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Preface

This book provides an introduction to a mathematically rigorous renormalisation
group method which is inspired by Kenneth Wilson’s original ideas from the early
1970s, for which he was awarded the 1982 Nobel Prize in Physics. The method has
been developed and applied over the past 10 years in a series of papers authored
by various subsets of the present authors, along with Martin Lohmann, Alexandre
Tomberg and Benjamin Wallace.

We present the general setting of the problems in critical phenomena that have
been addressed by the method, with focus on the 4-dimensional |¢|* spin system
and the 4-dimensional continuous-time weakly self-avoiding walk. We give a self-
contained analysis of the 4-dimensional hierarchical |¢|* model, which is simpler
than its Euclidean counterpart but still reveals many of the ideas and techniques of
the renormalisation group method. We comment on, and give detailed references
for, the extension of the method to the Euclidean setting in Chap. 12. The book is
intended to be a starting point for a reader who may not have prior knowledge of the
renormalisation group method.

The book originated from lecture notes that were prepared for courses at several
summer schools. Subsequently, the lecture notes were significantly developed and
rewritten. The courses were given at:

e The Summer School in Mathematical Physics, Analysis and Stochastics, Univer-
sitdt Heidelberg, July 21-26, 2014

e The MASDOC Summer School on Topics in Renormalisation Group Theory and
Regularity Structures, University of Warwick, May 11-15, 2015

e The Third NIMS Summer School in Probability: Critical Phenomena, Renor-
malisation Group, and Random Interfaces, National Institute for Mathematical
Sciences, Daejeon, June 15-19, 2015

e The Workshop on Renormalization in Statistical Physics and Lattice Field
Theories, Institut Montpelliérain Alexander Grothendieck, August 24-28, 2015

e The EMS-IAMP Summer School in Mathematical Physics: Universality, Scaling
Limits and Effective Theories, Rome, July 11-15, 2016
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e The Bilbao Summer School on Probabilistic Approaches in Mathematical
Physics, Basque Center for Applied Mathematics, July 17-22, 2017

We are grateful to Manfred Salmhofer and Christoph Kopper in Heidelberg; to
Stefan Adams in Warwick; to Kyeong-Hun Kim, Panki Kim and Hyunjae Yoo in
Daejeon; to Damien Calaque and Dominique Manchon in Montpellier; to Michele
Corregi, Alessandro Giuliani, Vieri Mastropietro and Alessandro Pizzo in Rome;
and to Stefan Adams, Jean-Bernard Bru and Walter de Siqueira Pedra in Bilbao for
organising these events and for the invitations to lecture.

We are especially grateful to Alexandre Tomberg who gave tutorials for our
courses in Heidelberg and Daejeon and to Benjamin Wallace who gave tutorials in
Bilbao. Each has contributed in several ways during the early stages of the writing
of this book.

This work was supported in part by NSERC of Canada, by the US NSF under
agreement DMS-1128155 and by the Simons Foundation.

Cambridge, UK Roland Bauerschmidt
Damariscotta, ME, USA David C. Brydges
Vancouver, BC, Canada Gordon Slade

June 28, 2019



Notation

Throughout this book, we use the following notational conventions:

x = o(y) means that x/y — 0 as y — yg, where yp is supplied by the context.
x = O(y) means that there exist C, § such that |x/y| < C for |y — yg| < 8,
where yg is supplied by the context.

x = O;(y) means that x = O(y) as y — yo with z fixed, where y is supplied
by the context.

A ~ B means A = B(1 +o(1)).

A = B means C~'A < B < CA for a universal constant C > 0.

A &« B means A = c¢B for some constant ¢ > 0 (which can depend on
parameters).

For x = (xi)ic; and y = (yi)ier, we write (x, y) = Ziel X;yi, where the index
set [ is supplied by the context.

