) as N — oo (4.9.35)

This establishes (4.9.33)).

Next we show that the Fourier modes are uniformly bounded from above. Note that |CA§V(§ )| =
L72NICN(L=NE)| < C|€|~2 by ([@#.4.11)). The definition of ¢(p) and discrete integration by parts
yield

AP Fn(p) = Y fx(@)ATe P = N AT fy(z)e P (4.9.36)

z€TN z€TN

The estimate |p| < 2|q(p)| the rescaling (4.9.29)), and (4.9.20) imply for £ € ZFJ’V and p =L N¢

€21 (©)] = LN p| > LN | iy ()]

< C LPNLNGE N AT fy ()
€T (4.9.37)

<C, 12N NG Z N2 ‘V2rf| LN < VT f .

z€TN

Note that by (&4.11) and ([#9.29) we have |C}(£)] < CL™2NL2V|¢|=2 < C|¢|72. We hence
deduce that

(fa(©),Ch (&) FN(€) < Colel ™2V flos V€ € Ti \ {0}, (4.9.38)

For r > L%J the right hand side is summable over ¢ € (2rZ)%\{0} and the dominated convergence
theorem and the pointwise convergence (4.9.33)) imply that

> NOLCNONED) = D Lgusay-ur (FN(E).ChEFN(©)

€T \{0} (9-29) ge(2nz)?\{0} (4.9.39)
= > (9, Cra(&) F(9))-
£e(2r2)4\{0}

Now (4.9.30)) and (4.9.31)) show that (fx, Cnfn) — (f, Craf) (along the subsequence considered).
0l
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4.10 Fine tuning of the initial condition

In this section we prove Theorem by the use of a stable manifold theorem and an addi-
tional application of the implicit function theorem to determine the renormalised Hamiltonian.
The setting for the stable manifold theorem is very similar to the situation in Theorem 2.16 of
[42] but for completeness and for the convenience of the reader we provide a detailed proof.

The stable manifold theorem boils down to an application of the implicit function theorem
to the whole trajectory of relevant and irrelevant interactions (Hy, Kj). We define the Banach
space

Z = {Z = (Ho,Hl, o, Hy 1, Ky, ... ,KN) : Hy € Mo(Bk),Kk € M('Pg)} (4.10.1)

equipped with the norm

1 A
1Z)1z = max< L Hillko, max el >) (4.10.2)

O<k<N 1n 1<k<N

where

ne(0,2]. (4.10.3)

is a fixed parameter. Note that a bound on [|Z]|z implies exponential decay of the norms of Hj,
and K} in k. The functionals Hy and Ky do not appear in Z because we want to achieve the
final condition Hy = 0 and we treat K as a fixed initial condition, see below.

We define a dynamical system 7 on Z. The map 7 depends in addition on two parameters,
a relevant Hamiltonian H € M (Bp) and the interaction K € E. Here we fix ( € (0,1) and we
recall from that the Banach space E consists of functions K : G = (Rm)I — R so that
the following norm is finite

1Kl =sup 3 00K (2)]e 30709, (4.10.4)
Q

zE la|<ro

The Hamiltonian H will eventually allow us to extract the correct Gaussian part in the measure
(the renormalized covariance).

More precisely we consider a map 7 : E x M(By) x Z — Z defined by T(K,H, Z) = Z where
the coordinates of Z are given by

ok, 1, 2) = (A ™)1 (i = BEPO R, 1)) (410.5)

Hy(K, M, 2Z) = (A@(” N He - B K, for 1<k<N-2, ( )
Hy1(K.H, 2) = ~(AY) 1 BYS Ky, (4.10.7)
Ki (K, 1, Z) = Sp(Hy, Kip q), for 1<k<N-—1, (4.10.8)
K1(K,H, Z) = So(Ho, Ko(K, 1), q(H)). ( )
Here the map IA(O is defined by

Ko(K, H)(X, ¢) = exp (~H(X, ) [ | K(Dp(a). (4.10.10)
zeX

and q(H) is the projection on the coefficients of the quadratic part of H, i.e., d(i0)(j,8) =
30(0).G,8) T (1,0) < (4,8); GG .0)(j.5) = 39G.8). (i) TOr (i) > (4, 8), and q(i.0)(.8) = Uisa),(i,9)
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for (i, ) = (j, B) where a(; ),(;,3) denotes the coefficients of the quadratic term of H. The factor
% arises because q is symmetric. Note that the definition of Hy_1 reflects the final
condition Hy = 0.

One easily sees that

TK,H,Z)=Z if and only if

Tk(Hk,Kk,q(H)) = (Hk+1,Kk+1) YO0 < k < N —1 with HN =0 and Ko = [?o(IC,H)
(4.10.11)

Here T, is the renormalisation group map defined in Definition £.4.5] Proposition then
implies that a fixed point of T satisfies

/X (™10 o Ko (K, H)) (A, @ + 9) n 9% (dg) = /X (1+ Kn(An, ¢ + 9)) 8 (dg).
(4.10.12)

4.10.1 Existence of a fixed point of the map 7 (K, H,-)

Theorem [.10.1] below states that for sufficiently small ‘H and K there is a unique fixed
point Z(IC 7—[) Wthh depends smoothly on K and H. In particular m ) holds with Hy =
Uy, Z (IC H)and Ky =g, Z (IC H) where Iy, Z and Ik, Z denote the projection onto the Hy
component and the Ky component, respectively. Now the right hand side of { m ) deviates
from 1 only by an error of order O(n”) and the left hand side of looks very similar to

the functional
/ > ] K(De() n® (de) (4.10.13)
Y XCAy z€X

which we want to study, but is in general not identical to it due to the presence of the terms
My, Z Z(KC,H) and q(#). Another application of the implicit function theorem then leads to
Lemma 6| below which shows that there exist an # = H(K) such that Iy, Z(K,H) = H.
Then short calculation shows that left hand side of agrees with the expression (4.10.13)
up to an explicit scalar factor which involves the constant term in A and the ratio Z(@* /Z 0)
of the Gaussian partition functions, see below. From this representation we will easily
deduce the main theorem of the previous section, Theorem [£.9.1]

Recall the convention that, say, C’ denotes the constant which appears in equation

[@.10.50).

Theorem 4.10.1. Let k = k(L) be as in Theorem|{.5.1 Moreover, let Lo, ho(L), Ao(L), p(A),
Cj1.jo.js (L, A), and Co(L, A) be such that the conclusions of Theorem and Theorem
hold for every triple (L, h, A) with L > Lo, h > ho(L), A > Ag(L). Assume also that

ho(L) > max(6(L)~/2,1) (4.10.14)

where (L) is the constant introduced in (4.5.57)). Then for every triple (L,h, A) that satisfies
L > Lo, h > ho(L), A > Ao(L) there ezist constants p1 = p1(h,A) > 0, pa = pa(L) > 0 and
Cjy jn.js Such that T is smooth in By, (0) x By, (0) x Byay(0) C (M(Bo); || - [loo) x E X Z,
1
J1lj2!gs!

IDE DL DT (KM, Z)(K, . Hs o, D)z < Cj o g (L A IR K 1215

YV (K, H, Z) € By, (0) X By, (0) X B,((0)
(4.10.15)
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and
q(H) € B.(0) VH € B,,(0). (4.10.16)
We may take
o 1 )
p1(h, A) = SRodro+3 0 A’ p2(L) = min (8’ Crosm (M. ) (4.10.17)

Moreover there exist € = e(L,h,A) > 0, e1 = e1(L,h,A) > 0, e2 = e2(L,h, A) > 0, and
Cj1,jo(L, A) > 0 such that for each (IC,H) € B, (0) x Be,(0) there exists a unique Z = Z(K,H)
in Be(0) that satisfies

T, H, Z(K, M) = Z(K,H). (4.10.18)

The map Z is smooth in Be,(0) x Be,(0) and satisfies the bounds

1
J1lja!

DIED2ZIC,H)K, ..., H)|z < Cj i, (L, h, A) || |17
| Dy Dy, Z (K, H)( Nz < Cjy ) IKIE 1155 (4.10.19)

YV (KC,H) € Be,(0) x B, (0).

The parameters €, €; and ez can be bounded from below by p1, p2, p(A) and bounds on the
first and second derivatives of 7. We may take

n (s 2e0) o= (s ) @ ()

€ = min — y T o ] €1 = min — y ,P1 |, €2 =INn — y P2

48Co02 2 24C10,1 8C1,0,0 24Co 1,1
(4.10.20)

where C}, j, j, are the constants in ([£.10.15)).

The condition is implied by the conditions we use to prove Theorem and
Theorem [4.4.8] We added it here since in principle the conclusions of these theorems might hold
under weaker conditions on L and h. Condition (£.10.14) is used in Lemma [4.10.2] which ensures
smoothness of the map (K, H) — Kp.

Proof of Theorem Set-up. The proof is mostly along the lines of the proof of Proposition
8.1 in |4]. The situation here is, however, much simpler then in [4] because no loss of regularity
occurs when we take derivative with respect to g (or H). Thus we can use the usual implicit
function theorem in Banach spaces which can be found, e.g., in Theorem 4.E. [154]. To apply
the implicit function theorem we verify its assumptions.

Here Theorem and Theorem [4.4.§ are the key ingredients. The first result gives smooth-
ness of the maps K (except for k = 1) while Theorem will be used to show that the deriv-
atives of 7 are small. Then we can apply the implicit function theorem to the map 7 — 73 where
ms is the projection on the third component. The main remaining point in showing smoothness
of the map 7T is to show smoothness of the maps (K, H) — Ky. We first state and prove this
result. Then we will continue the proof of Theorem O

Lemma 4.10.2. Assume that L > 5 and

h > max(6(L)~Y/2,1) (4.10.21)
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where (L) is the constant defined in (4.5.57)). Set

. 1
pp = (2fodrot3pro =1 ) — 5 (4.10.22)

Then the map Ko : (E, I-l¢c) x (Mo(Bo), ||-lo,0) = (M(PS),|I-llo) defined in (4.10.10) is smooth
on B, (0) x By, (0) and there exist numerical constants Cj, and Cj, ;, such that

1 . A~ . . A ' r . -
EIIDﬁKo(’CaH)(% G < Cp 2R A K¢ [HIP2 VK H) € By (0) x By (0),

(4.10.23)
with
Co=1 (4.10.24)
and, for j1 > 1,
IDR DR H)(K, - " < G (200507 A K |12 (4.10.25)

Y(K,H) € B, (0) x B,,(0).

To prove this lemma we decompose Ky in a series of maps and show smoothness for each of
them. Then the chain rule implies the claim. It is convenient to introduce the weight function

w¥0(p) = exp <§<1 0y Q(D<P(x))> (4.10.26)

zeX

and to define |-/ as in [I489) and ([@A88). We can write Ko(K,H) = Py(I(K), E(H)),
where F is the exponential defined in (4.7.13) and where the inclusion map I and the product
map Py are given by

I+ (B, ) = MPE), [IUR), 100)(X,¢) = [[ £(De(x)) (4.10.27)
xeX

Py s (M(PS), ||-1™0) x (M(Bo), [I-lllo) = (M (PS), I-15)), Pa(K, F)(X,¢) = K(X, so)(ZX«o).)

10.28

Smoothness of E was established in Lemma, We will now show smoothness of I and of Py
in Lemma [4.10.3| and Lemma [4.10.5] respectively, and then conclude the proof of Lemma [4.10.2

Lemma 4.10.3. Let I be the map defined in (4.10.27). Assume that
pr < (2fodrot3pro =L gpnd  h > 1. (4.10.29)
Then I is a smooth on B,(0) C E and, for all K € B,(0)

11(0) U1 < 2odrot2proa | (4.10.30)

FID TR, .. K)NI% < (2Fodrot pro ) K. (4.10.31)
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Remark 4.10.4. We could avoid h-dependence of the constants and neighbourhoods here and in
all other statements in this section as well as in Theorem [4.9.1] if we work with the norm

1 s
IKllen = sup D —hlljo" K (2)]em 27000, (4.10.32)

zZE la|<ro

This gives slightly better results, because, roughly speaking our current setting leads to conditions
of the type 'hWO||K||¢ small’ while it suffices that ||K||¢.p is small which is a weaker condition on
the low derivatives of K. We prefer, however, to keep the notation in Section[3.4 simple and not
to introduce a more complicated norm with another parameter.

Proof. Note that the functional I(K) is translation invariant, shift invariant and local. Thus
I(K) is an element of M(Pg). We first estimate [I(KC)({z})]o,{z},1,- Let us introduce the set
T =TI x{1,...,m} where we recall that Z C {0,..., Rg}?\{0,...,0}. We consider multiindices
v e N%m. Recall that for m = (o, i) € Z,,, we defined the monomials

Mu({z}) () == V"(x) := V(). (4.10.33)

The Taylor expansion of order ro of I(K)({z}) is given by

Tay, I(K)({2})() = 3 ;micwso(x)) [T (V™). (4.10.34)

[vI<ro mEMm

Hence we have

Tay, () ({e}) = 3 j,awcwgo(x)) T M) (4.10.35)

|v|<ro ) meEMm,

The triangle inequality and the product property in Lemma imply

11O (2D logayr, < D %W’C(Dw(w))\ [T Otufad))™

IvI<ro meMm 0,{z},To (41036)
1 m
< Y SoKDea)l TT Pl
IvI<ro meMm
Next we give a crude estimate for |M,,({z})], (z).1, Lhe definition of {z}* = {z}+[-R, R)?

ensures that the reiterated difference quotient V*¢(z) for o € 7 can be written as a linear
combination of values V;p(y) with y € {z}* involving at most 2/*/=! terms. Using an induction
argument we easily see that for a € Z

|VEh(a)| < 217 S?p} Vib(y)] < 2500 [l 12 (4.10.37)
ye{zx}*

where we used the definition (4.4.74) of |- o, x and the fact that for j = 0 the weights in (4.4.76])
reduce to wp(i,) = h. Now (4.10.37) and the definition of the | - |q ;1 7;, norm by duality give
the estimate

Rod
ooy < 2700 (4.10.38)

| Mau({z})
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From (4.10.36)), (4.10.37)), the condition h > 1 and the definition (3.2.38|) we infer that

$(1-0)Q0(De(x))
LK) ({z})lo Az}, Ty < 9Rodro pro HKHCeZ — 9Rodro RO\ (4.10.39)
w{xl}o( ) @%(1—C)Q()(D<p(x))

Since w™; o factors over any polymer the submultiplicativity estimate combined with the
trivial estimate | - |0 x7, < |- |oz7, Whenever x € X implies that

[ LK) (X)]o,x,T, <

- (2f0dro pyro) X1 | (4.10.40)
w2y .0(p)
Thus we get for p; < (2f0dro prog4)=1

| X]

110C) (X)) < sup (2Rod’“0 h’"°4AHICH<> < 2Rodro prog A ||KC | < 1. (4.10.41)
XeP§

This proves (4.10.30)).
As in Lemma the derivatives are estimated similarly. For p; < (2Fodro+l progA)=1 we
get

AT SIDTTOOK. - K)o < (5 )t aman) ¥ e 1
<(@Rodro+1 prog 4YX1 X1 1K) (4.10.42)
< <2R0dro+1 hT°4A\\IC\\<>j.

This shows that I is smooth on B, (0) and the estimate holds. O

Lemma 4.10.5. Assume that
h > max(6(L)~Y/2,1) (4.10.43)

where 0(L) was introduced in (4.5.57)). Then the map Py defined in (4.10.28)) is smooth on the
set M ()) x Bi(1) with B1(1) C (M(Bo),||lly). Moreover on that set we have

1Py(K, F)|I§Y < | K(1%R, (4.10.44)

SIDEDER PIE < (161508) " (1K198) " |21 (410.45)

for j1 € {0,1} while the left hand side vanishes for j; > 2.

Proof. For brevity we write § instead of 6(L). It follows from the definitions of the quadratic
forms M and G in [1.5.2) and (4.5.11) and assumption (4.10.43) that SM{ > Gif. Taking
into account that in (4.5.10) we have §p = d and 4¢ = ¢ (see (4.5.8)) we deduce from (4.5.10)
that

(i, A3 Q) Y AD¢(2) + (Gy v, ). (4.10.46)
zeX
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Since wi (¢) = e2(A3%%) and Wek(p) = ¢2(G0 %% the definition of wX, . in (E10.26) implies
that

X<, X X _ X B
wyt Wit =wtyy [ W
BeBy(X)

Together with Lemma H4.6.1| we get

‘FX((p)K(Xa (p)|07X,T¢

| Po(K, F))(X)]Jo,x = sup X
) wy (¥)
< sup EE Dloxr, - IFEB Dlona, (4.10.47)
@ wZy () BeBo(X) ¢ Wy (#)

4A X
< 1K) @)X E T < ) U 24) 71X

where we used that F € By(1) C Ba(0) € (M(Bo),||-|l,). Multiplying by AX| and taking the

supremum over X we get (4.10.44)).
To estimate the derivatives we observe that Py is linear in K. Therefore it is sufficient to

note that
Lipi ' ' (44) X ol X 1
ﬁ\|DFP4(Ka E)(F, .. F)(X)lox < K21 (24) 12| Fll (4.10.48)
where the additional factor 21%! is again the combinatorial factor of the derivatives. Hence
1 » .
ﬁHD%PzL(Kv F)(E,. . )Y < 1K1 IE11. (4.10.49)

O

Proof of Lemma[4.10.9. To see that the IA(O is smooth on B, x B,, for the given values of p; and
p2 it suffices to note that I is smooth on B, and E maps B1 (0) to Bi(1) (see (4.7.27)). Then

the assertion follows from the fact that Py is smooth on M( ()) x Bp(1). The bound (4.10.23))
for jo = 0 with Cp = 1 follows from (4.10.44) and (4.10.30)). The other bounds follow from the
bounds in Lemma [4.7.3] Lemma{.10.3|and Lemma[4.10.5|in connection with the chain rule. O

Proof of Theorem conclusion. We first note that the map H — q(#) is linear and satisfies

C(m,d)

lq(H)| < 3

[H][o,0 < C[[H]lo,0- (4.10.50)

This follows from the definition of the norm || - ||pp in (4.4.93)) and the fact that all norms on
R(dxm)x(dxm) -
sym are equivalent. . )
Next we establish smoothness of the coordinate maps for H, i and K in a neighbourhood of the
origin. We first consider the maps Ky, with k > 1. Then KkH(IC H,Z) = Sk(Hy, Ki,q(H))
and in particular K k11 does not depend on K. Smoothness of K g1 follows from the smoothness

of Sk (see Theorem [4.4.7) and (4.10.50)) as long as

r(L)

p2 < [y —
(4.10.50)

(4.10.51)



182 Renormalisation group analysis of gradient models

Regarding the bounds on the derivatives of K, k+1 We have

1 . : (1A
Galial WD”DJZP’KW(IC,H,Z)(H,...,Z)

k+1

11 Js .o
o) Cliam 171

SCjz,jg(L,A)n e (HKka

<Clas (L, A) | 2115 1171

(4.10.52)

He we used the convention that we denote indicate the dependence of constants on fixed paramet-
ers like 1. Similarly smoothness of Hj, and the bounds on the derivatives follow from ,
and (LLI0). ~ i

The main point is to show smoothness of the map K;(KC,H,Z) = So(Ko(K,H), Ho,q(H))
and to bound the derivatives of K. We first note that for p; and po given by

Ko(By, (0) x By, (0)) C Bya)(0). (4.10.53)

Indeed this follows directly from with jo = 0. Now the desired properties of K; follow
from Lemma [.10.2] Theorem [£.4.7 and the chain rule.

Next we show that at the origin the differential of the map Z — T (K, H, Z) is contraction.
It follows from the definition of the maps K . and lEIk in f in combination with

(4.4.99) in Theorem that

Dy, H,(0,0,0) = (A" for 0<k<N-2, (4.10.54)
D, Hi(0,0,0) = —(A)'BY " for 1<k<N-1, (4.10.55)
Di, K41(0,0,00=C” for 1<k<N-1 (4.10.56)

and all other derivatives vanish. To estimate the operator norm of Dz7(0,0,0) let Z € Z with
IZ||z <1 and set

Z' = DyT7(0,0,0)Z (4.10.57)

We denote the coordinates of Z by Hj, and K r and the coordinates of Z’ by Hj and Kj. The
definition of the norm on Z implies that ||Hy|xo < #* and ||Kg|lx < n*. The bounds from

Theorem imply that

0)s _ 3
1Hjlloo < (A In < =n,

4

_ _ _ 0)y— 3
A A B <+ ) 1<k <N -2
—(N— 3 1
D H -0 < 0mYTOIARL )T IBRL I < S 5
K =0,
13 3
IR < IO I S = 2SR N,
(4.10.58)
Since n < 2 5 this implies that
3
| DzT(0,0,0)] < 1 (4.10.59)
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Thus the assumptions of the implicit function theorem are satisfied for the map 7 — w3 and since
T is smooth (with bounds on the derivatives that are independent of N) the implicit function
Z is defined in a neighbourhood B, x B, C E x M(By) with €] and ey independent of N and
the derivatives of Z can be bounded independent of V. O

To show that the specific choice of €1, €2 and € given Theorem [4.10.1]is sufficient assume that
€1 <p1, e<ps, €<p(A))/2 (4.10.60)

and that
_ _ _ 1
20070,2 €+ 0170,1 €1 + 007171 € < g (4.10.61)

Then for (K, H,Z) € Be, X Be, X B. we have

3

Ol IEN

(4.10.62)

Note that the definition of 7 implies that 7(0,%,0) = 0 for all # € Be,(0) C B,,(0). Thus if in
addition

— 1
Cro0€1 < 3¢ (4.10.63)

then we have
1
T (K, H,0)|| < §€ YV (H,K) € Be,(0) x B, (0). (4.10.64)

It follows from (4.10.62) and (4.10.64) that for all (IC,H) € B (0) x B, (0) the map Z —
T(K,H,Z) is a contraction and maps the closed ball B to itself. Thus by the Banach fixed
point theorem there is a unique Z(IC,’H) € B, such that

TUCH, Z(K,H)) = Z(K,H). (4.10.65)

Moreover || Z(K, H)|| < 8||T(K,H,0)| < e so that Z(K,H) € B.(0). It follows from the implicit
function theorem applied at the point (IC, H, 2(7{, K)) that the function Z is locally smooth. By
uniqueness Z is smooth in By, (0) x Be,(0). Finally one easily sees that the choices in (#.10.20)
imply (4.10.60), (.10.61) and (&.10.63).

A

4.10.2 Existence of a fixed point of the map Iy, Z(K, )

Theorem [4.10.1] and the definition of the || - ||z norm show the existence of sequence of

maps H and Kj, such that Rffgl (er o Kk) (p) = (er+1 o Kk+1) (), the coordinate Ky is
exponentially decreasing and Hy = 0. In particular equation holds. But this sequence
will in general not satisfy the correct initial condition because the Hy coordinate of the fixed
point is only given implicitly by the fixed point equation. We can, however, use the artificially
inserted coordinate H and apply the implicit function theorem once more to show that we can
choose H such that Hy = H. Then a simple calculation shows that this fixed point satisfies the
correct initial condition up to an explicit scalar factor,see (4.10.79) and (4.10.82) below.

We use the same notation as in Theorem In particular Z : B, (0) x Be,(0) — Z
denotes the fixed point map. We denote by Iy, : Z — My(Bp) the bounded linear map that
extracts the coordinate Hy from Z.
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Lemma 4.10.6. Under the assumptions of Theorem there is a constant 0 > 0 which can
be chosen independently of N and a map H : B3(0) C E — B, (0) C My(By) such that

My, Z(K, H(K)) = H(K) and q(H(K)) C Be(0)  for all K € B(0). (4.10.66)

Moreover H is smooth in B;(0) and the derivatives can be bounded uniformly in N. We may

take ) . )
~ . P / . €2
= — h = _— = 4.10.67
0 = min <4Cl,17 201,0,61) where p' = min <800,2’ 5 ) ( )

and where C}, j, are the constants in the estimate (4.10.19)) for the derivatives of Z.

Note that the condition #(B;(0)) C Be,(0) and (#.10.16) imply that
q(H(K)) € B.(0) for all K € B,(0) (4.10.68)

since €2 < po.

Proof. We first note that 7(0,#,0) = 0. Hence by uniqueness of the fixed point we get

~

Z(0,H) =0 for all H € B, (0) (4.10.69)
and in particular X
Dy Z(0,0) = 0. (4.10.70)
We now consider the function
f=Tp,0Z —my: B, x B, C E x Mo(Bo) — Mo(Bo) (4.10.71)

where 7o (IC, H) := H. Condition (4.10.70) implies that Dy f(0, 0)7-[ = —H. Hence we can apply
the implicit function theorem to f and find a ¢ > 0 and a smooth function H : B3(0) C E —
My (Bo) such that f(Ilg, Z(K,H(K)),H(K)) =0, ie.,

Iy, Z(K, H(K)) = H(K). (4.10.72)

We can choose g independent of N because the derivatives of Z are bounded uniformly in N.
It only remains to show that the choice (4.10.67) for ¢ is admissible and H(B,(0)) C Be,(0).
To see this we argue exactly as in the proof of Theorem |4.10.1] First assume that p’ < e5/2 and

1
20020 +C110 < B (4.10.73)
Then Dy Z(0,0) = 0 implies that
. ~ 1
| Dy (I, 0 Z)|| < || DnZ|| < 5 i B;(0) x By(0). (4.10.74)
If in addition 1
Cr00 < 5p’ (4.10.75)

then ||(Ilg, o Z)(K,0)| < ¢/ for K € B,(0). Thus for such K the map H — (I, o Z)(K,H)
is a contraction and maps B, (0) to itself. Hence this map has a unique fixed point H(K) €
B, (0) C B, (0). Smoothness of H follows from the implicit function theorem. O
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4.10.3 Proof of Theorem [4.9.1]

Proof. The heart of the matter is the identity m 4.10.79)) below. In combination with Lemma
and the 1dent1ti 1' it yields immediately the representation ([#.9.3). The further assertlons
in Theorem 1| then follow from the properties of the map H in Lemma [4.10.6 l To simplify
the notation we write é and q instead of éy and @, for the maps whose existence is asserted in
Theorem

Recall that for an ideal Hamiltonian H we denote the matrix which defines the quadratic
part by q(#H). We denote the constant part by e(#). Then

> HEK) (x,0) LNd+ Z z), Vo(z)) (4.10.76)

.TEAN .Z’EAN

where we used that the sum over the linear terms in the field vanishes because ) An Vei(x) =
0 for any ¢ € X' and any multiindex « and 1 < i < m, due to the periodic boundary conditions.
Recall that X is the Hausdorff measure on Xn. The definition of the partition function Z(@
implies that

Z(q)@_% 2zeny UDe()~(aVe(2),Vel@)) A(dyp)

1S cen (@Ve(@),Ve(z)  (0) _
e2 —weAy p (dep) =
Z@z0) (4.10.77)

7(a)
~70) H(Q) (de)

Recall also that (X, ¢) = [[,cx K(D¢(z)). Thus by the definition (4.10.10) of Ko(K, H)

(Ko(K,H) o e‘H)(AN, 0) = (Ke ™ oe ™) (An, )

_ K(X, p)e (X, An\ X,
ng:N e p)e AN\ X, ) 11078)

= T K(X,p) ¢ Sxeay Hew)
XCAN

Using the identities (4.10.76)—(4.10.78)) we get

/XNZ/CXW )(dy)

XCAN

- / (Rolk, 1) 0 ™) (A, ) - eXoemn 09 1O (a) (4.10.79)
AN

7(a(H)) [ Nd

-z - e(H) K -H (a(H))
g [ (Rotk. 1o e (A, )19 )

Now let 0 < p < ¢ with ¢ as in Lemma [4.10.6{ and define the following maps on B,(0) C E
(k) = q(H(K)), eK):=e(H(K)), Kn(K) =Tk, Z(K,HK)). (4.10.80)
Here Il g, denotes the projection from Z to the K coordinate of Z. By Lemma {4.10.6| we have

Iy, Z(K, H(K)) = H(K). (4.10.81)
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Using the abbreviation Hy = Iy, Z (K, H(K)) we get

[ (Rotie, 700)) 0 ) (A, ) w9 )
XN

~

_ /X (o, LK) 0 e71) (An, ) 0P (dp) (4.10.82)

_ 7o (q(H(K))

(BN )) i o)

Taking H = H(K) in and using that g(7(K)) = ¢(K) and e(H(K)) = (k) we obtain
the desired representation (4.9.3))

Smoothness of maps g, € and K ~ as well as bounds on the derivatives which are independent
on N follow from the same property for H and Z as well the linearity and uniform boundedness
of the projections H — q(H), H — e(H) and Z — Kp. In particular uniform bounds on the
derivatives of K — Z(K,H(K)) and the definition | - ||z imply that

11
V1!

This proves (4.9.4). To show (4.9.5) we note that the definition of || - Hg\’?) and Theorem

yield

IDERN(K)E, .. OIS < ColL, b, A) K. (4.10.83)

. 1.~ (4
/ Ry(Aw.¢) 19, (dp) < / —||KN||SV>wN<w>u§$ll<dso>
X x (4.10.84)

A
< fHKNHN Agwy.y41(0) = HK 1Y,

Since Ky(0) = 0 it follows from (£94) with ¢ = 1 that |Kyl|§” < O @ggn™[Klc. Thus
(4.9.5) holds if p satisfies in addition

A 1
8017-77 0< < = (4.10.85)

Finally the representation (4.9.6) can be derived arguing as in (4.10.79)) and (4.10.82) and
using Gaussian calculus. More precisely we use that for every positive quadratic form €

(o0 + €)= 5(€7 (0 + Chw) o+ Cfw) = (i €Fw) — 3(€ M0 0). (410.86)

Since the Hausdorff measure A on A’y is translation invariant this implies that

|G ) = HEV | Gk € gy) ). (4.10.87)
XN XN

Using now first (4.10.78)) as in (4.10.79) and then (4.10.87) we get
/ (fN ) Z K(X, ) u(de)

XCAN
(a(#)) ~
= e [ i) (Ro( m) 0 e M) (A ) w4 (d)
Z(0) Xn
. oy gy Z@H) v .
= A0 ZEE 0 | (Rl 30 M) (i €009 ) 400 )

(4.10.88)
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Taking as before H = H(K), using the abbreviation Hy = I, (Z(K,H(K)) = H, the relations
qg(H) =q(K) and e(H) = e(K) and finally (4.10.12) we see that the right hand side of (4.10.88)

equals
1(fy,@x) sy 4 (@) LK) 7> @K fn)yy ,,@k))
N
This concludes the proof of (4.9.6) and thus of Theorem [4.9.1] O

4.A Norms on Taylor polynomials

The following material is essentially contained in [44]. We include it for the convenience of the
reader because the notation is simpler than in [44] (since we do not have to deal with fermions)
and because we would like to emphasise that the basic results (product property, polynomial
property and two-norm estimate) follow from general features of tensor products and are not
dependent on the special choice of the norm in (4.A.68)).

Before we start on the details let us put this appendix more precisely into context. The
uniform smoothness estimates for the polynomial maps and the exponential map in Section
rely heavily on the submultiplicativity of the norms on the functionals K (X, ). This submul-
tiplicativity in turn is based on two ingredients: submultiplicativity of the weights (see The-
orem and Theorem and the choice of a submultiplicative norm on Taylor
polynomials which we address in this appendix.

For smooth functions on RP one can easily check that a suitable ¢; type norm on the Taylor
coefficients (see below) is submultiplicative. We deal with smooth maps on the space
Xy of fields and, more importantly, we want the norm on Taylor polynomials to reflect the
typical behaviour of the field on different scales k, i.e., under the measure M;(;i)
a more systematic approach to the construction of the norms is useful.

;- In this setting

The main idea is to view a homogeneous polynomial of degree r on a finite dimensional
space X as a linear functional on the tensor product X®”. A norm on X induces in a nat-
ural way norms on the tensor products (see Definition (4.A.43)) and by duality on polynomials
(see (1.A.24), (£.A.25) and (4.A.27)). This norm automatically satisfies submultiplicativity (see
Propositions 4.A.6| and [4.A.9) and in addition we get useful properties such as the polynomial

property in Proposition and the two-norm estimate in Proposition [L.A.11]

4.A.1 Norms on polynomials

Let X be a finite dimensional space vector space. For definiteness we consider only vector
spaces over R, but the arguments apply also to vector spaces over C. The main idea is to linearise
the action of polynomials on X. We say that P : X — R is a polynomial if in some (and hence
in any) basis P is a polynomial in the coordinate with respect to that basis. For r-homogeneous
polynomials we can use the following representation (alternatively this representation can be
used as a coordinate-free definition of an r-homogeneous polynomial).

Lemma 4.A.1. Let P be an r-homogeneous polynomial on X. Then there exist a unique sym-
metric element P of the dual space (X®")" such that P(§) = (P, ®...®E).

Here we write (-,-) to denote the dual pairing of (X®")" and X®". We say that g € X" is
symmetric if Sg = g where the symmetrisation operator S is defined in (4.A.20).
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Proof. Existence: define (P,& ®...®¢&,) = L4 ..d%ll‘t:OP(f(t)) where £(t) = >0, t:i& and

rldt,
where the & run through a basis. Then extend P by linearity. Homogeneity implies that

- 1 d d
€®...0¢ rldt, dt1 |t,—0

(t1+...+t.)"P(&) = P(§). (4.A.1)
Uniqueness: if P,Q € (X®)" are symmetric and (P—Q,(t) ®...®&(t)) = 0 then applying
d%«"'d%ll\ti:o we deduce that P — Q = 0. O

We denote by @22, X" the space of sequences (g(*), (1), .. ) with ¢{") € X®" for which
only finitely many of the g(") are non-zero. By writing a general polynomial P as a sum of
homogeneous polynomials we can associate to P a linear map on @, , X®" viaﬂ

o0

(P.g) =" (P0),g"). (4.A.2)
r=0

Here X®0 := R and P is the constant term P(0). We will define a norm on @°°, X®". This
induces a norm on P by duality. The point is to define the norm on ;2 , X®" in such a way
that the norm on P enjoys the product property: ||[PQ| < [|P] [|@Q]-

Here we consider only finite dimensional spaces X;. The study of tensor products of (infinite
dimensional) Banach spaces has been a very active field of research beginning with Grothendieck’s
seminal work [99|, see, e.g., [66] 134].

Let X; be finite dimensional normed vector spaces over R and with dual spaces X;. We say
that an element of £ € X1 ® ... ® &, is simple if

£=&®...®6 with& € and we define |6 ®... @& = ||l&1]... &), (4.A.3)

Note that by definition of the tensor product every element of X1 ® ... ® X, can be written as a
finite combination of simple elements. We recall the definition of two standard norms on tensor
products.

Definition 4.A.2. The projective norm (or largest reasonable norm) on X1 ® ... ® X, is given
by

llglln = inf {Z 1€l g = & with & simple } (4.A.4)

Here the infimum is taken over finite sums. The injective norm (or smallest reasonable norm)
1S given by

llgllv = sup{(gi ®@...@&,9) €l <1 foralli = 1,...,7"}. (4.A.5)

There is a third important norm based on the Hilbertian structure, but we will not use this
here.
One easily sees that

lgllv < llglln and  [|& @ ... @&|v = [l&1 @ ... @&[Ix = [I&ll.- - & |- (4.A.6)

Therefore for simple elements we write simple write ||g|| instead of ||g||v or ||g||A-

! Actually polynomials act even more naturally on the space of symmetric tensor products ®F_q Om X, see
Chapters 1.9 and 1.10 in [84], but the easier duality with &2 X®" is good enough of us.
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Example 4.A.3. We show that the injective norm on (RP,| - |x)®" is the s, norm and the
projective norm on (RP,| - 11)®" is the {1 norm.

Let eq, ..., ep be the standard basis of RP. For o = Y0 | pie; set |ploo = maxi<i<p |pi| and
consider X = (RP,|-|0). Denote the dual basis by e}, i.e. e;(v) = ;. Then the dual space consists
of functionals of the form £ =YY | a;e; and the dual norm is given by [l|x = |aly = >_F_; |ail.

Thus X' is isometrically isomorphic to (RP,|-|1).
Let E = {1,...,p}. Then an element g € X® can be identified with an element of RE"
via g = Y, iepr Yirir € @ ... ® e, Similarly L € (X")®" can be uniquely expressed as

-----

L=3% G iepr Qi €, ®...Q¢€ . We claim that

-----

= |9looc = i1.in | 4.A.7
lgllv =19l e [ (4.A.7)
LA =Ll = > lai.il (4.A.8)

(il,...,ir)GET

Indeed || L||n < |L|y since e, @ ... @ e; is simple. On the other hand for every simple L =
h®..®L withl;j =37 _, /)e;j we have

Lh= Y H Z al?| < H Z )| = H €510 = 1Ll (4.A.9)

(i1,ye.yir)EET |J=11;=1 j=1li;=1

Thus |L|1 < ||L||x for all simple L and by definition of || - || this implies |L|1 < ||L||x for all L.

To prove (4.A.7) we first note that
+9i,.., = (e, ® ... @ ¢ ,9) < |lglv (4.A.10)

and hence |glss < ||gllv. To prove the converse inequality we note that for l; € X' as above the

estimate (4.A.9) implies that
r p ‘ r
o obg= Y I3 a” g <1142 gl (4.A.11)
j=1

(it,e.vin)EET j=11;=1

Thus ||g|lv < |gloo-

Define dual norms on (®!_,X;)" by

LI :=sup{(L, g) : g € @1 X, llgllv <1}, ||LI[) == sup{(L, g) : g € ®_1 A}, [|gllr < 1}.
(4.A.12)

The dual space (®!_;&;)’ can be identified with (®!_,X7). Indeed, let £ € X/, let & run through
a basis of X; and define

T

UG ®.. o) (ae...08) =] %) (4.A.13)

i=1

By linearity ¢«(§] ® ...®¢]) can be extended to a linear functional on ®}_, A}, i.e., to an element
of (®I_,&;)". Now let & run through a basis of X/. Then ¢ can be extended to a unique linear
map from (®_; X)) to (®I_,X;) and one easily checks that ¢ is injective and hence bijective
since both spaces have the same dimension. With this identification and using the fact that the
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closed unit ball in the projective norm is the convex hull C' = conv({¢ : € simple, [|£]| < 1}), the
Hahn-Banach separation theorem and the fact that for finite dimensional spaces X’ = X one

easily verifies that
ILIA = IILIlv and [IL][\ = Il (4.A.14)

One can also easily check that the projective and the injective norm are associative with respect
to iterated tensorisation.

Lemma 4.A.4. The following properties hold

1. (Tensorisation estimate) Assume that =V or O = A. Then for g € X®", h € X and
Le (Xx®), Me(x®r)y

lg @ hlo < llglolikllo and L& Ml < |ILl|5 [|M]|5- (4.A.15)

2. (Contraction estimate) Assume that 0 =V or 0 = A. For L € (X®U+9)Y and h € X5
define M € (X®") by (M, qg) = (L,(g ® h)). Then

IMII5 < [ILII5 [17llo (4.A.16)

Proof. To prove the first estimate in (4.A.15]) for 0 = V assume that ||| < 1fori € {1,...,r+s}.
Then

(€1®..0615,90h) =(®...06,9) (1@ ... @& h) < lgllv [[R]lv.  (4A.17)

Next we consider [1 = A. For each 6 > 0 there exist g;, h; simple such that
o lgll < @+0)llgla, D lAgl < (1+8)|[All- (4.A.18)
i J

Now g; ® hj is simple and thus [|g; @ hjl|n = [|gi[| ||k}l The assertion follows from the triangle
inequality and fact that

D2 il gl = > llgill D lasl < (L +6)%lgllv IRl (4.A.19)
i g 7 J

The second estimate in (4.A.15) follows from the first (applied to X’ instead of X') and
(4.A.14)). Finally (4.A.16)) follows from (4.A.15)) and the definition of the dual norm. O

On X®" we define the symmetrisation operator by

1
TES,
where the sum runs over all permutation of the set {1,...,r}, and extension by linearity. Simil-

arly we can define S on X'®" = (X®")". Then

(SL,g) = (L, Sg). (4.A.21)
Indeed the identity holds if g is simple and hence by linearity for all g.
Lemma 4.A.5. For O =V or = A we have

1Sgllo < llglla Vg € X®" and ||SL|; <Ll VL€ X®". (4.A.22)
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Proof. The second assertion follows from the first and (4.A.21]). To prove the first assertion for
[0 = A it suffices to note that S maps a simple element of norm 1 to a convex combination of

simple elements of norm 1. For [0 = V we use (4.A.21]) to get ({1 ®...€.,S9) = (S(§1®...E£.),9).
Now we use again that S maps a simple element of norm 1 to a convex combination of simple

elements of norm 1. O

We now define a norm on &2, X%" by

lgllxo = sup|lg™|lxo (4.A.23)

Here ||g0| = |g(®|r where | - |r is the absolute value on R. For a polynomial P = Y, P
written as a sum of homogeneous polynomials of degree r the norm is defined by

[Pl o = sup{(P,g) : [lgllxp < 1} (4.A.24)

where (P, g) was defined in (.A.2)). We have

1Pl =Y IP e =D IPO]E. (4.A.25)
r=0

0

Similarly we can define a seminorm by considering only test functions g in the space

B, ={g€ @2 X® g =0 Vr>rgl}. (4.A.26)
Then
ro
1PIl7,x.0 = sup{(P.g) : g € &y, gl < 13 =D [Pl . (4.A.27)
r=0

This defines is a seminorm on the space of all polynomials and a norm on polynomials of degree
< rg. When rg and X and O are clear we simply write ||P[| = ||P[[; -

Proposition 4.A.6 (Product property). Let 1o € No U {oco}. Assume that O € {V,A}. Let P
and Q) be polynomials on X. Then

I1PQI <[P (4.A.28)

Proof. We first show the assertion for an r-homogeneous polynomial P and a k — r-homogeneous
polynomial Q. If r = 0 or kK —r = 0 the assertion is clear. We hence assume r > 1 and k—1r > 1.
We first note that PQ = S(P ® Q) where S is the symmetrisation operator introduced above.
Indeed both sides are symmetric elements of X®* and they agree on £ ®...®¢. Thus the desired
identity follows from the uniqueness statement in Lemma [£.A.T] Now it follows from the second
estimate in (#.A.15) and {#.A.22) that |PQ| < ||P||5||Qll5 = ||P|||Q]|- This finishes the proof
for homogeneous polynomials.