Some commonly used symbols are listed in the index.

vii
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Part I
Spin Systems and Critical Phenomena



Chapter 1 )
Spin Systems s

1.1 Critical Phenomena and the Renormalisation Group

The subject of critical phenomena and phase transitions has fascinated mathemati-
cians for over half a century. Interest in these topics is now as great as ever, and
models such as percolation, the Ising model, self-avoiding walk, dimer systems,
and others, are prominent in mathematical physics, in probability theory, and in
combinatorics. The physically relevant and mathematically most interesting aspects
of the subject centre on universal quantities such as critical exponents. These
exponents describe the large-scale behaviour of a system of strongly dependent
random variables as a parameter governing the strength of dependence, such as
temperature, varies near a critical value at which long-range correlations suddenly
appear. The critical exponents are independent of many details of how a model
is defined, and for this reason models which are crude in their treatment of local
interactions can nevertheless provide accurate information about the large-scale
behaviour of real physical systems.

An extensive but incomplete mathematical theory of 2-dimensional critical
phenomena has been obtained in recent decades, particularly with the advent of
the Schramm-Loewner Evolution at the turn of the century. In high dimensions,
namely dimensions d > 4 for spin systems and self-avoiding walk, there is
a well-developed theory of mean-field behaviour, based on techniques including
reflection positivity, differential inequalities, and the lace expansion. The physically
most relevant dimension, d = 3, has proved intractable to date and remains an
outstanding challenge to mathematicians.

The upper critical dimension, d = 4, is borderline in the sense that mean-field
theory predicts the correct behaviour in dimensions d > 4, but not d < 4, and
typically this borderline behaviour involves logarithmic corrections to mean-field
scaling. Dimension 4 is also the reference for the e-expansion, which has provided
heuristic results in dimension 3 by viewing d = 3 asd = 4 — € withe = 1.
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This book concerns a method for analysing 4-dimensional critical phenomena and
proving existence of logarithmic corrections to scaling. The method has also been
applied to lower dimensions via a version of the e-expansion for long-range models.

In the physics literature, critical phenomena are understood via the renormalisa-
tion group method developed by Kenneth G. Wilson in the early 1970s. Wilson
received the 1982 Nobel Prize in Physics for this development. Inspiring early
references include [88, 156]. Although Wilson’s renormalisation group method
is now part of the standard toolbox of theoretical physics, there remain serious
challenges to place it on a firm mathematical and non-perturbative foundation.
This book presents a renormalisation group method, developed by the authors,
which is applicable to the 4-dimensional n-component |¢|* spin system and to the
4-dimensional continuous-time weakly self-avoiding walk. The latter is treated rig-
orously as a supersymmetric “n = 0” version of the former. To simplify the setting,
we present the method in the context of the 4-dimensional n-component hierarchical
l¢|* model. Discussion of the self-avoiding walk is deferred to Chap. 11.

Extensions of the methods used in this book can found in [19-21, 24, 27, 118,
143, 144] (for n > 0). Alternate approaches to the 4-dimensional l¢|* model using
block spin renormalisation can be found in [98, 99, 105, 108] (for n = 1), and
using phase space expansion methods in [84] (for n = 1). We make no attempt
to provide a thorough review of the many ways in which renormalisation group
methods have been applied in mathematical physics. The low-temperature phase
has been studied, e.g., in [14, 15]. Renormalisation group methods have recently
been applied to gradient field models in [5], to the Coulomb gas in [82, 83], to
interacting dimers in [101], and to symmetry breaking in low temperature many-
boson systems in [16]. The books [30, 122, 133, 139] provide different approaches
to the renormalisation group, and [102] contains useful background.

Two paramount features of critical phenomena are scale invariance and univer-
sality. The renormalisation group method exploits the scale invariance to explain
universality. This is done via a multi-scale analysis, in which a system studied at
a particular scale is represented by an effective Hamiltonian. Scales are analysed
sequentially, leading to a map that takes the Hamiltonian at one scale to a
Hamiltonian at the next scale. Advancing the scale gives rise to a dynamical system
defined by this map. Scale invariance occurs at a fixed point of the map, and
different fixed points correspond to different universality classes. The analysis of
the dynamical system at and near the fixed point provides a means to compute
universal quantities such as critical exponents. In the physics literature, the analysis
is typically performed in a perturbative fashion, without control of remainder terms.
A mathematically rigorous treatment requires full control of nonperturbative aspects
as well.