Finally consider general P, and their decompositions into homogeneous polynomials P =

S, PT.Q =3,QE). Then it follows from (#A-27) and the triangle inequality that

ro k 0
1PQI <> > IPDQET | <> IPD Q™ < 1P| |Q]- (4.A.29)

k=0 r=0 k=0

O
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4.A.2 Norms on polynomials in several variables

The product property for polynomials can be easily extended to polynomials in several vari-
ables. To simplify the notation we illustrate this for the case of two variables. A polynomial
P(z,y) on X x ) which is r-homogeneous in = and s-homogeneous in y can be identified with
an element P of X®" ® Y®* which is symmetric in the sense that

p(gﬂ(l) ®...® £7r(7‘) ® 7771"(1) Y s)) (51 ®&® me...Q 778) (4A30)
for all permutations 7 and 7’. We define a space of test functions
Dy s = {9 € BrsengXT @ Y¥° g(’"’s) =0 ifr>rgors>sy} (4.A.31)

with the norm

lgllo = sup |lg"" (4.A.32)
r,s€
Decomposing a general polynomial in homogeneous pieces P(™*) we define the pairing
(P, g) = Z <P(r,s)7g(ﬁs)> (4.A.33)
r,s€Np
and the dual norm
IPIG = [1Pl7g,s0,00,0,0 = SuP{(P, 9) : g € Pry,s0, [l9ll0}- (4.A.34)
Then
To So 0O SO
1PI =SS 1P = S 3 [P0 (4.A.35)
r=0 s=0 r=0 s=0

where P("%) are the (r,s)-homogeneous pieces of P.
For M € (X®" @ Y®51) and L € (X®™ @ Y®52) we define M ® L in (X®"1172 @ Y®sits2y
by

<M®L7§1®~--®€T1+T2 ®@m ®-~-®7751+52> (4'A-36)
= <M7 51 Q... 57“1 @ m Q... 7751> <L7€T1+1 ... §T1+T2 ® Ns1+1 ... Q0 7751+52>' (4'A'37)
Then the same argument as before shows that

IM®Llg < IMollLlo for O € {v,A}. (4.A.38)

We also define a symmetrisation operator Sy y which symmetrises separately in the variables on
X and the ones in ), i.e.,

SE®..0§0M®...Q1N;) = ,S, ZZ Ex(1)) @ - B &r(r) @ Nrr(1) @ - - @ Ny (s))-
(4.A.39)

Again it is easy to see that S has norm 1. Thus for two homogeneous polynomials P and @ one
sees as before

PRI =S <[Pl =Pl (4.A.40)

Now the product property for polynomials is obtained as before by decomposing P and @ in
(r, s)-homogeneous polynomials.
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4.A.3 Norms on Taylor polynomials

Definition 4.A.7. Let pg € No, let U C X be open and let F € C™(U). For ¢ € U denote the
Taylor polynomial of F' at p by Tay, F' and define

IF T, = [ Tay, F Iy, 2,0 (4.A.41)
where O refers to the norm used for the tensor products.

When the norm on the tensor products is clear we often drop U.

Example 4.A.8. Let X = (RP,| - |) and set E = {1,...,p}. In ({4.A.7)) we have seen that the
injective norm of g € X®" is given by ||g|lv = SUP(;,,.i,)eEr |Giv..ir| = |9loo- Let F € C™(X).
The Taylor polynomial of order ro at zero can be written as

Z Z &p 3(p H‘Pw— > 71.0”F(0) @ (1.A.42)
.“’ 2=l v J=1 [yli<ro

where the sum in the term on the right hand side runs over multiindices v € NF and |y| ==
Y icpY(@). The term corresponding to r = 0 is defined as F(0). We claim that

1Fllz, = Z Z

11 yenslp=1

(0)’ -3 i, 07 (0)]. (4.A.43)

89011 : a‘Pzr <70

Indeed it suffices to verify the first identity, the second follows by the usual combinatorics. Denote
the middle term in (A.A43) by M. Since we use the £, norm on X" = RE" we get for all g € ®,,,

Fagn=3 1 > a%_“ e (0) girt, €M swp |9 < Mgl (4A44)
r=0

i1yin=1 Pi, 0<r<rg

The inequality becomes sharp if we take g;, ;. = sgn %(0). This proves (4.A.43]).

Proposition 4.A.9 (Product property, see [44], Proposition 3.7). Let U C X be open and let
FeC(U). Then

I1FGl 1, < |F|z, G|, (1.A.45)

Proof. This follows from Proposition and the fact that the Taylor polynomial of the product
is the product of the Taylor polynomials, truncated at degree ro. O

By the considerations in Section the product property also holds for polynomials in
several variables.

Proposition 4.A.10 (Polynomial estimate, see [44], Proposition 3.10). Assume O € {V,A}.
Let F be a polynomial of degree ¥ < ry. Then

Iz, < 1+ llelD I ]z, (4.A.46)

Proof. Let F be a polynomial of degree 7 with homogeneous pieces F,. Then we can write
Flo)=>7_(Frp®...Q¢). Set G(&) = F(p + ). For r > k define By, € (X®")" by

(Brp,g) = (Fr,g @9 ®...0¢). (4.A.47)
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Set By = F},. Since the F, are symmetric we get
G&) = (Bré®...®¢) where By =37, (1) Bra- (4.A.48)

k=0

Now by the contraction estimate (4.A.16]) we have

L <|IFG lells k. Thus

T T r .
G <> <k> I A el 17 < Z +llell) [ENG < 1+ llellx)” 17|z,

k=0 r=~k
(4.A.49)

Since || F||1, = [|G||, this concludes the proof. O
Proposition 4.A.11 (Two norm estimate, see [44], Proposition 3.11). Let F € C"(X'). Assume
that O € {V,A}. Let || - ||xo and | - || 3 5 denote norms on the tensor products X" based on
norms || - |x and || - || 3. Denote the corresponding norms of the Taylor polynomials of F by
|Fliz, and |[Fllz, Define

p™ = 2sup{llglxp:g € X, |lglgg <1, n<r <ro}. (4.A.50)

Then, for any T < ro,

IFls, < 0+ el ™ (171, + 07 sup [17],). (1.451)

Proof. Let P denote the Taylor polynomial of order 7 of F' computed at 0. By Proposition
and the trivial estimate || Pz < | F|7 we have

1Pz < T+ llolle) 1Pz < T+ llell$)" (4.A.52)
Let R = F — P. It thus suffices to show that
[R5, < 1+ [lepll )+ p ) S \IFllm (4.A.53)
To abbreviate set
M = sup [|F|r1,, = Sup Z HDk (to) % - (4.A.54)
0<t<1

Here we view D¥F(¢) as an element of (XY®")". For k > 7 + 1 we have D¥R = D¥F and

(D"R(p), g) = (D*F(¢),g) < | D"

A" VNgllgn  (4.A55)

and thus

70

> IR, <

k=r+1

p T, (4.A.56)

DN |
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For k < 7 we apply the Taylor formula with remainder term in integral form to (D*R, g) and get

[(D*R(¢), 9)| (4.A.57)
1
1 e 2
< [ ammt -0 R g e pe e )l
<M (F+1)!
- (F+1-k)!
1)y, THD 2
M(F+1_k)! Hg®90®...®<pllxﬂ
) T
M lallg e

lg®e®...0¢lvn

<<p

N = N =

S |;+17k‘.

p

Thus

N | =

1
SIDE R g <

v T -
ol +1)M< N >||¢\|);1 Rk, (4.A.58)

Summing this from k£ = 0 to T we get

T

1
S I RO <
k=0

Together with (4.A.56) this concludes the proof of (4.A.53) O

pTTOM (1 + ||l 5)7 (4.A.59)

N | =

4.A.4 Examples with a more general injective norm on X®"

We will be mostly interested in the case that the norm on X is defined by a specific family
of linear functionals on X' (abstractly one can always define the norm in this way since for finite
dimensional space X" = X). Then the injective norm on X®" is defined by the tensor products
of these functionals (see Proposition below).

Let E be a finite set. On R consider a finite family B of linear functionals £ : R — R. Let

Np:={p eRE : 4(p) =0Vl € B}. (4.A.60)
Then the linear functionals induce a norm on X := R /N, namely

el == suple(p)] : € € B} (4.A.61)

Proposition 4.A.12. The dual space of X is given by X' := span{l : £ € B} and the norm on
X' is given by
1€ [ = inf {D [N &' =D Nili, € € B, A € R} (4.A.62)

In particular ||€||x < 1 for all £ € B.

Proof. Let C denote the closed convex hull of BU —B. It follows from the definition of norm on
X that C' C By (X’). For the reverse inclusion one uses that points &’ ¢ C' can be separated by a
linear functional, i.e., that there exist a g € X’ such that &'(g) > 1 and ¢'(¢9) <1 V¢ € C. This

implies ||g|| < 1 and hence [|£'|| > 1. O
Proposition 4.A.13. The injective norm on X" can be characterized by

llgllv = sup{|(t1 ®...® 4, 9)| : £; € B}. (4.A.63)
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Note that in the special case E'= {1,...,p} and B = {e],...,e,} we recover (4.A.7).

Proof. Denote the right hand side of by m. Since ||{||x» < 1 for all £ € B we get
m < |lg|llv. To prove the reverse inequality let 6 > 0 and assume that ||| < 1. Then by
there exist A\; j € R and ¢; ; € B such that { = Zj Nijlij and Zj |Xij| < 1+6. Thus
(1@ ...®&,9) < (14 6)"m and hence [|g|ly < (1 + §)"m. Since § > 0 was arbitrary we
conclude that ||g||v < m. O

4.A.5 Main example

We now come to our main example. Consider the torus A = Z¢/LNZ% and set A =
{1,...,m} x A. The elements of R*» = R™ @ R can be viewed as maps from A to R or as
maps from A — R™. We will use both viewpoints interchangeably.

We are interested in linear functionals RA which are based on discrete derivatives. More
precisely let ey, ..., eq denote the standard unit vectors in Z¢ and set

U=1{ei,...,eq}. (4.A.64)

We remark in passing that here our notation differs from [45|. There they also consider backward
derivatives and U denotes the set {£ey,...,+eq}. Fore € U and f : A — R the forward difference
operator is given by

Vef(x) = f(z+e)— f(z). (4.A.65)
For a multiindex o € N§ we write
ve=J[veoe®, vi=1d. (4.A.66)
ecU
For a pair (i,a) € {1,...,m} x Nd and x € A we define
Vi = V%4 (). (4.A.67)

We set Ny = {¢ : A — RP : p constant}. Given weights w(i,«) > 0 we define a norm on
X =RA /Ny by |
el =sup sup  sup  w(i,a) ' Vi% (4.A.68)
€A 1<i<m 1<|a|<ps

Here and in the following we always use the ¢; norm for multiindices

o] = ol =) ai. (4.A.69)

icU
On the scale k£ we will usually use the weight
wi(i, o) = LMy = hL7F5°, by = 2%h, (4.A.70)

Note that for an element ¢ € X we cannot define a pointwise value ¢(x) but the derivative
Ve(x) are well defined if @ # 0. Indeed ¢ is uniquely determined by the derivatives with
laly = 1. We can choose a unique representative ¢ of the equivalence class ¢ + N by requiring
> sen P(z) = 0 and we sometimes identify the space X = RA/N with the space {1) € RA :
> ca (@) = 0},

The tensor product X ® X is the quotient of RA @ RA by span{constants ® ¢, ¢ ® constants :
¢ € RA}. Again an element ¢® € X ® X does not have pointwise values gij(x,y) but the
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derivatives V@ @ VIFg2) (z,y) = V* @ VPg,;(z,y) are well defined (for o # 0 and 8 # 0) and
the derivatives with |a|; = |]1 = 1 determine g(® uniquely. Here V*® acts on the first argument
of ¢ and V7 on the second argument. Similar reasoning applies to X®" and by Proposition
the injective norm on X®" is given by

g™ ||xy = sup sup w(m) LV @.. @ Vg (... x,). (4.A.71)

@1y@r €A MEMpg

Here ;
w(m) = [ ] w(m) (4.A.72)
j=1
and my,, , is the set of r-tupels m = (m, ..., m.) with m; = (i;, ;) and 1 < |ej| < pp. Note that

here each «a; is a multiindex, i.e., an element of N%’, not a number. For m € m,, , consider the
monomial

w({2}) (e H V"ip(w (4.A.73)

Then the element M,,({z}) € (X®")’ which corresponds to M,,({x}) is given by the symmetrisa-
tion S(VM ®@...® VZ). Thus in view of (4.A.71]) and (4.A.22)) we get

IV ({2} llz = IMa({z Dl y < wlm). (4.A.74)

We consider functionals F' localised near a polymer X C A, i.e. F(p) = F(¢) if p = in X*
where X* is the small set neighbourhood of X, see (4.4.34). Then it is natural to work with field
norms which are also localised. There are different ways to do that. We follow the approach in
[4] and define

l¢llax == sup sup  sup w(i,a) " [Vp(a)), (4.A.75)
reX* 1<i<p 1<|a|<ps

see (4.4.77)). Let us remark that Brydges and Slade take a more abstract, but similar, approach
and define

lellx,x = mf{lle — €l : €M, ppxx = 0}, (4.A.76)

see equs. (3.37)-(3.39) in [44].

4.B Estimates for Taylor polynomials in Z¢

Here we give a proof of the remainder estimate which was the key ingredient in proving the
contraction estimate for the linearised operator C9. Recall that for f:Z% — R the discrete
s-th order Taylor polynomial at a is given by

Taysf(z) == Y V*f(a) ba(z — a) (4.B.1)

laf<s

where

b () = ﬁ (;ﬂj) and (Z) _ e (Z]a]_v a1 (4.B.2)

i=1

It is easy to see that V7b, = bo—p with the conventions by =1 and by =0if a —f ¢ N({)1 """
Recall that U = {ey,...,eq}.
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Lemma 4.B.1. Let s € Ng, p € N and define
M, =sup{|Vf(z)|: la| =s+1,2€Zn (a+ [O,p}d)}. (4.B.3)
Then for all B € N with t = |B| < s

|z —a|;

VAf(z) - Tayflf(z)]‘ <M, (3 s 1) vz e zn (a+[0,p]%). (4.B.4)

Z1+...+2q

i ) satisfies

The estimate is sharp for a = 0 and ¢ = 0 since the function f(z) = (
Vef =1 for all a with |a| =t + 1 (see proof).

Proof. This result in classical and is a (very) special case of Lemma 3.5 in [45]. Since the
notation here is simpler we include the short proof along the lines of [45] for the convenience
of the reader. We may assume that a = 0. It suffices to show for t = 0. Indeed
it the result is known for ¢ = 0 we can use that VB Tayg f = Tay(s)*t VA f and deduce that
IVAf(2) — Tays VP f(2)] < M, (s‘jil). Here we used that M, s_+(V?f) < M, s(f).

The proof for t = 0 is by induction over the dimension d. We first note that for z € Ng

(|Z|1>:b5+1(z1+...+zd): > bal2). (4.B.5)

s+1 |a]=s+1

Indeed the first identity follows immediately from the definition of bs+1 (as a polynomial on
Z) since z; > 0. To prove the second identity we show that both side have the same discrete
derivatives at z = 0. Indeed the discrete derivative V7 of the left hand side evaluated at zero is
given by by 1_1g/(0). This equals 1 for [3| = s+ 1 and 0 if [3] # s+ 1. The same assertion is
true for the right hand side.

Thus it suffices to show that

[£(2) = Tay f(2)] < Mps > bals). (4.B.6)

|a|=s+1
Note that if z; € Z and 0 < z; < o for some j then b,(2) = 0. Thus
ba(2) >0 Vzezin|o,p“. (4.B.7)

For d = 1 we use the discrete Taylor formula with remainder

s z—1
F(2) =D VF0)be(2) + ) bz — 1= 2) V(). (4.B.8)
r=0 z'=0
This formula is easily proved using induction over s and the summation by parts formula
z—1 z—1
S bz — 1= ) g(2) = ber1(D)g(0) + 3 bori(z— 1= ) (g(z" +1) — g(z")).  (4B.9)
2'=0 2""=0

Since Vbs41 = bs we have

z—1 z—1 z—1
D lbsz—1=2) = bi(z—1-2)=> bu2) =beta(2) (4.B.10)
z'=0 z'=0 2'=0
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and thus the Taylor formula with remainder implies (4.B.6|) for d = 1.

Now assume that (4.B.6) holds for d — 1. Set o/ = (aq,...,a4-1) and o = (¢/,aq) and

similarly z = (2’, z4). Then the induction hypothesis gives (for z; > 0)

P za) = 30 VRO 20) bar(2)] € My D7 baro(2)

lo/|<s la/|=s+1

Now by the result for d = 1 applied to the zy4 direction

‘Va'f(o,zd) _ Z v(a Oéd )bad(zd)‘ < Mp7s bs+1—\a’|(zd)'

ag<s—|a/|

Since by (2') ba, (z4) = ba(z) it follows that

|3 VIR0 20 bar () = D V(0 bal2)|

lo/|<s | <s
< Mp,s Z ba/(Z/) bs+1_‘a/|(zd) = Mp,s Z ba(z).
la/|<s ja|=s+1,J/| <s

Combining (4.B.11)) and (4.B.13)) we see that (4.B.6]) holds for d.

4.C Combinatorial lemmas

In this appendix we state two lemmas that are used in the reblocking step.

Lemma 4.C.1. Let X € P{\ Sk and o(d)) = (1 +29)71(1 +64)"L. Then
Xk > (1+ 20(d))[ X [g+1-
For any X € Py, we have
X[k = (1+ o(d)[ X k1 — (1 + ()27 C(X).
Proof. This is Lemma 6.15 in [42)].

Lemma 4.C.2. There exists 8(d, L) < 1 such that

Z 51Xk <1

XEP\Sk
X=U

Jor any k €N and U € Py .

Proof. This is Lemma 6.16 in [42].

(4.B.11)

(4.B.12)

(4.B.13)

(4.C.1)

(4.C.2)

(4.C.3)






Chapter 5

Phase transitions for a class of gradient
fields

5.1 Introduction

In this chapter we are going to study gradient interface models for a class of non-convex
potentials. We refer to the introduction in Chapter [I] for an overview of the results for gradient
interface models. Let us just recall two results for convex interaction potentials. Funaki and
Spohn showed in [89] that for every tilt vector u there exists a unique translation invariant
gradient Gibbs measure. Moreover, the scaling limit of the model is a massless Gaussian field as
shown by Naddaf and Spencer [128] for zero tilt and generalised to arbitrary tilt by Giacomin,
Olla, and Spohn [94]. For non-convex potentials in general far less is known with two exceptions.
First, in the high temperature phase for certain potentials essentially the same results as for
convex potentials can be shown (|64, 63, 70]). On the other hand, for small temperatures
some results in particular the existence of the scaling limit can be proved for periodic boundary
conditions as discussed in Chapter For intermediate temperatures that correspond to very
non-convex potentials no robust techniques are known. All results to date are restricted to the
special class of potentials introduced by Biskup and Kotecky in [32] that can be represented as

K.’K2
e V@ :/R e 2 p(dr) (5.1.1)
+

where p is a non-negative Borel measure on the positive real line. Biskup and Kotecky mostly
considered the simplest nontrivial case, denoting the Dirac measure at x € R by §,,

p=pdg+ (1 —p)o (5.1.2)

where p € [0,1] and ¢ > 1. They show that in dimension d = 2 and for ¢ > 1 sufficiently large
there exist two ergodic zero-tilt gradient Gibbs measures. Later Biskup and Spohn showed in
[33] that nevertheless the scaling limit of every zero-tilt gradient Gibbs measure is Gaussian if
the measure p is compactly supported in (0,00). In [151] their result was recently extended by
Ye to potentials of the form V(s) = (1+s%)* with 0 < o < % Those potentials can be expressed
as in but p has unbounded support so that the results from [33| do not directly apply.
The main reason to study this class of potentials is that they are much more tractable
because using the representation the variable k can be considered as an additional degree
of freedom. This leads to extended gradient Gibbs measures which are given by the joint law
of (e Ke)ecr(z4). These extended gradient Gibbs measures can be represented as a mixture
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of non-homogeneous Gaussian fields with bond potential x.n?/2 for every edge e € E(Z?) and
ke € Ry. This implies that for a given k the distribution of the gradient field is Gaussian with
covariance given by the inverse of the operator A, where

Apf@) = Kppgy (f(@) = f()). (5.1.3)

y~zx

where x ~ y denotes the neighbourhood relation in a graph. In all the works mentioned before
this structure is frequently used, e.g. in [33] it is proved that the resulting x-marginal of the
extended gradient Gibbs measure is ergodic so that well known homogenization results for random
walks in ergodic environments can be applied. The main purpose of this chapter is to investigate
the properties of the k-marginal of extended gradient Gibbs measures in a bit more detail. The
starting point is the observation that the x-marginal of an extended gradient Gibbs measures
with zero tilt is itself the Gibbs measure for a certain specification. This specification arises as
the infinite volume of an infinite range random conductance model defined on finite graphs. On
the other hand, we show that starting from Gibbs measure for the random conductance model we
can construct a zero tilt gradient Gibbs measure thus showing a one to one relation between the
two notions of Gibbs measures. In particular, we can lift results about the random conductance
model to results about gradient Gibbs measures. Note that one major drawback is the restriction
to zero tilt that applies here and to all earlier results for this model. Let us mention that massive
R-valued random fields have been earlier connected to discrete percolation models to analyse the
existence of phase transitions [152]. For gradient models the setting is slightly different because
we consider a random conductance model on the bonds while for massive models one typically
considers some type of site percolation.

The main motivation for our analysis is that it provides a first step to the completion of the
phase diagram for this potential and zero tilt and a better understanding of the two coexisting
Gibbs states. Moreover, the random conductance model appears to be interesting in its own right.
We could define the random conductance model and prove several of the results for arbitrary p
but we mostly restrict our analysis to the simplest case where p is as in and the potential
is of the form

2

2 x
erp,q(x) = peiqT -+ (1 — p)ei7, (514)

We prove several results about the random conductance model in particular correlation inequal-
ities (that extend to arbitrary p). One helpful observation is that the random conductance model
is closely related to determinantal processes because its definition involves a determinant weight.
This simplifies several of the proofs because all correlation inequalities can be immediately led
back to similar results for the uniform spanning tree. Using the correlation inequalities it is
possible to show uniqueness of its Gibbs measure in certain regimes.

It was already observed in 32| that the gradient interface model with potential V}, , exhibits
a duality property when defined on the torus. Moreover, there is a self dual point psq = psa(q) €
(0,1) where the model agrees with its own dual. The self dual point satisfies the equation

4
Dsd
— | =q. 5.1.5
(1psd> I ( )

In [32] it is shown that the location of the phase transition in d = 2 must be the self dual point.

We extend the duality to the random conductance model and arbitrary planar graphs. Using
the fact that Z2 as a graph is self-dual we can use the duality to prove non-uniqueness of the
Gibbs measure therefore reproving the result from [32] without the use of reflection positivity.
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Many of our techniques and results for the random conductance model originated in the study
of the random cluster model and we conjecture further similarities.

This chapter is structured as follows. In Section we give a precise definition of gradient
Gibbs measures and state our main results. Then, in Section we introduce and motivate
the random conductance model and its relation to extended gradient Gibbs measures. We prove
properties of the random conductance model in Sections and In Section we use the
duality of the model to reprove the phase transition result. Finally, in Section[5.7]we discuss some
possible future directions. Two technical proofs and some results about regularity properties of
discrete elliptic equations are delegated to appendices.

5.2 Model and main results

Specifications. Let us briefly recall the definition of a specification because the concept will
be needed in full generality for the random conductance model (see Section . We consider
a countable set S (mostly Z% or the edges of Z%) and a measurable state space (F,F) (mostly
either |F| = 2 or (F,F) = (R,B(R))). Random fields are probability measures on (F*°, F%)
where F° denotes the product o-algebra. The set of probability measures on a measurable space
(X, X) will be denoted by P(X,X). For any A C S we denote by ma : F — F» the canonical
projection. We often consider the g-algebra Fp = 7TX1(.7:A) of events depending on the set A.
Recall that a probability kernel v from (X, B) to (X, X&), where B C X is a sub-o-algebra, is
called proper if y(B,-) = 1p for B € B.

Definition 5.2.1. A specification is a family of proper probability kernels ya from Fac to Fg
indezed by finite subsets A C S such that ya,ya, = YA, if A2 C A1. We define the set of random
fields admitted to v by

G(y) ={u e PFS, Fs) : u(A|Fac)(-) = ya(A|-) p-a.s. for all A€ Fs and A C S finite}.
(5.2.1)

Remark 5.2.2. 1. We use the convention that we call p € G(v) a Gibbs measure for any
specification, not only for Gibbsian specifications (see [92] for a definition of Gibbsian
specifications).

2. There is a well known equivalent definition of Gibbs measures. A cofinal set I is a subset
of subsets of S with the property that for any finite set Ag C S there is A € I such that
Ao C A. Then p € G(v) if and only if pyn = p for A € I where I is a cofinal subset of
subsets of S. See Remark 1.24 in [92] for a proof.

Gradient Gibbs measures. We introduce the relevant notation and the definition of Gibbs
and gradient Gibbs measures to state our results. For a broader discussion see [92, [136]. In this
paragraph we consider real valued random fields indexed by a lattice A C Z%. We will denote
the set of nearest neighbour bonds of Z% by E(Z?). More generally, we will write E(G) and
V(G) for the edges and vertices of a graph G. To consider gradient fields it is useful to choose
on orientation of the edges. We orient the edges e = {z,y} € E(Z%) from z to y iff 2 < y
(coordinate-wise), i.e., we can view the graph (Z¢,E(Z%)) as a directed graph but mostly we
work with the undirected graph.

To any random field ¢ : Z? — R we associate the gradient field n = V¢ € RE(Z%) given
by e = ¢y — o if {z,y} € E(Z?) are nearest neighbours and z < y. We formally write
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Ney = Ne = Py — Pz and 1y, = —Ne = @z — y. The gradient field n satisfies the plaquette
condition

Nay,wo + Nog,es + Neg,es + Neaer = 0 (5'2'2)

for every plaquette, i.e., nearest neighbours x1, 2, x3, x4, 1. Vice versa, given a field n € REZ%)
that satisfies the plaquette condition there is a up to constant shifts a unique field ¢ such that
n = Ve (the antisymmetry of the gradient field is contained in our definition). We will refer to
those fields as gradient fields and denote them by RgE(Zd). To simplify the notation we write pp
for A € Z% and ng for E C E(Z?) for the the restriction of fields and gradient fields. We usually
identify a subset A C Z¢ with the graph generated by it and as before we write E(A) for the
bonds with both endpoints in A.

For a subgraph H C G we write OH for the (inner) boundary of H consisting of all points
x € V(H) such that there is an edge e = {z,y} € E(G) \ E(H). In the case of a graph generated
by A C G we have x € OA if there is y € A® such that {z,y} € E(G). We define A= A\ OA. For

d
a finite subset A C Z% we denote by dy, the Lebesgue measure on RY. We define for w € RgE(Z )
and A finite and simply connected (i.e., A® connected) the following a priori measure on gradient
configurations

VIR (dp) =V, H Sp(a) () depg (5.2.3)
z’elo\c

where ¢ is a configuration such that Vo = w, dgolo\ denotes the Lebesgue measure on RY, and V,

the push-forward of this measure along the gradient map V : RZ' Rg(zd). The shift invariance
of the Lebesgue measure implies that this definition is independent of the choice of ¢ and it
only depends on the restriction wg()e since A is simply connected. For a potential V' : R — R
satisfying some growth condition we define the specification v

exp (= Lecrin) V(1))

y B (g 5.2.4
ZA(UJE(A)C) A ( 77) ( )

YA (dn, wga)e) =

where the constant Zj (wg(a)c) ensures the normalization of the measure. We introduce the nota-
tion &p = 75 (B(R)F) for E C E(Z9) for the o-algebra of events depending only on E. Measures
that are admitted to the specification ~, i.e., measures p that satisfy for simply connected A C Z¢

WA | Ega)() = (A pas. (5.2.5)

will be called gradient Gibbs measures for the potential V.
For a € Z% we consider the shift 7, : REZY) — REZ?) that is defined by

(Tan>x,y = Nz+a,y+a- (526)
A measure is translation invariant if u(7;1(A4)) = u(A) for all @ and A € B(R)EZ". An event is

translation invariant if 7,(A4) = A for all @ € Z%. A gradient measure is ergodic if u(A4) € {0,1}
for all translation invariant A.
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Main results. Our first main result is the following almost always uniqueness result for the
gradient Gibbs measures for potentials as in (5.1.4)).

Theorem 5.2.3. For every q and d > 2 there is an at most countable set N(q,d) C [0,1] such
that for any p € [0,1] \ N(q,d) there is a unique shift invariant ergodic gradient Gibbs measure
w with zero tilt for the potential V,, .

This theorem is proved in Section [5.5] below the proof of Theorem Moreover, we reprove
the non-uniqueness result originally shown in [32] for this type of potential.

Theorem 5.2.4. There is qo > 1 such that for d = 2, ¢ > qo, and p = psa(q) the solution of
(5.1.5), there are at least two shift invariant gradient Gibbs measures with 0 tilt.

The proof of this theorem is given at the end of Section Moreover we prove uniqueness
for ’high temperatures’ and dimension d > 4, i.e., in the regime where the Dobrushin condition
holds.

Theorem 5.2.5. Let d > 4. For any q > 1 there exists po = po(q,d) > 0 such that for all
p € [0,p0) U (1 — po, 1] there is a unique shift invariant ergodic gradient Gibbs measure with zero
tilt for the potential V, 4. Moreover, there exists qo = qo(d) > 1 such that for any q € [1,qo] and
any p € [0,1] there is a unique shift invariant ergodic gradient Gibbs measure with zero tilt for
the potential V), 4.

The proof of this Theorem is given in Section below the proof of Theorem [5.5.6]

The main tool in the proofs of these theorems is the fact that the structure of the potentials
V in allows us to consider x as a further degree of freedom and we consider the joint
distribution of the gradient field n and x. We show that the law of the x-marginal can be
related to a random conductance model. The analysis of this model then translates back into
the theorems stated before. We will make those statements precise in the next section. Let us
end this section with some remarks.

Remark 5.2.6. 1. For spin systems with finite state space and bounded interactions there are
general results that show that phase transitions, i.e., non-uniqueness of the Gibbs measure
are rare, see, e.g., 192]. Theorem m establishes a similar result for a specific class of
potentials for a unbounded spin space. As discussed in more detail at the end of Section
we expect that for every q > 1 the Gibbs measure is unique for all p € [0,1] except for
p = pe for some critical value p. = p.(q). Hence, Theoremm 18 far from optimal but we
hope that the results provided in this chapter prove useful to establish stronger results.

2. Let us compare the results to earlier results in the literature. For p/(1 —p) < 1/q the
potential V), 4 is strictly conver so thal uniqueness of the Gibbs measure is well known
and holds for every tilt. The two step integration used by Cotar and Deuschel extends the
uniqueness result to the regime p/(1 —p) < C/./q (see Section 3.2 in [63]). In particular
the case p € [0,pg) in Theorem is included in earlier results. However, the potential
becomes very non-convez (has a very negative second derivative at some points) for p close
to 1 and the uniqueness result for p € (1 — po, 1] and d > 4 appears to be new. In this
regime the only known result seems to be convexity of the surface tension as a function of
the tilt which was shown in (4| (see in particular Proposition 2.4 there). Their results apply
to p very close to one, ¢ — 1 very small, and d < 3. The results from in Chapter[3 extend
this result to any dimension d > 2 and to arbitrary q for p sufficiently close to 1 depending
on q.
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3. The restriction to dimension d > 4 arises from the fact that the Green’s function for
mhomogeneous elliptic operators in divergence form decays slower than in the homogeneous
case.

5.3 Extended gradient Gibbs measures and random conductance
model

Extended gradient Gibbs measure. In this work we restrict to potentials of the form
introduced in (5.1.1). As already discussed in more detail in [32] and [33] it is possible to use
the special structure of V' to raise s to a degree of freedom. Let © be a gradient Gibbs measure
for V. For a finite set E C E(Z?) and Borel sets A C R and B C RE we define the extended
gradient Gibbs measure

A((Mbs Kb)oer € A X B) = / pe(dr)Ey (1A II féﬁengﬂ/(ne)) : (5.3.1)
B eckl

It can be checked that this is a consistent family of measures and thus we can extend fi to a
measure on (R x R.)E@) . Tt was explained in [32] that i is itself a Gibbs measure for the
specification 45 defined by

€xp <_% EeeE(A) Reﬁ?)

a((d7, dR), (1, &) = Za(e(a)e)

v dn) [ p(dee) [ Oe(die). (5.3.2)

c€E(A) c€E(A)e

Note that the distribution (dﬁ,dR)E(A) actually only depends on ngs)c and is independent of
k. Let us add one remark concerning the notation. In this work we essentially consider three
strongly related viewpoints of one model. The first viewpoint are gradient Gibbs measures that
are measures on Rg'(zd). Thy will be denoted by p and the corresponding specification is denoted
by 7. Then there are extended gradient Gibbs measures for a specification 4. They are measures

E(z%) E(z%) . ~ . - . . .
on Ry xRy and will be denoted by fi. The n-marginal of f is a gradient Gibbs measure .

Finally there is also the k-marginal of i which is a measure on RE(Zd) and will be denoted by p.
An important result here is that i is a Gibbs measure for a specification 7 if p is a measure as in
. In this case [i is a measure on the discrete space {1, q}E(Zd). We expect that this result
can be extended to far more general measures p but we do not pursue this matter here. To keep
the notation consistent we denote objects with single spin space R, e.g., gradient Gibbs measures
without symbol modifier, objects with single spin space {1, ¢}, e.g., the k-marginal with a bar,
and objects with single spin space {1, ¢} x R, e.g., extended Gibbs with a tilde. Let us also fix a
notation for the corresponding relevant o-algebras. We write as before £ for the o-algebra on
RE@) generated by (ne)ecr and we define £ = Ep(zay- For the r-marginal we similarly consider

the o-algebra Fg on {1, q}E(Zd) generated by (k)ecp and we write again F = Fg(za)- For the

extended space REZ) x {1, q}E(Zd) we use the product o-algebra Ag = 771_1(513) ® 712_1(.7-"5).
It was already remarked in [32] that this setting resembles the situation for the Potts model
that can be coupled to the random cluster model via the Edwards-Sokal coupling measure.

The random conductance model. As explained before our strategy is to analyse the k-
marginal of extended gradient Gibbs measures and use the results to deduce properties of the
gradient Gibbs measures for V. The key observation is that the x-marginal of extended gradient
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Gibbs measures is given by the infinite volume limit of a strongly coupled random conductance
model. To motivate the definition of the random conductance model we consider the xk-marginal

_ d _
of the extended specification 4 defined in (5.3.2)). For zero boundary value 0 € RgE(Z ) with 0. = 0
and A € {1, ¢}E@") we obtain

A (FBa) = AB(A) s O / [T pbe=r(1 - pylre=rearie 2 0B (). (5.3.3)
ecE(A)

We write A¥ = A/OA for the graph where the entire boundary is collapsed to a single point (this
is called wired boundary conditions and we will discuss this below in more detail). We denote

the lattice Laplacian with conductances A and zero boundary condition outside of A by Af\\w
i.e., A} acts on functions f : A—=R by AL f(x) = > ymz Mgy (f () — f(y)) where we set

fly) =0 fory ¢ A. The definition (5.3.2) and an integration by parts followed by Gaussian
calculus imply then

5a (Reg) = Megay - 0) = Z pHEEBN) D Xe=a} (1 _ ) [{eeB(A): A—l}/e 305270
| pHeeB(™)sA=all (1 _ p){e€B(A):A=1} (5.3.4)

" Z

det(2m)~TAL"

It simplifies the presentation to introduce the random conductance model of interest in a slightly
more general setting. We consider a finite and connected graph G = (V, E). The combinatorial
graph Laplacian A, associated to set of conductances ¢: E — Ry is defined by

Acf(@) = clagy (F (@) = (1)) (5.3.5)

y~z

for any function f : V' — R. Note that we defined the graph Laplacian as a non-negative operator
which is convenient for our purposes and common in the context of graph theory. In the following
we view the Laplacian A, as a linear map on the space Hy = {f:V = R: ) . f(z) = 0} of
functions with vanishing average. We define det A, as the determinant of this linear map. By
the maximum principle the Laplacian is injective on Hy, hence det A, > 0. Sometimes we clarify
the underlying graph by writing AS.

Remark 5.3.1. In the general setting it is more natural to let the Laplacian act on Hy instead of
fizing a point to 0 as in the definition of A/A\w above where this corresponds to Dirichlet boundary
conditions. It would also be possible to fix a point x € V(G) and consider Af acting on functions
f:V(G)\{zo} — R defined by (AT f)(x) = 3, cayy f(2) = f(y) for z € V(G)\ {zo} where
we set f(xg) = 0. It is easy to see using, e.g., Gaussian calculus and a change of measure that
the determinant of Af is independent of xo and

|G| det AY = det AS. (5.3.6)

Motivated by (5.3.4) we fix a real number ¢ > 1 and consider the following probability
measure on {1,q}¥

lp\{eEE:ne:q}\(l _ p)|{e€E:ne:1}\

PEP(k) =
() Z Vdet A,

(5.3.7)
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where Z = Z&P denotes a normalisation constant such that PP is a probability measure. In
the following we will often drop G and p from the notation and we will always suppress q. We
restrict our attention to ¢ > 1 because by scaling the model with conductances {1, ¢} has the
same distribution as a model with conductances {«, ag} for a > 0 so that we can set the smaller
conductance to 1. Let us state a remark concerning the relation to the random cluster model.

Remark 5.3.2. 1. We chose the notation such that the similarity to the random cluster model
1s apparent. Both models have the parameter p as a priori distribution of the bonds that is
then correlated by a complicated infinite range interaction depending on q. They reduce to
Bernoulli percolation for ¢ = 1. At the end of Section we state a couple of conjectures
about the behaviour of this model that show that we expect similarities with the random
cluster model in many more aspects.

2. While there are several close similarities to the random cluster model there is also one
important difference that seems to pose additional difficulties in the analysis of this model.
The conditional distribution in a finite set depends on the entire configuration of the con-
ductances outside the finite set (not just a partition of the boundary as in the random cluster
model). In particular the often used argument that the conditional distribution of a random
cluster model in a set given that all boundary edges are closed is the free boundary random
cluster distribution has no analogue in our setting.

3. We refer to the model as a random conductance model since we will (not very surprisingly)
use tools from the theory of electrical networks. Note that in the definition of the potential
V' the parameters correspond to different (random) stiffness of the bonds.

5.4 Basic properties of the random conductance model

Preliminaries. As before we consider a connected graph G = (V, E). To simplify the notation
we introduce for £ C F and & € {1,¢}¥ the notation

h(k,E') = [{e € E': ke = q}| (5.4.1)
s(k, ') ={e € E' : ke = 1}

for the number of hard and soft edges respectively and we define h(k) = h(k, E) and s(k) =
s(k, E). Let us introduce the weight of a subset of edges ¢ C F by defining

w(k, t) = [ re. (5.4.3)

ect

We will denote the set of all spanning trees of a graph by ST(G). We will identify spanning trees
with their edge sets. In the following, we will frequently use the Kirchhoff formula

det Ac =G| D w(e,t). (5.4.4)
teST(Q)

for the determinant of a weighted graph Laplacian (cf. [144] for a proof). Let us remark that
the Kirchhoff formula is frequently used in statistical mechanics and has also been used in the
context of gradient interface models for some potentials as in ((5.1.1)) in [49].

Remark 5.4.1. Note that equation (5.4.4) remains true for graphs with multi-edges and loops.
Indeed, loops have no contribution on both sides and multi-edges can be replaced by a single edge
with the sum of the conductances as conductance.
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Correlation inequalities We will now show correlation inequalities for the measures P = P&P.
We start by recalling several of the well known correlation inequalities. To state our results we
introduce some notation. Let E be a finite or countable infinite set. Let Q = {1,¢}¥ and F
the o-algebra generated by cylinder events. We consider the usual partial order on Q) given by
wl <w?iff w! <w?foralle € E. A function X : Q — R is increasing if X (w1) < X (ws) for
wi < wo and decreasing if — X is increasing. An event A C € is increasing if its indicator function
is increasing. We write i, 2= fio if i stochastically dominates ji, which is by Strassen’s Theorem
equivalent to the existence of a coupling (wy,ws) such that w! ~ fi; and w? ~ fiz and w! > w?
(see [143]). We introduce the minimum w! Aw? and the maximum w! Vv w? of two configurations
given by (w!' A w?)e = min(w!,w?) and (w! Vv w?), = max(w},w?) for any e € E. We call a
measure i on € strictly positive if i(w) > 0 for all w € . Finally we introduce for f,g € E
and w € Q) the notation wjfgi € Q for the configuration given by (wjfgi)e =w, fore ¢ {f,g} and
(wjfg*)f =14+ (¢q—1)4, (w}:gt)g =14+ (¢ —1)x. We define wjjf similarly. We sometimes drop
the edges f, g from the notation. We write fi(w) = fi({w}) for w € Q and a(X) = [, X dji for
X:Q—=R.

Theorem 5.4.2 (Holley inequality). Let Q = {1,¢}F be finite and iy, fis strictly positive meas-
ures on ) that satisfy the Holley inequality

fio(wr V wa)fig (w1 Awa) > fiq(w1)fig(w2)  for wi,ws € Q. (5.4.5)
Then fiy 3 fo.

Proof. The original proof appeared in [108], a simpler proof can be found , e.g., in |98, Theorem
2.1]. O

A strictly positive measure is called strongly positively associated if it satisfies the FKG lattice
condition

a(wy V wo)i(wy Awg) > i(wr)i(we)  for wy,ws € . (5.4.6)

Theorem 5.4.3. A strongly positively associated measure i satisfies the FKG inequality, i.e.,
for increasing functions X,Y : 0 - R

A(XY) > p(X)a(Y). (5.4.7)
Proof. A proof can be found in [98, Theorem 2.16]. O

The next theorem provides a simple way to verify the assumptions of Theorem and
Theorem Basically it states that it is sufficient to check the conditions when varying at
most two edges.

Theorem 5.4.4. Let Q = {1,¢}F be finite and iy, fis strictly positive measures on 2. Then [iy
and fiy satisfy (5.4.5) iff the following two inequalities hold

fo(wi)in(wy) > iy (wf)is(wy), forweQ, feE, (5.4.8)
fa (Wi I (wry ) 2 (Wi )ia(wy,"),  forweQ, fge k. (5.4.9)

In particular, (5.4.8) and (5.4.9) together imply fi; 3 [iy.

Proof. See |98, Theorem 2.3|. O
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We state one simple corollary of the previous results.

Corollary 5.4.5. Let [i;, fiy be strictly positive measures on Q = {1,¢}F such that one of the
measure [iy, [y 15 strongly posilively associated. Then

ﬂg(w;_)ﬂl(ch_) 2 ﬂl(w}r)ﬁQ(w;), forweQ, feE (5.4.10)
implies iy 3 fig.