This book presents a self-contained and complete renormalisation group analysis
of the 4-dimensional n-component hierarchical |¢|* model. We have set up the
analysis in a fashion parallel to that of its Euclidean counterpart in [19, 21]; the
Euclidean version involves additional ingredients which make its analysis more
involved. In Chap. 12, we indicate the main differences and provide references for
the Euclidean analysis.
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A spin system is a collection of random variables, called spins, which we denote
(¢x)xen or (0x)xea. In the examples we discuss, the spins are vectors in R”. The
spins are indexed by a set A, which we initially assume to be finite, but large, and
ultimately we are interested in the infinite volume limit A 1 Z¢. The distribution
on spin configurations is specified in terms of an energy H (¢) or H (o). We discuss
four examples of spin systems in this chapter: the Ising model, the mean-field model,
the Gaussian free field, and the |¢|* model.

1.2 Ising Model

The prototypical example of a spin system is the Ising model, which is defined
as follows. Given a finite box A C Zd, an Ising configuration is 0 = (0y)xeA,
oy € {—1, 1}, as depicted in Fig. 1.1. With e one of the 24 unit vectors in Zd, we
define the discrete gradient and Laplacian of a function f : Z¢ — C by

e 1 —exye e
(Vfhx=fre=foo (A==, 3 VVfe= 3 Vifio (2D

e:le|l=1 e:le|l=1

An energy is associated to each configuration o by

1
Ho.a(0) =, Z Z(vea)i, (12.2)

e:le|=1xeA

together with a boundary contribution fixing the spins on the outer boundary of A.
Let E® be the set of edges {x, y} where x, y are nearest neighbour lattice sites. The
energy (1.2.2) is twice the number of edges in E® whose spins disagree. Up to an
additive constant, it can also be written as — Z{ x,y}eE@ OxOy.

The probability of a configuration o is given by the finite-volume Gibbs measure

Pr (o) oc e Hoa@IT TT (85, 41+ 86, 1), (1.2.3)

xeA

Fig. 1.1 A configuration of N N A
the Ising model N N
N R A
N A A
L R A NN
A A A A A A N
N N A N
L R N NS A
N R N
N N A A
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Low temperature 7 < T, Critical temperature 7' = T, High temperature 7 > T,

Fig. 1.2 Typical configurations of the 2-dimensional Ising model, with boundary spins fixed white
for the top half and dark for the bottom half

where T represents temperature, and where the constant of proportionality is such
that Pr 4 is a probability measure. The interaction is ferromagnetic: configurations
with more neighbouring spins aligned are energetically favourable (lower energy)
and have higher probability. The configurations with all spins +1 or all spins
—1 have the lowest energy. For higher energies there is a larger number of
configurations realising that energy, leading to a greater weight—or entropy—of
these in the probability measure. The competition of energy and entropy, whose
relative weight is controlled by the temperature, leads to a phase transition at a
critical temperature T.. For T < T, the dominant mechanism is the minimising
of energy, while for T > T, it is the effect of entropy that dominates. Typical
configurations look dramatically different depending on whether T is below, at, or
above the critical temperature 7;; see Fig. 1.2.

To model the effect of an external magnetic field h € R, the Hamiltonian
becomes

Hp 4(0) = Hoa(0) — h Zax = i Z Z(Veo)ﬁ —h Zax. (1.2.4)

xeA e xeA xeA

Associated to this Hamiltonian, there is again a finite-volume Gibbs measure with
Hy 4 replaced by Hj 4 in (1.2.3). The infinite-volume Gibbs measure Py 1 is
defined to be the limit of the measures P, 17 4 as A 1 74 . There is work to do to
show existence of the limit, which may depend on boundary conditions and fail to be
unique. Expectation with respect to P, 7 is denoted (), 7. See, e.g., [91, 100, 141]
for details about Gibbs measures.