Proof. Assuming that [, is strongly positively associated we find using first the assumption
(5.4.10) and then ({5.4.6])

i () s (Wt
fia (Wi (wpy ) > al l’;f(l/ﬁ() £ )ﬁl(w;g—) > fig(wp, D) (w]y)- (5.4.11)
fg

Now Theorem implies the claim. The proof if [i, is strictly positively associated is similar.
O

It is convenient to derive the following correlation results for the measures PP from corres-
ponding results for the weighted spanning tree measure. The weighted spanning tree measure
on a connected weighted graph (G, k) is a measure on ST(G) with distribution

Q1) = )

= . 4.12
>vest(c) WK, t) (5:412)

This model has been studied extensively, see [29] for a survey. An important special case is the
uniform spanning tree corresponding to constant conductances k that assigns equal probability
to every spanning tree.

The following lemma provides the basic estimate to check the condition for the meas-

m_fi PGP Recall the notation K;?gi introduced before Theorem and also the shorthand
KT,

Lemma 5.4.6. For a finite graph G and x € {1,¢}F as above

det AH++ det AH—— < det Am—— det An“‘" (5.4.13)
Remark 5.4.7. The proof in fact extends to any € RE and (%ijj)f = c]jf, (/i}if;[)g = céﬁ with

- — <
cfgcf andcg ch.

Proof. The lemma can be derived from the fact that the weighted spanning tree has negative
correlations. It is well known (see, e.g., [29]) that for all positive weights x on a finite graph G
the measure QS has negative edge correlations

Qe ct|f et) <QY(ect). (5.4.14)
Simple algebraic manipulations show that this is equivalent to
Qi(ect,fet)Qiledt,fet)<Qi(ect, f¢tQ(edt, fet). (5.4.15)

We introduce the following sums

Apg = Z w(k, ), Ap = Z w(k, t),

teST(G), f,g€t teST(Q), fet, g¢t

Ay = Z w(k,t), A= Z w(k,t).

teST(G), get, f¢t teST(G), f.g¢t

(5.4.16)
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With this notation multiplication by (As, + Ay + Ay + A)? shows that (5.4.15) is equivalent to
ApgA < AfA,. (5.4.17)

It remains to show that the statement in the lemma can be deduced from (5.4.17) (actually
the statements are equivalent). Clearly we can assume k = k™, l.e.,, Ky = kg = 1. Using the
Kirchhoff formula (5.4.4)) we find the following expression

Gl et A = Y w(kFE ) = (55F) p(55F) g Agg + (575 p Ap + (K55) g4y + A.
teST(G)
(5.4.18)

Hence we obtain
G| 2det A+~ det A+ = (qApy + qAy + Ay + A) (qAsy + Ay + qA, + A), (5.4.19)
G| 2 det Agsr det Ay —— = (q®Agg + qAp + qAg + A) (Agg + Ap + Ag + A). -

Subtracting those two identities we find that only the cross-terms between Ay, A; and between
Ayg, A do not cancel and we get

’G|72 (det A,{+7 det An** — det Amur det A,,iff) = (q2 +1-— 2q)(Ang — Ang)
=(q— I)Q(Ang — Ang).

We can conclude using (5.4.17)). O

The previous lemma directly implies that the measures P&? are strongly positively associated.

(5.4.20)

Corollary 5.4.8. The measure POP satisfies the FKG lattice condition for any k1, ke € {1,¢}F
PP (k1 A kg)PEP (k1 V ko) > PEP(k1)PEP(ky) (5.4.21)
and the FKG inequality
ESP(XY) > ESP(X)ECP(Y) (5.4.22)
for any increasing functions X,Y : {1,q}* —R.

Proof. Lemma and the trivial observation that h(x™+)+h(k™7) = h(kT7)+h(k~") imply
for any x € {1,¢}” and f,g € E the lattice inequality

PG (s PGP (7 ) > PO (1 PO (1), (5.4.23)

Then Theorem applied to fi; = fi, = PP implies that the FKG lattice condition (5.4.21)
holds and therefore by Theorem also the FKG-inequality (5.4.22)).

O
Let us first state a trivial consequence of this corollary.
Lemma 5.4.9. The measures PSP and PGY satisfy for p < p/
PGP = pGp, (5.4.24)

Proof. Using Corollary and Corollary we only need to check whether (5.4.10) holds
for fi; = PSP and fi, = PSP, This is clearly the case if p < p/. O
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The next step is to show correlation inequalities with respect to the size of the graph. More
specifically we show statements for subgraphs and contracted graphs. This will later easily imply
the existence of infinite volume limits. Moreover, we can bound infinite volume states by finite
volume meagures in the sense of stochastic domination. Let F' C F be a set of edges. We define
the contracted graph G/F by identifying for every edge f € F' the endpoints of f. Similarly for
a set W C V of vertices we define the contracted graph G/W by identifying all vertices in W.
The resulting graphs may have multi-edges. We also consider connected subgraphs G' = (V' E’)
of G. Recall the notation k™ = f—@]jf for f € E. We use the notation AS’ for the graph Laplacian

on G’ where we restrict the conductances s to E’ and we denote by AS/ F the graph Laplacian
on G/F. The following lemma relates the determinants of the different graph Laplacians.

Lemma 5.4.10. With the notation introduced above we have for x € {1,q}*

det AG.  det AG,  det A9/F
Rl > K > K .
det A" = det AC.  qet AG/F

(5.4.25)

Remark 5.4.11. The lemma again extends to k € RY and /<a with (K )f =cq > c = (ky)s-

Proof. The proof is similar to the proof of Lemma We derive the statement from a property
of the weighted spanning tree model. For graphs as above and e € E’ the estimate

Q¢ (eet) >Q%eet) > Q¢ (eet) (5.4.26)
holds (see Corollary 4.3 in [29] for a proof). We can rewrite (assuming again kf = 1,i.e., k = K7)

det A§+ ZteST G).fet W w(k,t) +q ZteST G),fet w(k, t)

- (5.4.27)
det Aff ZtGST G),fet W w(k,t) + ZteST G),fet w(k,t)
Note that
w(k,t G
ZteST G),fet (k1) _ Qg(f €t) (5.4.28)
dotesT(a), per WK, E)  QE(f ¢ 1)
and therefore (using k = k™)
QY. (fet)
det AG, 1+ QW
AN o =1 -1)Q% t). 5.4.29
QY (f¢t)
Similar statements hold for the graphs G/F and G’. Hence (5.4.26)) implies (5.4.25)). O

Let us remark that the probability Q¢(f € t) can also be expressed as a current in a certain
electrical network. In order to avoid unnecessary notation at this point we kept the weighted
spanning tree measure and we will only exploit this connection when necessary below.

Again, the previous estimates implies correlation inequalities for the measures PSP, In the
following we consider a fixed value of p but different graphs so that we drop only p from the
notation but we keep the graph G. We introduce the distribution under boundary conditions
for a connected subgraph G’ = (V/, E') of G. For A € {1,¢}¥ we define the measure P&¥'* on

{1,¢}* by
lph(ﬁ)(l — p)sv)

A G
det A(A )

PEE (k) = (5.4.30)
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where (A, ) € {1,q}¥ denotes the conductances given by x on E’ and by A on E \ E’. This
definition implies that we have the following domain Markov property for w € {1, q}El

PG(HE/ = w ‘ Kp\E = )\E\E/) = PG’EI’)\((A)). (5431)

Since the measure P% is strongly positively associated, (5.4.31) and Theorem 2.24 in [98] implies
that the measure P&E is strongly positively associated. We now state the consequences of
Lemma [5.4.10| on stochastic ordering.

Corollary 5.4.12. For a finite graph G = (V, E), a connected subgraph G' = (V', E’), an edge
subset I C E, and configurations A1, A2 € {1,q}F such that \; < X the following holds

PG/ =< PG,E’,)Q’ PG7E,7/\1 < PGaEly)\Q’ PG7E\F7)‘2 =< PG/F_ (5432)
More generally, we have for A € {1,q}¥ and E" C E' or E" N F = ) respectively

PG’7E",/\E/ ;j PG,E”,)\’ PG,E”,)\ ,-5 PG/F7E”7/\E\F' (5433)

Proof. From Lemma [5.4.10| we obtain for f € E’ and any s € {1, ¢}

POEA(T) _ PY(sT)
> . 5.4.34
pG,E’,/\(Rf) — pG’(,{f) ( )
Similarly, Lemma [5.4.10| implies for f € E\ F and s € {1,¢}"\F
pG/F (1.+ PG.E\FA( .+
G G (5.4.35)

pG’/F(R—) = pG,E\F,A(R—)'

Then the the strong positive association of P and Corollary imply the first and the
last stochastic ordering claimed in . The stochastic domination result in the middle of
follows from ([5.4.31)) and a general result for strictly positive associated measures (see
|98, Theorem 2.24]). The proof of is similar. O

Infinite volume measures. The definition of the measure P shows that it is a finite volume
Gibbs measure for the energy E(x) = In(det A,;)/2 and a homogeneous Bernoulli a priori meas-
ure. We would like to define infinite volume limits for the measures P¢ and define a notion of
Gibbs measures in infinite volume. This requires some additional definitions. Recall the defini-
tion of the o-algebras Fg for E C E(Z?) and note that there is a similar definition for general
graphs which will be used in the following. An event A C F is called local if it measurable with
respect to Fg for some finite set F, i.e., A depends only on finitely many edges. Similarly we
define a local function as a function that is measurable with respect to Fg for a finite set E. We
say that a sequence of measures p, on {1, q}E(Zd) converges in the topology of local convergence
to a measure p if p,(A) — wp(A) for all local events A. For a background on the choice of
topologies in the context of Gibbs measures we refer to [92]. The construction of the infinite
volume states proceeds similarly to the construction for the random cluster model by defining a
specification and introducing the notion of free and wired boundary conditions. For simplicity we
restrict the analysis to Z¢ but the generalisation to more general graphs is straightforward. First,
we define infinite volume limits of the finite volume distributions with wired and free boundary
conditions. Let us denote by A, = [~n,n] N Z? the ball with radius n in the maximum norm



214 Phase transitions for a class of gradient fields

around the origin and we denote by E,, = E(A,,) the edges in A,,. We introduce the shorthand
AY = A, /OA,, for the box with wired boundary conditions. We define

fiy,, = PP, fiy,, = PAn? (5.4.36)

for the measure P on A,, with free and wired boundary conditions respectively. From Corollary
5.4.12|and equation ([5.4.31]) we conclude that for any increasing event A depending only on edges
m FE,

Fha(4) = P (4) = P (PR Ens(4)) = PAY(4) = i (A). (5437

We conclude that for any increasing event A depending only on finitely many edges the limits
limy, 00 ﬁ%p(A) and similarly lim,,_, . ﬂ}l’p(A) exist. Using standard arguments we can write
every local event A as a union and difference of increasing local events and we conclude that
limyp o0 i) ,(A) and limy, o0 fij; ,(A) exist. It is well known (see [30]) that this implies conver-

gence of ﬂ%p and /j}z,p to a measure on {1,q}E(Zd) in the topology of local convergence. We
denote the infinite volume measures by ﬂg and ﬂ;.

Lemma 5.4.13. The measure ,ag and ,le) satisfy the FKG-inequality and for 0 < p <p' <1 the
relations

/J’p r—\<./ :u'p7 Mp r—j Mp’? /J'p ;j :up (5438)

Moreover they are invariant under symmetries of the lattice and ergodic with respect to transla-
tions.

Proof. This is a consequence of Corollary and Corollary and a limiting argument.
See the proof of Theorem 4.17 and Corollary 4.23 in 98] for a detailed proof for the random
cluster model which also applies to the model considered here. Ergodicity is proved by showing
that the measures are even mixing. O

Infinite volume specifications. We now introduce the concept of infinite volume Gibbs
measures for this model. We first consider the case of a finite connected graph G. For E C E(G)
we consider the finite volume specifications % : F x {1, }FE 5 R

5 1 P - p) 5.4.39
ZA;“E”“ Jdet A, (5-4.39)

where the normalisation Zy ensures that *‘y%(-, A) is a probability measure. A simple calculation
shows that 5 is indeed a specification, i.e., "yg are proper probability kernels that satisfy for
ECF

7675 = 7%, (5.4.40)

Since 45 (+, A) is concentrated on a finite set it is helpful to use the notation ¥5(k, A) = yp({k}, A).
The measure P% is a finite volume Gibbs measure, i.e., it satisfies

PO3% =P (5.4.41)
or put differently for s, A € {1, ¢}*

7% (k, \) = P9PA (k)1 (5.4.42)

KE(G)\E=AE(G)\E"
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We would like to call p a Gibbs measure on {1, q}zd for the random conductance model if

_gd

g =0 (5.4.43)
holds for all E C E(Z%) finite. However, f‘y% is a priori only well defined for finite graphs so that
we use an approximation procedure for infinite graphs. Let G be an connected infinite graph.
We are a bit sloppy with the notation and do not distinguish between "yg for a subgraph H of
G and its proper extension to F x {1, q}E(G), i.e., we define for k, A € {Lq}E(G)

Vi (Ko A) = L pe—npe Vi (KE(1)s AB(H))- (5.4.44)

We denote for f € E(G) and k € {1 ¢}®() by kt and k™ as before the configurations such that
K& =k, fore;éfandﬁf =1, Fdf =q.

In the following we assume p € (0,1). For p € {0,1} the measures P%P agree with the
Dirac measure on the constant 1 or constant ¢ configuration. Since we assume that E is finite
the specification '_yg is uniquely characterized by the fact that it is proper and it satisfies for
koA € {1, ¢}®H) such that kge = Age

_H —
Yer(K7,A)  1—p det AH, 1—p I

1 et 59.4.45
ey~ @A~ VIt Rlen G4

where we used in the second step. We show that we can give meaning to this expression
in infinite volume. For this we sketch the definition of spanning trees in infinite volume but we
refer to the literature for details (see [29]). A monotone exhaustion of an infinite graph G is a
sequence of subgraphs G,, such that G,, C Gy,41 and G = J,,; G- It can be shown that for any
finite sets Bh C Fy C EG the limit lim,, o QS" (tNEy = E) exists. In fact this is a consequence
of and the arguments we used for i above. Hence it is possible to define a measure
Qg’ on 2E(@) | the power set of E(G) which will be called the weighted free spanning forest on
G (as the name suggest the measure is supported on forests but not necessarily on trees, i.e., on
connected subsets of edges). Similarly, we can define the wired spanning forest Q,,iG’1 replacing
the subgraphs G,, by the contracted graphs G,,/0G,. By definition those measures satisfy

lim_ Qin(fet)=Q% (fet) (5.4.46)
lim QG n/0Gn(fet)=QPN(fet) (5.4.47)

n—oo

for any f € E. Then it is possible to define two families of proper probability kernels ;yg,o and

4! for E C (E(G)) finite by the property that for f € E and s, A € {1,¢}®(©) such that
/<.',Ec = )\EC

_G,0

—G,OE:_,_: i; 1 _p\/l +( O(fet) (5.4.48)
7 (K’ 7)‘) l—p G,1
o Vi+@-10% s et). (5.4.49)

From and (5.4.45) and (5.4.45) we conclude that 750 and 4! are well defined. Moreover we
obtain that this family of probability kernels satisfy for A\, x € {1, q}E(G)

¥ (R, A) = lim 55 (k. X), (5.4.50)

75 (5, N) = lim 50 (1, 0). (5.4.51)
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Note that the concatenation for ¥ for B/, E C E(Z%) is given by

~_G,0_-G, _G, _@G,
’YE O’YEIO(/‘%)\) = Z ’}/EO(O', )\)’YE/O(H, U), (5452)

O’IU‘ECZ)\EC

in particular it only involves a finite sum in the case of a finite spin space. We conclude using
and that ﬁg’o and ﬁg’l define two specifications on G.

Suppose the wired and the free uniform spanning forest on G agree. This implies that also
the weighted wired and free spanning forest QS’U and Qg’l on G agree if the conductances k.
are contained in a compact subset of (0,00) (see Theorem 7.3 and Theorem 7.7 in [29]). Thus
'_yg’l = ﬁg’o in this case. In particular we obtain that f_yéd’o = ﬁéd’l because the free and the
wired uniform spanning forest on Z% agree (Corollary 6.3 in [29]). In the following we will denote
this specification by 45. To ensure consistency with the earlier definition of 4 we define for
a connected subset A C Z? that 7, = YE(r)- We can now give a formal definition of Gibbs
measures for the random conductance model.

Definition 5.4.14. A measure i1 € P({l,q}E(Zd)) is a Gibbs measure if it is admitted to the
specification Y.

As one would expect the infinite volume measures /12 and ﬂll) are Gibbs measures.

Lemma 5.4.15. The measures ﬂg and [i} are Gibbs measures as defined in Definition |5.4.14.
Moreover any Gibbs measure i satisfies ji, 3 [0 3 ﬂ},,

Proof. By equation (5.4.41)) we have for £ C E,

Vs = g (5.4.53)

We show that both sides converge in the topology of local convergence as n — oo. Let A be an
increasing event depending on a finite number of edges. We have seen in that pl(A)
is an increasing sequence and converges by definition to u°(A). We derive the convergence of
the left hand side of equation (5.4.53)) from the following three observations. First, we conclude

from and that 5" (A, -) is an increasing function. Second, using and
we obtain ”y%”“(A, K) > ”y%" (A, kg,) for all & € {1,¢}F»+1. The third observation is
that can also be applied to an increasing function instead of an increasing event. These
three facts imply

I (A) < B (A, ) < i°(Ts(4, ). (5.4.54)

On the other hand, we obtain for any m € N

Tim i (77 (4, ) = lim @) (737 (4, ) = 27" (A, ) (5.4.55)
Sending m — oo we get
Tim (g7 (4) = (2%7)(A). (5.4.56)
Hence, we have shown that
i*7p(A) = lim A5 (A) = lim ji(4) = 7°(A) (5.4.57)

holds for any increasing and local event A. Using standard arguments holds for all
local events. Therefore u° is a Gibbs measure. The proof for p' is the same up to a reverse of
inequalities. Finally, a limiting argument and the comparison of boundary conditions show that
ﬂg RN ﬂ}, for any Gibbs measure p (see [98, Proposition 4.10]). O
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Let us introduce the class of quasilocal specifications. A quasilocal function on a general state
space is a function X : ¥ — R that can be approximated arbitrarily well by local functions,
i.e.,

inf sup |[X(w)—Y(w)|=0. (5.4.58)
Y local ,c s

A specification + is called quasilocal if y4 X is a quasilocal function for every local function X.
Quasilocality is a natural and useful condition for a specification (see [92]). We will show that
the specification 4y is quasilocal. This is direct consequence of the following result that shows
uniform convergence of ”ygz to 4. This result will be of independent use later.

Lemma 5.4.16. The specifications yg and ﬁ%? satisfy

lim sup sup Ve, (K, A) — f_y/];f(n, A)| =0. (5.4.59)
N—roo H’Ae{lfq}E(Zd)

Proof. First, we claim that it is sufficient to show that

limsup  sup sup |Q5d(f €t)— QQ%(f et)=0. (5.4.60)
N—oo H,E{l,q}E(Zd) feEn

Indeed, using (5.4.60)) in (5.4.45) we obtain

A’w
Ve, (K A) gt (K, A
lim sup sup sup 7E JJ: ) f{;( f ):1, (5.4.61)
N=oo  nefrqe@ Fe8n TE, (K1 AT 3 (k7 0)

Since F, is finite this implies the claim.

It remains to prove (5.4.60). This is a consequence of the transfer current theorem (see
Theorem 4.1 in [29]) that states in the special case of the occupation property that for f =
{z,y} € E(G)

QU(f €)= Ip(f) = g6, — 6,)(AF) (5, — 5,) (5.4.62)

where the expression I¢(f) denotes the current through the edge f when 1 unit of current is
induced respectively removed at the two ends of f. In the last step we used that I;(f) can be
calculated by applying the inverse Laplacian to the sources to obtain the potential which can
be used to calculate the current through f. Now follows from the display and
Lemma (.B.3 O

Relation to extended gradient Gibbs measures In this paragraph we state the results
that relate the random conductance model to extended gradient Gibbs measure. This is finally
the justification to consider this model. The proofs of the results in this paragraph are deferred
to Section The first Proposition establishes that the x-marginal of extended gradient Gibbs
measures are Gibbs states for the random conductance model.

Proposition 5.4.17. Let i be an extended gradient Gibbs measure associated to a translation
wnvariant and ergodic gradient Gibbs measure p with zero tilt. Then the k-marginal o of it is a

Gibbs measure in the sense of definition [5.4.14)
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The second main result in this paragraph is a reverse of Proposition [5.4.17] namely that it is
possible to obtain an extended Gibbs measure with zero tilt for the potential V), 4, given a Gibbs
measure [ for the random conductance model with parameters p, q.

Proposition 5.4.18. Let ii be a Gibbs measure in the sense of Definition [5.4.1]] for parameters
p and q and kK ~ . Let ©% be the random field that for given rk is a Gaussian field with zero
average, ©"(0) = 0, and covariance (Ay)7!, i.e., ©* satisfies for f : Z% — R with finite support
and 3, f(z) =0

Var ((f,9")za) = (f, (Ax) 1) (5.4.63)

Let [u be the joint law of (k, V™). Then [i is an extended Gibbs measure for the potential V), 4
with zero tilt, in particular its n-marginal is a gradient Gibbs measure with zero tilt.

As a last result in this direction we state a very useful result from [33| that characterizes the
law of ¢ given k for extended gradient Gibbs measures if ¢ is distributed according to a gradient
Gibbs measure.

Proposition 5.4.19. Let p be a translation invariant, ergodic gradient Gibbs measure with zero
tilt and [i the corresponding extended gradient Gibbs measure. Then the conditional law of ¢
giwen K s [i-almost surely Gaussian. It is determined by its expectation

E(ez | F)(k) =0 (5.4.64)

and the covariance given by (Ag)7Y, i.e., for f:Z% — R with finite support and Yo flx)=0
Varg ((f,9)za | F) (k) = (f, (D)1 f). (5.4.65)
Proof. This is Lemma 3.4 in [33)]. O]

In particular those results establish the following. Assume that p is an ergodic zero tilt
gradient Gibbs measure. Let i be the k-marginal of the corresponding extended gradient Gibbs
measure fi (which by Proposition is Gibbs for the random conductance model). We can
use Proposition to construct an extended gradient Gibbs measure fi’. Using the definition
of i’ in Proposition and Proposition we conclude that we get back the extended
gradient Gibbs measure we started from, i.e., i = ji'.

5.5 Further properties of the random conductance model

In this section we state and prove more results about the random conductance model con-
sidered in this work and use the results from the previous section to derive corresponding results
for the associated gradient interface model. We end this section with some conjectures and open
questions. We start by proving ﬂg = ﬂ}) for almost all values of p which will in particular implies
uniqueness of the Gibbs measure for those p.

Theorem 5.5.1. For every q > 1 there are at most countably many p € [0, 1] such that ﬂll, =+ ﬂg,

Proof. 1t is a standard consequence of the invariance under lattice symmetries and ﬂg = ﬂ}, that
fiy, = fiy is equivalent to fiy(ke = q) = ji)(ke = q) for one and therefore any e € E(Z%) (see, e.g,
Proposition 4.6 in [98|). Lemma below implies for e € E(Z%)

ﬂg(’ie =q) < /7«11;(/‘6@ =q) < ﬂg’(’% =q) (5.5.1)

for any p’ > p. In particular, we can conclude that ﬂg = ﬂzl, holds for all points of continuity of
the map p — ﬂg(/ﬁe = ¢). Since this map is increasing by Lemma it has only countably
many points of discontinuity. O
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We are now in the position to prove Theorem [5.2.3]

Proof of Theorem[5.2.3, We note that a translation invariant zero tilt Gibbs measure exists for
any p and ¢, e.g., as a limit of torus Gibbs states (see the proof of Theorem 2.2 in [32]). Tt
remains to show uniqueness. Consider p such that ﬂzl, = ﬂg which is true for all but a countable
number of p € [0,1] by Theorem above. Let uy and po be ergodic zero tilt gradient Gibbs
measures for V =V, ,. By Proposition the corresponding x-marginals fi; and fiy of the
extended Gibbs measures ji; and [i, are Gibbs measures in the sense of Definition and
therefore equal. Using Proposition we conclude that since p; and p9 are ergodic zero tilt
gradient Gibbs measures their laws are determined by fi; and fiy, hence pp = po. O

Remark 5.5.2. Similar arguments for this model appeared already in the proof of Theorem 2.4
in |32] where they use the convezity of the pressure to show that the number of g-bonds on the
torus is concentrated around its expectation in the thermodynamic limit. However, this is not
sufficient to conclude uniqueness.

The key ingredient in the proof of Theorem is the following lemma that compares
fiy(ke = q) with ﬂg/(lie = q) for p < p'. Intuitively the reason for this result is that a change of
p is a bulk effect of order |A| while the effect of the boundary conditions is of order |OA|.

Lemma 5.5.3. For any p < p’ we have

Mg’(”e =q) > Mgly(Ke =q). (5.5.2)

Proof. The proof follows the proof of Theorem 1.12 in [77] for the random cluster model that
shows the analogous result for the random cluster model. The only difference is that the
comparison between free and wired boundary conditions is slightly less direct. We define
a = ﬂg,(/{e = ¢q) and b = ﬂ;(me = ¢). Comparison between boundary condition implies
ﬂ27p,(ﬁe =gq) < ﬂg/(me = q) = a for any e € E,. Recall that h(k) = [{e € E(G) : ke = ¢}
denotes the number of g-bonds and s(k) similarly the number of 1-bonds. The definition of a
and b implies for 0 <e <1 —a

i (h(K)) < alEn| = iy, (h(r) < (a+€)|En|) > &. (5.5.3)
Similarly for 0 < e < b
fp(R(K)) > b Ey| = fig, ,(h(k) > (b— )| En]) > e (5.5.4)

Our goal is to show that b — e < a + . We denote by A and A' the graph Laplacian on
A, with free and wired boundary conditions respectively. To compare the boundary conditions
we denote by 77 = ST(AY) the set of wired spanning trees on A, and by Ty = ST(A,) the
set of spanning trees on A, with free boundary conditions. There is a map ® : Ty — T3 such
that ®(t)[a,_, = tla,_,. Indeed, removing all edges in E,, C E,,_; from ¢ we obtain an acyclic
subtree of AY, hence we can find a tree ®(¢) such that t[o,_, C ®(t) C t. The observation
it \ ®(t)] = |9A,| — 1 implies that w(k,t) < w(k, ®(t))q'?* =1, Since ® does not change the
edges in E,_; each tree t € T} has at most 2/Z»\En-1] preimages. We obtain that

An| 7 et AY =) " w(k,t) < Y w(k, B(t))g P IT < 2lE\Enal gl N " (1, 1)
teTy teTy teT (5.5.5)

— 9lEn\En-1lglofnl| A |1 gog AL,



220 Phase transitions for a class of gradient fields

Similarly, there is an injective mapping ¥ : T} — Ty such that ¢ C ¥(¢). Indeed, we fix a tree t;
in the graph (A, \ An—1, E(A, \ A,—1) and define U(t) =t Ut, € Ty. We get

AV det AL =D w(n,t) < D w(k, U(t) < > wlk,t) = [An| ! det AL (5.5.6)

teTy teTy teTy

Inserting the bound |E,\ E,,_1| < 2d|0A,,| we infer from the definition (5.3.7)) for any x € {1, q}""

(29) B (8) < b () < (2219) 1 0 (). (5.5.7)

We define the constant o = p'(1 — p)/(p(1 — p’)) > 1. Simple manipulation show that for any
function X : {1,¢}*» = R

=0 h(k) x
0 lUJA,“p(a )
A% (X) = Shwe 2 (5.5.8)
Ansp (k)
Therefore we obtain
=0 h(k)
) i p (" L)< (ate) [ Eal)
N(/)xn,p’ (h(k) < (a+e)|En|) = £ 0 | h(r) :
HA, p\& )
= h(k
~ R, p (00> 0 )
< a(a+5)|En|
— —|0ARn _ _ '
(22dg) 10An]/2 (b s)IEnIM/l\mp (h(rk) > (b—¢€)|En])
From (5.5.3) and (5.5.4) we conclude
OAR|/2
2 < (2%)‘ /2 (a—br20) (5.5.10)

which implies a — b+ 2 > 0 as n — oo since a > 1 and |E,|/|0A,| — oo. The lemma follows
as ¢ — 0. O

The next result is a non-uniqueness result for the random conductance model.

Theorem 5.5.4. In dimension d = 2 and for q > 1 sufficiently large there are two distinct Gibbs
measures ﬂ;)sd % ﬂgsd at the self-dual point defined by equation ((5.1.5)).

The proof uses duality of the random conductance model and can be found in Section
This result easily implies Theorem

Proof of Theorem[5.2.] Using Proposition [5.4.18] we infer from Theorem the existence of
two translation invariant extended gradient Gibbs measures fig and fi; constructed from ﬂgsd #*

ﬁlljs . Their n-marginals po and p; are not equal since then the s-marginals fi; and fiy would
agree. They both have zero tilt by Proposition [5.4.18| and the definition of & shows that f is

translation invariant if i is translation invariant. O

Remark 5.5.5. A proof similar to Lemma 3.2 in [33] shows that ergodicity of i, and fiy implies
that o and py are itself ergodic. The only difference is that n given k is not independent (which
K given n is). Instead one has to rely on the decay of correlations for Gaussian fields stated in

Appendiz[5.B
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Theorem 5.5.6. For d > 4 there is qo > 1 such that for p € [0,1] and q € [1,q0) the Gibbs
measure for the random conductance model is unique. Similarly, for d > 4 and q > 1 there is a
po = po(q,d) > 0 such that the Gibbs measure is unique for p € [0,po) U (1 — po, 1].

Proof. We are going to apply Dobrushin’s criterion (see, e.g., [92, Theorem (8.7)]. The necessary
estimate is basically a refined version of the proof of Lemma Fix two edges f,g € E(Z%).
Recall the notation A\*+ = /\}tgjE and A\t = )\ij introduced above Theorem . We will write

Y = ¢y in the following. Note that (5.4.45) and 5(A*, \) +74(A7,A) = 1 imply that

S/f()‘—h >\)

A AT, ) = = — 5.5.11
i ) T OTN 7,050 pr(1-p )V/1+ q—le (fet) ( )
We need to bound the entries of the Dobrushin matrix given by

Cfg = sSup ‘ ()‘}_;_7)‘++> (Aj"_g 7)‘+ )|

)\G{l,q}E(zd)
= sup
refLgEEh [P+ (1—=p)y/1+ DQ+(fet) PV1+(g—1)Q—(f€t)|
(5.5.12)

Since the derivative of the map = — p/(p + (1 — p)y/z) is bounded by p(1 — p) for z > 1 we
conclude that

sup (AT AT =3 (AT AT <p(1=p) (g = D) [Qa-+(f € ) = Q- (f € 1)].
Ae{1,q}BED

(5.5.13)
We can express Qy-+(f € t) through the measure Q,-- as follows
Q--(fet,g¢t)+qQ--(f€tge)
. _ . 5.5.14
) = g e +n (9 #0 5540
A sequence of manipulations then shows that
Q)\*Jr(f e t) _ Q)\,, (f c t) _ (q - 1) (Q)\__(f € tvg € t) - Q)\__(f € t)Q)\__(g € t)) . (5515)

qQr-—-(9€t) +Qx--(9 ¢ 1)

The numerator can be rewritten using the transfer-current Theorem for two edges (see |29, Page
10] and equation below 4.3 in [123])

Q--(fELget) —=Q--(f€NQ--(gt) ==I} (I} (f). (5.5.16)

where I ?(g) denotes the current through ¢ in a resistor network with conductances x when 1
unit of current is inserted (respectively removed) at the ends of f (using a fixed orientation of
the edges here, e.g., lexicographic). All together we have shown that

Crg < sup  p(1—p)(qg—1)*TF(9)I5(f) (5.5.17)
re{1,q}EEZD

Using electrical network theory we can express for f = (z,z +¢;) and g = (y,y + ¢;)

I?(g) = Ky (5y+6i — 0y, (Afi)il((sx-ﬁ-ei - 51’))2(1 = £gVa,iVy;Gr(y, ) (5.5.18)
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where G, denotes the inverse of the operator A, which exists in dimension d > 3 and whose

derivative exists in dimension d > 2. Combining the bound (5.B.6) in Lemma [5.B.2] (5.5.17)),
and (5.5.18) we conclude for f € E(Z%) that

Y Crg < Clg,d)p(1—p)(g—1)* Y (1+ Ja]C72), (5.5.19)
geE(Z%) z€Zd

In dimension d > 4 the sum is finite. Now, for fixed ¢, the sum becomes smaller 1 for p
sufficiently close to 0 or 1. Therefore there is pg = po(g,d) such that the Gibbs measure is
unique for p € [0,pp) U (1 — po, 1]. On the other hand, the constant C(q,d) from Lemma
is decreasing in ¢q. Therefore we can estimate for all p € [0, 1] and ¢ < 2

C(2,d o
Y Cpy< (4 )(q— 17 (1 Ja])2B4729), (5.5.20)
g€E(Z9) zezd
Hence the Dobrushin criterion is satisfied for ¢ sufficiently close to 1 and all p € [0, 1]. O

Remark 5.5.7. 1. Note that the gradient-gradient correlations in gradient models at best only
decay critically with |x|~ (which is the decay rate for the discrete Gaussian free field). In
particular, the sum of the covariance deE(Zd) Cov(nys,ng) diverges in this type of model.
We use crucially in the previous theorem that the decay of correlations is better for the
discrete model: They decay with the square of the gradient-gradient correlations.

2. The averaged (annealed) second order derivative of the Greens functions decays with the
optimal decay rate |x|=¢ as shown in [67]. For the application of the Dobrushin criterion
we, however need deterministic bounds which are weaker.

3. To extend the uniqueness result to d = 3 and d = 2 and q close to 1 one would need estimates
for the optimal Hélder exponent o depending on the ellipticity contrast of discrete elliptic
operators. Here the ellipticity contrast can be bounded by q. There do not seem to be any
results in this direction in the discrete setting. In the continuum setting the problem is open
in for d > 3, but has been solved for d = 2 in the continuum where o — 1 as the ellipticity
contrast converges to 1 [131).

Note that we can again lift the uniqueness result for the Gibbs measure of the random
conductance model to a uniqueness result for the ergodic gradient Gibbs measures with zero tilt.

Proof of Theorem [5.2.5. The proof follows from the uniqueness of the Gibbs measure proven in
Theorem in the same way as the proof of Theorem O

Open questions Let us end this section by stating one further result and two conjectures
regarding the phase transitions of this model. They are most easily expressed in terms of per-
colation properties of the model even though the interpretation as open and closed bonds is
somehow misleading in this context. We write z <+ y for =,y € Z% and « if there is a path of
g-bonds in k connecting x and y and similarly for sets. Observe that the results of [78] can be
applied to the model introduced here and we obtain the existence of a sharp phase transition.

Theorem 5.5.8. For every q the model undergoes a sharp phase transition in p, i.e., there is
pe(q,d) such that the following two properties hold. On the one hand there is a constant ¢c; > 0
such that for p > p. sufficiently close to p.

i (0 < 00) > c1(p — pe)- (5.5.21)
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On the other hand, for p < p. there is a constant c, such that
il (0 < 0A,) < emom, (5.5.22)

Proof. The proof of Theorem 1.2 in [78| for the random cluster model applies to this model.
Indeed, it only relies on y,}“p being strongly positively associated and a certain relation for the p
derivative of events stated in Theorem 3.12 in [98] which is still true since the p-dependence is
the same as for the random cluster model. O

Remark 5.5.9. For d = 2 the self dual point defined in (5.1.5) and the critical point agree:
De = Psd- This can be seen based on Theorem 1.5 and the arguments used in the proof of Theorem
1.4 in [78] for the random cluster model .

In the random cluster model the most interesting phenomena happen for p = p. and the
subcritical and supercritical phase are much simpler to understand (in particular in d = 2). Due
to the differences explained in Remark those questions seem to be harder for our random
conductance model. Nevertheless we conjecture the following stronger version of Theorem [5.5.1]
and Theorem 5.5.6]

Conjecture 5.5.10. For p # p. there is a unique Gibbs measure.

Note that the sharpness result Theorem [5.5.8] shows that the probability of subcritical g¢-
clusters to be large is exponentially small. Nevertheless it is not clear how this can be used to
show uniqueness of the Gibbs measure in our setting. The behaviour at p,. is also very interesting.
A phase transition is called continuous if M}%(O < 00) = 0 and otherwise it is discontinuous. In
the random cluster model the uniqueness of the Gibbs measure at p, is equivalent to a continuous
phase transition. We do not know whether the same is true for the random conductance model
considered here. We state a second conjecture about the nature of the phase transition in terms
of Gibbs measures.

Conjecture 5.5.11. There is a gg such that for ¢ > ¢ there is non-uniqueness of Gibbs measures
ﬂéc,q #* [Lgmq at the critical point while for ¢ < gg the Gibbs measures agree ﬂéc,q = ﬂgmq.

A partial result in the direction of this conjecture is Theorem that states non-uniqueness
for large ¢ in dimension d = 2 and Theorem that shows uniqueness for ¢ close to 1 and
d>4.

5.6 Duality and coexistence of Gibbs measures

In this section we are going to prove that ugs W F '“1175 , for large ¢ which implies the non-
uniqueness of gradient Gibbs measures stated in Theorem This is a new proof for the
result in [32]. They consider conductances ¢, ga with gig2 = 1 which makes the presentation
slightly more symmetric.

In contrast to their work we do not rely on reflection positivity but instead we exploit the
planar duality that is already used in [32] to find the location of the phase transition. Therefore
it is not possible to extend the argument given here to d > 3 while the proof using reflection
positivity is in principle independent of the dimension (see also Section . In addition to
planar duality we rely on the properties proved in Section in particular on the Kirchhoff
formula. Similar arguments were developed in the context of the random cluster model and we
refer to [98) Section 6 and 7).

We proceed now by stating the duality property in our setting. For a planar graph G = (V, E)
we denote its dual graph by G* = (V*, E*). The dual graph has the faces of G as vertices and
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the vertices of G as faces and each edge has a corresponding dual edge. For a formal definition
of the dual of a graph and the necessary background we refer to the literature, e.g., [144].

For any configuration x : £ — {1,q} we define its dual configuration x* € {1,q}*" by
kge = 1+ q — ke where e* € E* denotes the dual edge of an edge e € EZ. More generally we
denote for £y C E by Ef = {e* : e € E1} the dual edges of the edges E;. We also introduce the
notation E{ = {e* € E*: e ¢ E1} = (E)* for By C E for the dual set of an edge subset. Note
that E; is acyclic if and only if E{ is spanning, i.e., every two points *,y* € V* are connected
by a path in E{l. In particular, ¢ C E is a spanning tree in G if and only if ¢t1 is a spanning tree
in G* and the map ¢ + t¢ is an involution and in particular bijective from ST(G) to ST(G™).

Recall that h(k,t) = |{e € t : ke = q}| denotes the number of ¢g-bonds in the set t C E(G) of
k and the similar definition of s(k,t) for the number of soft 1-bonds in t. The definitions imply
that

(K"), (5.6.1)
(K*) — h(r*,t9). (5.6.2)

h(k) = s(k"), s(k)
s(k,t)

The last two identities follow from the observation that s(x*,t4) = h(x, E'\ t) and similarly for
s and h interchanged. We calculate the distribution of x* if  is distributed according to P&

h
h

>
—~
&
~
~—
I
»
—~
x
*
~—
\
»
~—~
&
*
~
Q.
SN—

s(k*)
K s(k s(Kk* ro* D _ h(k*)
P(k*) = P(k) o P - p) _ p ) (1 — p)hs?) _ (ﬁ) (1-p) '
\/ZteST(G) g"(= \/thGST(G*) qs(r*)—s(r*t9) \/thGST(G*) g )|
(5.6.3)

This implies that if  is distributed according to PP the dual configuration x* is distributed
according to P¢"?" where ¢* = ¢ and

. _(=p) (5.6.4)
1—p*  p/va
Note that the self dual point pyq defined by pZ; = psq is given by the solution of
4
p
—— =q. 5.6.5
(1-p)* (56.5)

We will now restrict our attention to Z2. Let us mention that detailed proofs of the topological
statements we use can be found in [112].

We can identify the dual of the graph (Z2, E(Z?)), which will be denoted by ((Z2)*, E(Z?)*),
with Z2 shifted by the vector w = (3, 3). We also consider the set of directed bonds E(Z2) and

2:3
E(Z?)*. For a directed bond € = (z,y) € E(Z?) we define its dual bond as the directed bond
& =G+y+@—yt),i@+y+ (y—2)") where L denotes counter-clockwise rotation by
90°, i.e., the linear map that satisfies ell = e9, ezl = —e1. In other words, the dual of a directed

bond € is the bond whose orientation is rotated by 90° counter-clockwise and crosses €.

Every point z € Z2 determines a plaquette with corners 21, 2a, 23, 24 € (Z2)* where 2; are the
four nearest neighbours of = in (Z?)* and the plaquette has faces e7, €5, e, e; € E(Z?)* where e}
are the dual bonds of the four bonds e; that are incident to . Vice versa every point z € (Z2)*
determines a plaquette in Z2. We write P(Z2) for the set of plaquettes of Z2.

For a bond e = {x,y} we define the shifted dual bond e + w = {z + w,y + w}. Similarly,
we define £ +w = {e + w € E(Z?)* : e € E} for a set E C E(Z?). For a subgraph G C Z? we
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Figure 5.1: Examples of g-contours. In the second example there are two nested g-contours.
Curly bonds indicate soft bonds with e = 1 and straight bonds indicate hard bonds with
ke = ¢. In red the dual bonds of the contours are shown. The horizontal curly bond in the top
middle connects two point in int .

denote by P(G) = {P € P(Z?) : all faces of P are in E(G)} the plaquettes of G. A subgraph
G C Z2 is called simply connected if the union of all vertices v € V(G), all edges {z,y} € E(G)
which are identified with the line segment from z to y in R? and all plaquettes P(G) is a simply
connected subset of R2.

An important tool in the analysis of planar models from statistical mechanics is the use of
contours. Let us provide a notion of contours that is useful for our purposes. Our definition
is slightly more complicated than the definition of contours for the random cluster model. We
consider closed paths v = (z%,...,2%,27) with ¥ € (Z*)* (not necessarily all distinct) along
pairwise distinct directed dual bonds I;{ = (z7,23),..., b = (x7, 7). We denote the vertices in
the contour by V(7)* = {z* : 1 <i < n} and the bonds by E(y)* = {b* : 1 <i < n}. Similarly
we write E(y) = {b; : 1 < i < n} for the corresponding primal bonds. We also consider the
underlying sets of undirected bonds E(7) and E(y)*. Finally, we denote the heads and tails of
b; by y; and z;, i.e., by = (2i, ¥;).