The magnetisation is defined by M(h,T) = (oo)n, 7, and the spontaneous
magnetisation is M, (T) = limy o M (h,T). The phase transition for the Ising
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MLT) Mo (T)
M. (T) T—T,
T>T,
h Tc T

Fig. 1.3 Critical behaviour of the magnetisation

model is illustrated in Fig. 1.3. Above the critical temperature 7, the spontaneous
magnetisation is zero, whereas below T it is positive. The slope of the magnetisation
M(h, T) at h = 0 is called the magnetic susceptibility; it diverges as T | T.. More
precisely, for T > T, we define:

two-point function: 7o, (7") = (000x)0,T, (1.2.5)
correlation length:  £(T)~' = — lim n~'log 7o e, (T), (1.2.6)
n—o0
susceptibility: (T) = Z o0 (T) = 0 M, T) 1.2.7)
p y: X - Ox = 9 s h=0. 2.
xeZd
In (1.2.6),e; = (1,0, ..., 0) is a unit vector in 74 . The most subtle and interesting

behaviour occurs at and near the phase transition, where the spins develop strong and
non-trivial correlations. The scaling of these can be described in terms of various
critical exponents, as follows:

x(T)~ AT —T)™" (T | T, (1.2.8)
E(T) ~ AT —Tp)™" (T | T.), (1.2.9)

tox (T2) ~ Azlx| @240 (lx| = 00), (1.2.10)
M(h, T.) ~ Ash'/? (h | 0), (1.2.11)
M (T) ~ As(T. — T)P (T 1 T,). (1.2.12)

The critical exponents are conjectured to obey certain scaling relations, an example
of which is Fisher’s relation y = (2 — n)v. The critical exponents are predicted
to be universal. This means that they should depend primarily on the dimension d
and not on fine details of how the model is formulated. For example, the exponents
are predicted to be the same on the square or triangular or hexagonal lattices for
d = 2. The main mathematical problem for the Ising model, and for spin systems
more generally, is to provide rigorous proof of the existence and universality of the
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critical exponents. The following is an informal summary of what has been achieved
so far.

There has been great success for the case of d = 2. For the square lattice Z2,
it has been proved that the critical temperature is given by TC’1 = log(1 + v/2),

and that the critical exponents y, 8, §, n, v exist and take the values y = Z, B = é,
8 =15,n = i, v = 1. In addition, the law of the interface curve in the middle
picture in Fig. 1.2 is the Schramm-Loewner Evolution SLE3. References for these
theorems include [29, 59, 60, 129].

In dimensions d > 4, also much is known. The critical exponents y, 8, §, n exist
and take the values y = 1, 8 = é, 8 = 3, n = 0. These exponents have the same
values as for the Ising model defined on the complete graph, which is called the
Curie—Weiss or mean-field Ising model. Precise statements and proofs of these facts
can be found in [7, 8, 92, 137]. We discuss the mean-field Ising model in more detail
in Sect. 1.4.

Logarithmic corrections to mean-field behaviour are predicted for d = 4
[37, 113, 151], and it is known that there cannot be corrections which are larger than
logarithmic [8, 9]. It remains an open problem to prove the precise behaviour for
d = 4, and in this book we address some closely related problems concerning
the |¢|* model. For the hierarchical Ising model in dimension 4, a rigorous
renormalisation group analysis is presented in [109].

Only recently has it been proved that the spontaneous magnetisation vanishes at
the critical temperature for Z3 [10]. It remains a major open problem to prove the
existence of critical exponents for d = 3. In the physics literature, the conformal
bootstrap has been used to compute exponents to high accuracy [81].

1.3 Spin Systems and Universality

The Ising model is only one example of a large class of spin systems. A general
class of O(n)-symmetric ferromagnetic spin models can be defined as follows.

Let A be a finite set, and let By, = Byx be nonnegative spin-spin coupling
constants indexed by A x A. A spin configuration consists of a spin ¢, € R" for
each x € A, and can be considered either as a map ¢ : A — R” or as an element
@ € R". The bulk energy of the spin configuration ¢ is

1
H@) =, D Boloc =g+ h- o (1.3.1)

x,yeA xXeA

The constant vector & represents an external magnetic field, which may be zero. For
a given reference measure ¢ on R” called the single-spin distribution, a probability
measure on spin configurations is defined by the expectation

(F) o / F@)e 1O TT ndey). (1.3.2)
RnA

xeA
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The assumption By, > 0 is the assumption that the model is ferromagnetic: it
encourages spin alignment. When p is absolutely continuous it is usually convenient
to instead take u equal to the Lebesgue measure and equivalently add a potential to
the energy, i.e.,

1
H@) =, 3 Bolec =0 P+ 3 hoct Y wigy). (133)

X, yeA xeA xeA

We associate to 8 the Laplacian matrix Ag, which acts on scalar fields f : A —
R by

(Apfe =Y Buy(fy — fo). (13.4)

yeA

For the case where By = 1~y is the indicator that x and y are nearest neighbours
in Z, this recovers the standard Laplacian of (1.2.1). For vector-valued fields f =
(f',..., f™ the Laplacian acts component-wise, i.e., (Ap i = Ag fi. Then we
can rewrite H (¢) as

H(p) = ; Do (—Apey + Y hog+ Y we). (1.3.5)

xeA xeA xeA

Boundary terms can be included in the energy as well.