Definition 5.6.1. A contour v is a closed path in the dual lattice without self-crossings in the
sense that there is a bounded connected component int(vy) of the graph (Z%, E(Z?) \ E(v)) such
that O(int(y)) = {z; : 1 <i < n}. We denote the union of the remaining connected components
by ext(y) and we define the length |7y| of the contour as the number of (directed) bonds it contains,

ie., || =[E@) =n.

Note that ext(y) is not necessarily connected and that {z,y} € E(y) if x € int(y) and
y € ext(y) (see Figure p.1)).

Contours are a suitable notion to define interfaces between hard and soft bonds.

Definition 5.6.2. A contour v is a g-contour for k if the following two conditions hold. First,
the primal bonds b € E(y) are soft, i.e., ky = 1. Moreover, for every plaquette with center
xz* € V(v)* all its faces b such that b € E(int(y)) are hard, i.e., satisfy kp, = q.

Our goal is to show that g-contours are unlikely for large values of ¢ and p < pgq. We now
fix a contour v and introduce some useful notation and helpful observations for the proof of the
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following theorem. We use the shorthand G; = int() and E; = E(int(vy)). We observe that G;
is simply connected because ~ is connected and without self-crossings. Therefore the faces of
G; consist of plaquettes in Z2 and one infinite face. We also consider the graph G with edges
E = E;UE(y) and endpoints of edges as vertices. Let 1 € {1, ¢}¥ denote the configuration given
by 1. = 1 for all e € E. We write G* = G/JG = G /ext(y) for the graph G with wired boundary
conditions. Moreover we introduce the graph H* with edges I} and their endpoints as vertices.
We claim that H*/OH™* agrees with the graph theoretic dual of G;. To show this we need to
prove that we identify all vertices that lie in the same face of G;. First we note that every point
in H* = H* \ OH* determines a plaquette in P(G;) and this is a bijection. Then it remains to
show that all vertices in dH* lie in the infinite face of G;. This follows from the observation

OH* = V(y)* N V(H"). (5.6.6)

To show the observation we note that if * € OH* then there are edges e] ¢ E(H*) and
e5 € E(H*) incident to x*. This implies that there is a face €/ = {21, 22} of the plaquette with
center z* such that z; € V(G;) but ¢ ¢ E(G;). Then e € E(y) and therefore 2* € V(v)*
because x* is an endpoint of e* € E(v)*. This ends the proof of the inclusion ’C’. Now we note
that if 2* € V(H*) NV (v)* there is an edge e* € E(v)* incident to * which is not contained in
E(H*) and therefore z* € 0H*.

Finally we remark that if v is a g-contour for x then
Fge =14+ q—Ke=1 if e* € E(H™) is incident to OH™. (5.6.7)

Indeed, we argued above that if e* € E(H*) is incident to 0H* then z* € V(v)*. Thus e € E;
is a face of the plaquette with center x* so that the definition of g-contours implies that k. = q.

Theorem 5.6.3. Let v be a contour. The probability that v is a q-contour under the measure

pG".Ei,1 for p = psq is bounded by
i 4 1] )
PGw,EiJ(,}/ is a q-CO’thOU'f') < <1> qi, (568)
q8

Remark 5.6.4. The general idea of the proof is the same as when proving similar estimates for
the Ising model. One tries to find a map from configurations where the contour is present to
configurations where this is not the case and then estimates the corresponding probabilities. The
more similar arqument for the random cluster model can be found, e.g., in Theorem 6.35 in [98].
For an illustrated version see [77].

Proof. We denote the set of all k € {1,q}¥ such that v is a g-contour for x by €.
Step 1. We define a map ® : Q, — {1,¢}¥ with ®(k) = k¥ as follows. Recall the definition
of the dual configuration x* on E* C E(Z%)* and define for e € E

* if e — Ei*y
j# = femw HETWE (5.6.9)
1 otherwise.
We claim that
k¥ =1 ifec E\E;. (5.6.10)

By definition of k¥, we only need to consider the case e — w € E;" = E(H*). We will show
a slightly more general statement. Let us introduce the set £ = E(H*) +w = Ef +w C E
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Figure 5.2: (left) The dashed line indicates a g-contour for the depicted configuration. In red the
dual configuration on E* for the edges F is shown. (right) The configuration k7 for k depicted
on the left. The blue edges are the shifted dual edges forming the set E.

VVVV Ve

Figure 5.3: (left) An example of a wired tree t# for k7. (center) The subtree £. (right) The
shifted tree f —w and the dual tree W(¢#).

and the graph G consisting of the edges E and their endpoints as vertices. See Figure for
an illustration of this construction. We remark that G agrees with H* shifted by w, which we
denote by G = H* +w. Equation (5.6.7) implies that

K=kt =1 for e € G incident to 4G (5.6.11)

w

because then e —w € E(H*) is incident to OH*. It remains to show that all edges e € ENE\ E;
are incident to G. From e € E \ E; we conclude that e € E(v). The edge e — w has a common
endpoint with e* € E(y)* and is therefore incident to V()* in this case. Using the observation
this implies that e — w € E(H*) is incident to 0H*.

Our goal is to compare the probabilities of PG Fil (k. ) and PGw’Ei’i(/ﬁg_). To achieve this
we use a strategy similar to the proof of Lemma [5.5.3] '

Step 2. We define a map ¥ : ST(G™) — ST(GY) with W(t7) =t in the following steps

1. We choose deterministically a subset ¢ C t#] £ such that { is a spanning tree on G / 9G and
all edges in t# |z \ T are incident to OG.

2. Weset U(t#)]p ={e€ E; : e* ¢t —w} = (I —w)? (as a subset of E}).

3. We consider a fixed b € E(v) that is incident to int(y) and ext(y) and we define ¢t =
U(t#) = U(t#) g Ub



228 Phase transitions for a class of gradient fields

See Figure for an illustration of the construction. We have to show that this construction is
possible, in particular that ¢ € ST(G"Y). )
We start with the first step. The relation G C G implies

OGN G cC aG. (5.6.12)

Hence G/OG agrees with (G/0G)/(G°UAG) up to self loops. This implies that ¢# | is spanning
in G/8G if t# € ST(G™). We consider the subset t' C ¢# | ; consisting of all edges e € t#] ;- that
are not incident to dG. The set ¢ contains no cycles because t# € ST(G"™) and no edge in ¢ is
incident to 0G by . Therefore we can select a spanning tree ¢ in é/(‘?é witht' C £ C t# [ &
deterministically, e.g., using Kruskal’s algorithm.

We now argue that the second and third step yield a spanning tree in G". Clearly it is
sufficient to show that W(t#)[ 5 € ST(G;). We note that the relation between G and H* implies
that £ — w is a spanning tree on H*/OH*. As shown before the theorem H*/OH* agrees with
the dual of G; and thus (f — w)? € ST(G}).

Step 3. The next step is to consider k# = ®(x) and ¢ = ¥(t#) and compare the weights
w(k?,t%) and w(k,t). First we argue that

w(k? 7)) = w(k?,1). (5.6.13)

Since ¢ C t# it is sufficient to show that ¢ \ £ contains only edges e such that lif = 1. Indeed,
let e be an edge in 7 \ £. For e ¢ E we have ke =1 by definition. Let us now consider

ec EN(t7\1) (5.6.14)

By construction of ¢ the edge e is incident to a vertex v € G. This implies that e — w € E(H*)
is incident to v —w € OH* C V(v)*. Using (5.6.7) we conclude that

ki =k:_, =1 (5.6.15)

w

For the trees £ and W(t7)[ we can apply the usual duality relations stated before. Using
(5.6.2) and as before k* = ®(k) and t = ¥(t*) we obtain

h(k¥,t7) = h(k™ 1) = h(s*, T — w) = s(k, B;) — s(k, By N't). (5.6.16)
We compute

w(ﬁ:#’t#) qh(n#zt#)

( ) — oD _ qs(ﬁ,Ei)—s(n,tﬂEi)—h(n,tﬁEi)
w(K,t q\

s, B0) —[tNEi| _ () [V (Gi)|+1

=4q q

(5.6.17)

In the last step we used that ¢ N E; is a free spanning tree on G; and therefore has |V(G;)| — 1
edges.

Step 4. We bound the number of preimages of a tree t under V. Note that ¥ factorizes into
two maps t# — t — t. The second map is injective since we only pass to the dual tree which
is an injective map and we add one additional edge. For the first map we observe that we only
delete edges e incident to dG. However, for z € OG the point © — w € H* is contained in the
contour by (5.6.6). Therefore there are at most 4|y| such edges. We conclude that

{t# € ST(GY) : U(t#) = t}| < 2*N! (5.6.18)
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for every t € ST(G"™). The displays (5.6.17) and (5.6.18]) imply

Z w(k#, t#) < Z w(ﬂ,\Ij(t#))qs(nin)_|V(Gi)|+1qu(’@in)_|V(Gi)|+1Q4W| Z w(k,t).
H#eST(Gw) H#eST(Gw) teST(Gv)
(5.6.19)

Step 5. We can now estimate the probabilities of the patterns x and x# = W(x) under
Gw,Ei,i M # — _ 1 .
P using (5.6.19) and k7 =1=1.forec E\ E;

w . 7 w h(k,E; .
Poo " (k) PSL(R) P ED (1 pe)s R B) | 3k cgr(guy wKH, t#)

_ Psd

( Ded )h(n,Ei)
[P S BUMCO ooy _ g2hl 4 (bl ) —h(w# ) 2BV

- h(k# E;
Ped (k7 ,E;)
1—psa

where we used equation (5.6.5) of psq in the last step. The definition of k¥ implies that
h(k?, E;) = h(k", E) = s(k, E;) and we get

(5.6.20)

GvY,E,1
P70 (B8) 2] 4 (s Bo)+s(n,B) 21V (GO1+2) — 92hl LB I-21V(Gi)[+2) (5.6.21)
PG Bl (cF )

(3

Now we observe that 4|V (G;)| — 2|E(G;)| = |[E(7)}| = |y|. We end up with the estimate

GY,E;,1
P,—,(”f;) < 22Mlg=shlgs = (4q—%>hl g (5.6.22)
PGw,E‘i,l(HE.)

K3

Conclusion. Note that the map @ is injective, hence

X:NEQ,Y PGw7Ei71 (HEE)

P B G BT
Yreq, PO (®(R)E,)

. _1 17| 1
7 is a g-contour) < < <4q 8) qz. (5.6.23)

O

Using correlation inequalities we can derive the following stronger version of the previous
theorem. For a simply connected subgraph H C Z? we say that v is contained in H if all faces
of plaquettes with center z* for * € V(y)* are contained in E(H).

Corollary 5.6.5. For any p < psq, any simply connected subgraph H C Z?, and a contour -y
that is contained in H the probability that v is a q-contour can be estimated by

]
Pf(v is a q-contour) < <4q_%) q%. (5.6.24)

Proof. We estimate

Pf(v is a g-contour) = Pf(fy is a g-contour, ky = 1 for b € E(7) )
< Pf(fy is a g-contour | kp = 1 for b € E(7) ) (5.6.25)

— pny(H)\E(’Y)vi(fy is g-contour).
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For the measure P-EHENVO)L the honds crossing the contour are fixed to the correct value.
Hence the event that v is a g-contour for & is increasing under this event, such that the stochastic
domination results proved in Lemma and Corollary [5.4.12] imply that

Pf’E(H)\V(V)’T(y is a g-contour) < Pi:’E(G)j(y is g-contour) (5.6.26)

where G denotes the graph corresponding to v as introduced above Theorem Theorem
implies the claim. O

We can now give a new proof for the coexistence result stated in Theorem [5.2.4]

Proof of Theorem[5.5.]] First we note that the duality between free and wired boundary con-
ditions in finite volume implies that ugsd and le75<1 are dual to each other in the sense that if
K~ pd_ then k* ~ pb (on (Z%)*)). The proof is the same as for the random cluster model, see,
e.g., |98, Chapter 6|. Hence, it is sufficient to show that ,ugsd (ke = q) < 1/2 because then we can
conclude that

Fip., (e = q) = fip,, (ke = 1) > 1/2 (5.6.27)

whence ,L_L}US W F ﬁgs .
Note that if ke = ¢ and there is any contour v such that e € E(int(v)) and k, = 1 for
b € E(v) then there is a g-contour surrounding e. We can thus estimate for e € E,

PAntLEnL (g — q) < pAn+1.Enl (there is a g-contour around e) (5.6.28)

where as before 1. = 1 for all e. The shortest contour ~ that surrounds the edge e has length
6 so the bound in Corollary implies that PA"“’E"’i(’y is a g-contour) < C’/q% for any
7 surrounding e. Using Corollary we can compare boundary conditions to obtain the
relation ¥ = PAnt1:En:1  This and a standard Peierls argument imply for ¢ sufficiently large

<-. (5.6.29)

B~ =

Foy o (Re = @) < PR Erl(, = g) <

- Q

O

=

Taking the limit n — oo we obtain ﬂgs J(Ke=1q) <

5.7 Further directions

In this section we give a brief overview about some further open questions and possible
directions that might be of interested.

Spin wave calculation. The most important technical ingredient in the proof of the phase
transition in [32| are spin wave calculations for the partition functions of certain periodic con-
figurations (see Section 3.2 and Theorem 3.3 there). Here we show how the Kirchhoff formula
for the determinant of the graph Laplacian can be used to simplify those calculations
substantially and we sketch how this makes the spin wave calculations in higher dimensions feas-
ible. This basically extends the proof of the phase transition to dimension d > 3 but a detailed
account of the Peierls argument and a proof of reflection positivity would still require some work.
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NN

Figure 5.4: A small part of the pattern ™.

Let Tr, = (Z/(LZ))? with L even denote the d-dimensional torus with side-length L. For
k€ {1,¢}BTL) we introduce the free energy

h(k) 1— s(k) -
- p p 1
Fi(k) = ~L~"In <(27T()<L)1> /e 2<w,AW>A<d¢>) (5:7.1)

where \ denotes the Lebesgue measure on RTZ with one point pinned to 0. Using (5.3.6)), (5.4.4)),

and Gaussian calculus we obtain

Fr(k) = —L_d<h(/i) In(p) + s(k) In(1 — p) — L In ( 3y w(ﬁ,t))) (5.7.2)

teST(TY,)

The key result of the spin wave calculations in [32] is that for large ¢ the free energy of one of
the homogeneous patterns is much lower than of certain mixed periodic pattern uniformly in
p € [0,1]. Those mixed periodic patterns are obtained by considering any configuration on the
edges of the unit cube Q4 = {0, 1}¢ and then we extend this configuration by repeated reflection
along planes given by {x € R : ¢; -2 = n} for some n € Z and 1 < i < d. Since we assumed
that L is even this defines a configuration in {1,¢}E(z).

To clarify the setting we consider a concrete example in dimension d = 2. We consider the
patterns k! with k. = 1 for every edge, k9 with k¢ = ¢ for every edge and the mixed pattern
k™ sketched in Figure [5.4] which can be formally defined by k. = 1 iff and only if one of the
endpoints of e has two even coordinates (this is well defined for L even). Since the number of
trees on 77, is clearly bounded by 22L% we obtain

2

Fr(k?) < —2In(p) + % In(q) + In(2),

Fr(k') < —2In(1 — p) + In(2).

(5.7.3)

To estimate the free energy of k" from below we construct a tree by choosing a spanning forest
on the subgraph induced by the ¢-edges which can then be extended to a tree on Tp. For ™
this construction yields a tree ¢ containing %LQ — 1 edges e € t with ke = q. Hence,

312 -1

Fr(s™) > —1In(p) —In(1 — p) + 2

ST In(q). (5.7.4)

Together these estimates imply

%ln(q) - 122? ~In(2).

(5.7.5)

FL(5™) — min(Fp (), Fo(59)) > FL(5™) — 5(Fu(s") + Fu(s7) >
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In the thermodynamic limit the middle term vanishes and we see that as ¢ becomes large there is
an increasing energy gap between the free energy of the inhomogeneous pattern compared to the
free energy of the optimal homogeneous pattern uniformly in p. This is the result of Theorem 3.3
in 32| for the pattern ™.

Let us sketch how to extend the result to a general pattern k" with periodic structure as
described above. The generalisation of the free energies of the homogeneous patterns to d > 2 is
straightforward

d_ n
Fo(?) < ~dn(p) + 2P n(g) + T2 o
Fi() < (1 - p) + T2,

where we used that there are at most 2B(T)l = 2927 {rees on Tr. Let Ny denote the number
of vertices in 4 that are endpoint of an edge e € E(Q4) with k" = ¢ (call them g-vertices)
and N be the number of edges e € Q4 that satisfy k' = ¢q. The subgraph H of T}, induced by
the g-edges of kM and its endpoints has LYNy /2¢ vertices (every vertex is contained in 2% cells
(translates of Qg)) and LYNg /2771 edges (every edge is contained in 2971 cells). Moreover, due
to the construction by repeated reflection of k™ each connected component of H has at least L
vertices. We denote the connected components of H by C(H). We can find an acyclic subgraph
of H with

_ LNy 1LINy LNy
2 L 24 — 2d

V(H)| - [C(H)| (1-L7h (5.7.7)

edges that can be extended to a tree on T7,. We estimate the sum in (5.7.2) by the contribution

of this tree and obtain the estimate

m Ng d2¢-! — Ng LNy (1 — L7
Fr(s™) > ~ a1 In(p) — T In(1 —p)+ a1 In(q). (5.7.8)

This implies for k™ ¢ {x!, K9}

: d2' — N
Fi(s™) = min(Fr (s'), FL(r9)) 2 FL(5™) = =g

-1
> (M - - 1 i) -

FL(/fl) — WFL(H(])

(5.7.9)

1
dNy — 2Ng)In(q) — o7 In(q) —

dIn(2)
-=2

> |

1

1
> -
2 —oa 10(4) = 57 In(g)

In the second to last step we bounded Ny < 2¢_ In the last step we used that dNy — 2Ng counts
the number of edges e € Qg (with multiplicity) such that xI* = 1 that are going out of one of
the Ny g-vertices, i.e., vertices that are incident to a ¢-bond. Since x™ is not homogeneous this
is at least 2 with equality if there is only one edge e in Q4 such that x]* = 1. We conclude that
there is an energy gap uniformly in ™ and p € [0, 1] that diverges as ¢ — oco. Note that the
prefactor of ¢ is optimal and we recover the optimal scaling 1/8 In(q) for d = 2 as in Theorem
3.3. in [32].
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Figure 5.5: Sketch of the free energies of the homogenous patterns as a function of their tilt.
The dashed line is a sketch of their lower convex envelope.

Extension of the scaling limit result. The correlation inequalities derived in Section
might be useful to extend the scaling limit result from [33] to certain measures p on (0, 00) with
non-compact support. They can be used to derive a priori bounds on the sk-marginal for any
Gibbs measure fi of the random conductance model. Then one could use the recent sharp results
for invariance principles and heat kernel estimates for random walks in random environment
shown in [6, 7).

For a specific example this was done in |[151]. Note, however, that the proof for the passage
from extended gradient Gibbs measures to Gibbs measures for the random conductance model
stated in Proposition cannot be directly generalised to p with support that extends to 0
or oo.

Models with disorder. It was suggested by Codina Cotar to consider models with disorder
in this setting in dimension 2, i.e., in the simplest case (pe)ccr(z2) € [0, 1/BZ) s a set of i.i.d.
random variables. Aizenman and Wehr showed that there is no phase transition in d = 2 for
several models with disorder including the Ising model [5|. The basic heuristic given by Imry and
Ma is that the energy fluctuations in a domain |A| are of order \/W while the strength of the
symmetry breaking is bounded by C|0A|. This lead to the prediction that symmetry breaking
cannot persist in the presence of disorder in d = 2 where both terms are of the same order.

It might be possible to extend this result to our setting. Here the correlation inequalities are
very helpful because they introduce an ordering on the phase space. This potentially simplifies
the proof, e.g., for the Ising model a streamlined proof can be found in [37]. While the lower
bound on the fluctuation of the disorder rely on general abstract arguments the bound for the
strength of the symmetry breaking is more model dependent. Here one might bound this energy
using techniques similar to the proof of Lemma [5.5.3

Non-zero tilt The most interesting extension would be results about the model at non-zero
tilt. This work and all earlier works heavily rely on the assumption of zero tilt. As discussed in
[33] the main problem is that one needs to understand the behaviour of the corrector for non-zero
tilt. This becomes also apparent in the proof of Proposition [5.4.17| (see (5.A.5))).

Let us provide a simple heuristic about the behaviour of the model with non-zero tilt if
p = pdy + (1 — p)dy and ¢ large. Note that for large ¢ typically the measure is concentrated on
almost homogenous confiqurations of & for zero tilt. The thermodynamic limit of the free energy
of the homogenous configurations can be easily evaluated (see |32]) and one obtains for some
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constant ¢ € R

1 2
F(k%,u) = —2In(p) + néq) + q|u2‘ +c, (5.7.10)
1 Jul?
F(k*,u) = —2ln(1—p)—|—7+c. (5.7.11)

Those functions are plotted for p > pgq in Figure If the x-marginal is mostly homogenous
we expect the free energy to be approximately the lower convex envelope of those two functions.
In particular there might be a linear piece of the surface tension. This would be in contrast
to convex potentials or the setting considered in Chapter [3| where the surface tension is strictly
convex. For tilts u in the linear region one could conjecture that there is no translation invariant
and ergodic Gibbs state because the tilt might not concentrate in the thermodynamic limit.
Instead every infinite volume Gibbs state might be a mixture of a state with mostly 1-bonds
and tilt w; with |u1| > |u| and a state with mostly g-bonds and tilt u, with |ug| < |u|. This
is, however probably very difficult to investigate because this is not a bulk phenomenon but one
needs to understand, roughly speaking, the free energy up to surface order.

5.A Proofs of Proposition [5.4.17| and Proposition 5.4.18

In this section we pay the last remaining debt of proving two propositions from Section [5.2]

Proof of Proposition[5.4.17 For \ € {l,q}E(Zd) and E C E(Z%) finite we define the cylinder

event
AQp) = {r € {1,¢}%®) : kp = Ap} € Fp. (5.A.1)

With a slight abuse of notation we drop the pullback from the notation when we consider the
set m, L(A(\g)) C REZY x {1,¢}B@" . Since all local cylinder events in F can be written as a
union of events of the form A(\g,) it is by Remark sufficient to show

i(A(Ae,)) = Vg, (A(AE,)) (5.A.2)

for all L,n >0 and all A € {1,¢}EZ"). Using the quasilocality of 4 and Remark 4.21 in [92] it
is sufficient to consider L = n and we will do this in the following. We are going to show this
claim in a series of steps.

Step 1. We investigate the distribution of the x-marginal conditioned on wpg, .

Since f1 is a gradient Gibbs measure we know by (5.3.2)) that for w € RE(Zd) and k € {1, q}E(A)
~ 1 K s(k —ken? W ¢ Z(k,w
(A (k) | EBA)) (W) = Z/Ph( 1 =py® T e v ®®(dn) = (,w) (5.A.3)
ecE(A)
where Z is the normalisation and
Z(k,w) = / PO =y T e 2% v (an) (5.A.4)

ecE(A)

denotes the partition function corresponding to the configuration . Let ¢ € RZ’ be the config-
uration such that V¢ = w and ¢(0) = 0. We denote by x, the corrector of &, i.e., the solution
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of V*kVx, = 0 with boundary values ppe. A shift of the integration variables and Gaussian

calculus implies (see also (5.3.4))

P —p)*

det 27 (AAY)—1

Z(/i,w) = Z(K), 0)6_%(VXK7’{VXH)E(A) — 6_%(VXH75VXK)E(A)

(5.A.5)

where 0 is the configuration with vanishing gradients, i.e., 0. = 0 for e € E(Z¢). The necessary
calculation to obtain basically agrees with the calculation that shows that the discrete
Gaussian free field can be decomposed in a zero boundary discrete Gaussian free field and a
harmonic extension. We now restrict our attention to A = Ay = [N, N]¢NZ% for N € N. We
introduce the law of the k-marginal for wired non-constant boundary conditions for x € {1, ¢}~
by

N (k) = 2222 (5.A.6)

Note that ﬂ}\’,@ = i}, where i}, was defined in ([5.4.36)).
Step 2. In this step we are going to show that there is Ny € N depending on n such that
for N > Ny and uniformly in A € {1, ¢}BE"

(A0 | AGEE)) - T (AOE) | AGe0E)) <2 (AT

i.e., the boundary effect is negligible. We start by showing that typically the difference between
the corrector energies for configurations xk and K that only differ in E, will be small. This
will allow us to estimate the difference between fi}, and ﬂ]l\’,w conditioned to agree close to the
boundary.

Recall that we consider the case that A = Ay is a box. The Nash-Moser estimate stated in
Lemma [5.B.1] combined with the maximum principle for the equation V*kVy, = 0 imply for
b e E, and some a = a(q) >0

C (maxzepny P(T) — mingesny ©(y))

<
|VXH(b>| — ]N—n]a

(5.A.8)

We introduce the event M(N) = {w : maxzegn, p(z) — mingeary ¢(y) < (InN)3}. Consider

configurations k, &k € {1, q}E(Zd) such that k. = k. for e ¢ E,. Using the fact that the corrector
is the minimizer of the quadratic form (Vxx,kVxx)E,y with given boundary condition we can
estimate

(Vi KVXR)Ex < (VX 6V XR)EN < (VXA EVXR) BN + \Enlqbsuby Vxzl*. (5.A.9)
€l

From (5.A.8)) we infer that for N > 2n and ¢ € M(N)

(In N)3
Ne

(VX KV Xk)Exy — (VXR, KV XR)EN| < C|Enlq (5.A.10)

By choosing N1 > 2n sufficiently large we can ensure that for N > Ny, ¢ € M(N), and uniformly
in k, Kk as before

1— e < e2(VxenVan)oy =3 (VX AVXR)Ey < 1 4 ¢, (5.A.11)
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Using this in (5.A.5)) we conclude that for N > Ny V2n,w € M(N), e < 1/3, and X € {1,q}E(Zd)

A (A, | AQs i) — ik (A0, | A(AEN\ETL))\ Syo<se (ALY
This implies
(AR | AQsy-5) N M(N)) = ik (AR | AQg5,))| < 3 (5.A.13)

From Lemma below and Proposition [5.4.19 we infer that for an extended gradient Gibbs
measure /i associated to an ergodic zero tilt Gibbs measure p and any A € {1, q}E(Zd)

ﬁ(M(N)C | A()\EN\EH)) < H(CN) <e (5.A.14)

for all N > Ny and N» sufficiently large. We conclude that for N > Ny := N1 V Na V 2n

’;j(A(AEn) | A()\EN\EH)> — iy (A(/\En) | A()\EN\En))‘

< g(M(N) | A(AEN\En)) ‘ﬂ(A()\En) | AQAp\E,), M (N)) — iy (A(AEn) | A(AEN\EH)

# A(MOVF A8 [7(ACE) | AG 7). M) = ik (A | A,

<3¢ +¢e=4e.
(5.A.15)

Step 3. Using the previous results we can now finish the proof. We rewrite
i(ACs)) = Y A(AGhng))i(AOR) | Ak, 5,))
U’E{l,q}EN\E"

= > Y i(AChe) N AlE)E(ACE) | AT g,))

o'e{1,q}PN\En oe{1,q}FN

= 3 a(ACE))A(ACE) | Awpr)):
retbaTy (5.A.16)

The identity above and the fact that 7 is proper imply adding and subtracting the same term

‘ A(AOE)) -, (AOs,)) ’

:‘ > ﬂ(A(UEN))ﬂ(A(AEn) | A(UEN\EH)) —/M(d'@)lA(oEN)("é) VEn (A()‘En)v”")

oe{l,g}FN

<| Y a(Als)i(A0E) | Alpag,)) ~i(A0e))75 (A, o8y )

oe{l,g}FN

H X a(Aln))i (A0s) omy) ~ [ (A9 Las () 5, (AGE).K)|
oe{l,g}FN

(5.A.17)
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We continue to estimate the right hand side of this expression. We start with the first term.
Since ﬂ/lxN is a finite volume Gibbs measure (see (5.4.53)) we have for A € Fg,,

_ _ 7A1U
ihy (A 1A NR)) = ih, (A | Fis ) (0my) =75 (A, 0my). (5.A.18)
Using this and the bound (5.A.7)) we obtain for N > Ny
_ _ _ _AY
> a(Aln))i(ACs) | Alop,p,)) — i(Aln,)) 75 (AQE,) o5y )
oe{l,q}FN

< Z ﬂ(A(UEN)> ‘N(A(/\EL) \ A(UEN\En)) — i, (A()\EN) \ A(UEN\En))'
oe{l,g}FN

< e Z /](A(UEN)> < Ae.

oe{l,q}PN

(5.A.19)

We now address the second term on the right hand side of ((5.A.17)). By Lemma [5.4.16| there
is N3 such that for N > N3 and any A, 0 € {1, Q}E(Zd)

_ _AY
Vg, (0,A) =7 (0, A)] < e. (5.A.20)
This implies for N > N3

> a(Awm)) 7 (A0w)K) = [ AADLA (0 75, (A0,).5)

oe{l,q}EN

< ¥ /ﬂ(dn)lA(UEN)(n) ‘ﬁgf (AOE), 8y ) = T, (A(/\En),f"v)’ (5.A.21)
oe{l,g} "N

<e Y ﬂ(A(aEN))gE.

oe{l,q} BN

Using (5.A.17), (5.A.19)), and (5.A.21) we conclude that for any € > 0

i(A0)) - 7, (A0)) | <5 (5.4.22)
This ends the proof. O

The following simple Lemma was used in the proof of Proposition 5.4.17]

Lemma 5.A.1. Let )\ € {1,q}E(Zd) and denote by ©* the centred Gaussian field on Z with
©(0) = 0 and covariance A;l. Then ¢ satisfies

P( max ¢*(z) — min @ (y) > (1nN)3) <C(lnN)™L (5.A.23)
z€OAN yeOAN
Proof. We use the notation 1 € {l,q}E(Zd) for the configuration given by 1. = 1 for e € E(Z).

The Brascamp-Lieb inequality (see [38, Theorem 5.1]) implies for the centred Gaussian fields o
and ¢! that

E((p*(@) ~ ¢*(0))?) <E((¢'(2) ~ " (0))?) < {Chl(!:vl) for d = 2

(5.A.24)
C for d > 3.
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It is well known that for a centred Gaussian random vector X € P(R™) with E(X?) < o2 the
expectation of the maximum is bounded by

E(max X;) < ov2Ilnm. (5.A.25)

We use this for the Gaussian field ¢* and conclude that

CIn(N)? ford="2
E —¢*0)) < 5.A.26
(mrenaaAXNLp () = )> - {Cln(Ndl) for d > 3. ( )

A simple Markov bound implies that there is C' = C(d) > 0 such that

AMx) — > 3 < - A
P <mr€1}%\XNcp (x) yé%lj{lNcp AMy) > (InN) ) <C(InN) (5.A.27)

O
It remains to provide a proof of Proposition We will only sketch the argument.

Proof of Proposition[5.4.18 First we remark that the law of (k, V") is a Borel-measure on

{1, q}E(Zd) X Rg}(zd). This follows from Carathéodory’s extension theorem and the observation
that for a local event A € Eg with E C E(Z9) finite the function k — g~ (A) is continuous (this
can be shown using Lemma. By Remark it is sufficient to prove that iy, = fi for all
n. To prove this we use an approximation procedure. We fix n and define for N > n a measure

d w
fin on RE(Z x {1, q}E 2% as follows. The k- marginal of iy is given by iy = [fygg where as
before we extended 7 £ to a proper probability kernel on {1 q}E . For given &, let ©" be the
centred Gaussian field with zero boundary data outside of A ~ and covariance (AQ;VN)_l where

AQ}?N was defined in Section . The measure fiy is the joint law of (k, ") where x has law
fy- We claim that for N > n

finda, = fix- (5.A.28)
We prove this by showing the statement for the measures ,L]N( . |A()‘EN\En)) for every config-
uration A € {1, q}E(Zd). To shorten the notation we write iy = fiy( - |A(Agy\£,))- By defini-

tion of iy the p-field conditioned on x has density exp(—2 (¢, AQ%(,O))/ det 2%(&2%)_1 dese

N
where dpa = [[,cp des denotes the Lebesgue measure. This implies for B € B(R*) and
o< {1,q}E(Zd) such that OBN\En, = )\EN\En

exp(—3 (¢, Aan

T de (5.A.29)
\/ det 27

We use the definition of iy and the fact that specifications are proper to rewrite

/lf‘\,(cp €B,k ¢ A(O’EN)> = A(opy) /

i (A(UEN)> _ ﬂ’?gf(AAEﬂUEN) N A()\EN\En)> _ <1A(/\E jE ()7 AY (A(UEN,K))
i (Alhez) A(AOeE) (5.A.30)
AR 1 p h(o, EN)(l _ p)s(o,EN) ‘ o

= ﬁEiv (UEN’ /\EN) - 1UEN\En =ABN\En 7. Z AW
\/ det AN
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Note that

70'e7]z 7"16”73

pheded (1 p)sloded) =255 _ / p(dre) e "5 (5.A.31)
{oe}

The last three displays, a summation by parts, and (5.3.6)) lead us to

- 1 _oenz
vty €Bo € Alos)) = Gomagiz /ph(U’EN)(l‘W(J’EN) I e deg
NI“A /B ecEN

1/ _ren?
=— [ dypo / p(dre) e "2 .
Zy Js TN JA(or,) H (dre)

ecbEN

(5.A.32)

Combining this with the definition (5.3.2) we conclude that for o/ € {1,q}®#" such that

9

OJEN\En = )\EN\En and w € Rg such that wpgg, = 0

i (B x A(ory) [4s; ) (w,0))

1 / wpe / _KkenZ
= vy " (dn p(dke 0o (dKe e 2
2 o atian [, T ptaw) T ot TT

i ecEy e¢Ey, ecEN

= YA, (B X Alogy), (w, ‘7/)>‘

(5.A.33)

This implies ﬂf‘v’yAn = /]j\\, and follows directly.

It remains to pass to the limit in equation , i.e., we show that the right hand side
converges in the topology of local convergence to i and the left hand side to iy, ~thus finishing
the proof. We only sketch the argument. Since 7(A,-) is a measurable, local, and bounded
function if A is a local event it is sufficient to show that fiy converges to i locally in total
variation, that is for every A cc Z¢

lim sup |an(A) —@(A)] =0. (5.A.34)
N—o0 AEAE(A)

Where we used the o-algebra Ag on Rf(zd) x {1, q}E(Zd) defined in Section as the product of
the pullbacks of £ and Fg. We first consider the x-marginals of finy and . They are given by
by = [fygiv and fi = [iyp, where we use that fi is a Gibbs measure. We can estimate the total
variation of those two measures by

__A'w o _A/w _
17EY — g, lltv < sup sup Vg (A, k) — g, (A, k)|
re{1,}E@H Ac{1,¢}EEH (5.4.35)
<2l sup N (0,R) — A, (0, ) o

oke{1,g}BEH

In the second step we used that the specifications are proper thus we can assume A C A(kge)
and use that |A(kgg)| < 21l Using Lemma [5.4.16| we conclude

A/IU
1' [l — U fd 1 i~ N _ i~ — O
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We address the np-marginals of the measures i and jiy. We write (- | k), ain(- | k) € P(Rg‘(zd))

for the conditional distribution of the 7-field for a given x € {1, ¢}E( (") From the construction

this is well defined for every k. We define the centred Gaussian field go“ by ¢"(0) =0 and its

covariance (A,) ! and the centred fields ¢%; pinned to 0 outside of Ay with covariance (Ax N) !

and we denote their gradients by 7* = V™ and nf = V¢45;. Note that by definition of i and
fiy the law of " and 7y, coincides with fi(- | k) and fix(- | k). Fix an integer L. We introduce
the Gaussian vectors X* = (¢"(z) — ¢"(0))zen, and Xy = (@R (x) — ¢%(0))zen, . Note that
given X", X7 the gradient field " [g,,) respectively ny g, ) can be expressed as a function
of X* and X% respectively. This implies that

sup iy (B | k) — (B | #)| < X" = X5 rv. (5.A.37)
BESE(AL)

Theorem 1.1 in [71] states that the total variation distance between two centred Gaussian vectors
Z1, Zy with covariance matrices 31 and X9 can be bounded by %]21_122 — 1| where |- |r denotes

the Frobenius norm. Using this theorem and the uniform convergence of the covariance of nj; to
the covariance of n* stated in Lemma we conclude that

lim sup |in(B|k)—A(B k)| < lim [ X* — X{|rv = 0. (5.A.38)
N—o0 Be€p(a,) N—o0

We denote for a set A € Aand k € {1, q}E(Zd) by A, the intersection of A and the line through
K, e, Ax = {n € RE@) . (5 k) € A}. Using disintegration, (5.A.36), (5.A.38), and the
dominated convergence theorem we estimate

lm s [iy(4) - ()
— 00 AEAE (Ap)

~ lim  sup / A(dr) i(Ax | ) — / iy () fine (A | %)

%OOAEAE(AI)

< tim s [ [ 0) - (A 5) (5.A.30)
_HX)AE.AE(AL)

+ lim  sup
N—o00 AGAE(AL)

/ A(ds) fin (A | 5) — / fing () iy (A | 5)

< tim [ fdr) | X5 = Xl + Tim (|7 - fiyllry = 0.
N—oo
We conclude that for any local event A

FA) = Jim fiy(A) = Jim fiya, (4) = i, (4). (5.A.40)
— 00 N—oo

5.B Estimates for discrete elliptic equations

In this appendix we collect some regularity estimates for discrete elliptic equations. We
consider as before uniformly elliptic x : E(Z?) — Ry with 0 < ¢ < ke < ¢y < oo for all
e € E(Z%). We denote corresponding set of conductances by M(c_,cy) = [c_, c+]E(Zd).

Next we state a discrete version of the well known Nash-Moser estimates for scalar elliptic

partial differential equations with L°° coefficients.
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Lemma 5.B.1. Let 0 < c_ < cy <oo, ACZ% and k € M(c_,cy). Letu: A — R be a solution
of

—V*kVu=0 1inA (5.B.1)

Then there are constants o = a(c—,cy,d) and C = C(c—,cy,d) such that the following estimate
holds for x,y € A

) ~u)| < Clullmny (30 gt o7 5.82)

Proof. This is Proposition 6.2 in [68]. O

Moreover we state some consequences for the Green’s function of uniformly elliptic operators
in divergence form. We define the Green’s function G : Z% x Z% — R as the inverse of A, i.e.,
G, satisfies for d > 3

AHGH('7y) = 5y7 lim G/{(xay) =0. (5B3)

It is well known that such a Green’s function does not exist in dimension 2, however the derivative
V.,iGx does exist in dimension 2, in particular one can make sense of expressions as Gy (x1,y) —
G.(x2,y). Formally one can define VG, by adding a mass m? to the Laplace operator, i.e.,
consider the Green’s function of A, 4+ m? and then send m? — 0. The following estimates hold
for the Green’s function.

Lemma 5.B.2. For any d > 3 and xk € M(c_, cy) the estimate

C

holds where the constant C' depends only on c_, cy, and d. Moreover there exist a > 0 depending
on cy/c_,and d and C depending on c_, cy, and d such that for d > 2

VaGr(z,y)| < (5.B.5)

|3;. _ y|d72+a’

C

VeV Gl 9)l < T ara

(5.B.6)

Proof. These estimates are well known. Estimates for the corresponding parabolic Green’s func-
tion are called Nash-Aronson estimates and they can be found, e.g., in Proposition B.3 in [94].
Integrating the bound for the parabolic Green’s function implies . The estimates
and follow for d > 2 from and Lemma For d = 2 one can bound the
oscillation of the Green’s function using Nash-Aronson estimates and the parabolic Nash-Moser
estimate. In particular as shown, e.g., in [9, Chapter 8] there is a constant C' = C(c_, cy) such
that for all » > 0

sup |Gk (z,0) — Gi(y,0)| < C. (5.B.7)
z,y€B2,(0)\Br(0)

Lemma then implies (5.B.5) and (5.B.6]). O
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The previous results allow us to bound the difference between the Green’s function in a set
with Dirichlet boundary conditions and the Green’s function on whole space. We define the
Green’s function G2 : A x A — R with Dirichlet boundary values in finite volume by

AGA(Ly) =6, in A,

w 5.B.8
GA(x,y) =0 for x € OA. ( )

For clarity we write G%d = G, in the following.

Lemma 5.B.3. Let 0 < c_ < cqy < o0 and R > 0, then

. w d
lim  sup sup [(Sases — 0 GAF (Gpe, — 0y)) - (5%81. 60, GZ (Bye; — @))( —0.
n O%,yeBR(g) KEM (c—,c4)
1<i,5<

(5.B.9)

Remark 5.B.4. Note that the two scalar products can be rewritten as Vx,ivy,jGQ% (z,y) and
vay,jG%d (z,y). This expression agrees with the gradient correlations of a Gaussian field:

Eatit)or (eatelyyie;) = VaiVy Gt (2,y). (5.B.10)

A similar equation holds when AY is replaced by Z%. Thus the lemma implies local uniform
convergence of the covariance matriz of those two gradient Gaussian fields.

Proof. The difference of the Green’s function in d > 2 can be expressed through the corrector
Yrny : Ap — R that is defined by

G2 (1 y) = GZ (1Y) — Prmy () (5.B.11)

Using the definition of the Green’s function we obtain that the corrector satisfies

o

Apprny =0 in A,

d (5.B.12)
Pony(r) = GE (z,y) for x € IA,,.
The estimate (5.B.4)) in Lemma now implies
C
(5.B.13)

<
[Phiny ()] < |dist(y, OA,)|4—2

for z € OA,. By the maximum principle for A, the bound extends to all z € A,,. The claim
then follows from

(61‘+5i — 0g, Gfd (5y+ej - 5y)) - (5:v+ei — O, GQ%U (5y+ej - 5y))

= Pr,ny (33) t Prnyte; (:U + ei) - 901@7%2!(35 + ei) ~ Pranyte; (w)
= Vigpn,n,erej (':E) - vi(pﬁ’n7y($)-

(5.B.14)

The extension to dimension d = 2 is again slightly technical. We can define

Prmy(s) = (Gid(-, y) — Gid(y,y)> — G (). (5.B.15)
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The corrector satisfies

Akprny =0 in /O\n

Ormy(®) =Gy (v,y) — G (y,y) for x € OA,.
Using (5.B.7) we can bound for y € B,,/5(0)
Max Qppy(r) — min @y, (z) < C. (5.B.17)

€I, €I\,

Lemma, implies Vg ny(r) < Cn~* for x € A,/ and we can conclude using (5.B.14). O
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