Examples are given by the following choices of © and w. Since n and w provide
redundant freedom in the specification of the model, we either specify p and then
assume that w = 0, or we specify w and then assume that u is the Lebesgue
measure.

e Isingmodel: n =1and u =41 + 1.

e O(n) model: u is the uniform measure on §"~! ¢ R".

* Gaussian free field (GFF): w(¢y) = m?|¢x|* with m? > 0.

e |o|* model: w(g,) = ig|(px|4 + ;vlgoxl2 with g > Oandv € R.

The O(n) model is the Ising model when n = 1, and it is also called the rotator
model for n = 2, and the classical Heisenberg model for n = 3.
Examples for the choice of interaction § are:

* Mean-field interaction: By, = B/|A| forall x, y € A.

* Nearest-neighbour interaction: A C Z¢ and Bxy = Bly~y.

* Finite-range interaction: A C 74 and Bxy = Blix—y|<r for some R > 1.

« Long-range interaction: A C Z¢ and Bxy X |x — y|~@+ for some « € (0, 2).
» Hierarchical interaction: discussed in detail in Chap. 4.

In appropriate limits |A| — oo, the above models typically undergo phase
transitions as their respective parameters are varied. As in the example of the
Ising model, the critical behaviour can be described by critical exponents. The
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universality conjecture for critical phenomena asserts that the critical behaviour of
spin models is the same within very general symmetry classes.

The symmetry class is determined by the number of components 7, correspond-
ing to the symmetry group O (n), and the class of coupling constants. For example,
in Z?, the same critical behaviour is predicted when the spin-spin coupling 3 has any
finite range, or bounded variance ) _;a |x |2 Box (in infinite volume), as long as p or
w has appropriate regularity and growth properties. Also, the same critical behaviour
is predicted for the O(n) and |¢|* models. A general proof of the universality
conjecture is one of the major open problems of statistical mechanics.

In the remainder of this chapter, we consider three of the above examples: the
mean-field model, the Gaussian free field, and the |<,o|4 model. For both the mean-
field model and the Gaussian free field, a complete analysis can be carried out. We
present specific instructive cases that illustrate the general phenomena. The |¢|*
model is a generic case, on which much of the remainder of this book is focussed.

1.4 Mean-Field Model

1.4.1 Critical Behaviour of the Mean-Field Model

Letn > 1 be an integer, and let A = {0, 1, ..., N — 1} be a finite set. As mentioned
in the previous section, the mean-field model corresponds to the choice B,y = /N
for the coupling constants. With this choice, the Laplacian of (1.3.4) is given by

—Ag=BP with P=1d—Q, (1.4.1)

where Id denotes the N x N identity matrix and Q is the constant matrix with entries
Oxy =N ~!. Note that P and Q are orthogonal projections with P + Q = Id. The
energy of the mean-field O (n) model is then given by

H(o) = ; Y op(—Ago)+ Y heoy. (1.4.2)

xeA xeA

The finite-volume expectation is defined by

(F)p.nN /(W)N F(o)e " [T nidoy). (1.4.3)

xeA

where the single-spin distribution y is the uniform measure on the sphere ! C
R”. In particular, for n = 1, the sphere $"~! is the set {—1, +1} and we have
the mean-field Ising model, or Curie—Weiss model. In terms of the temperature
variable T used in our discussion of the Ising model in Sect. 1.2, here g is the inverse
temperature 8 = 1/T.
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The mean-field Ising model is a canonical example which is discussed in many
books on statistical mechanics, including [28, 80, 91]. It is important for various
reasons: it is an example where nontrivial critical behaviour can be worked out
exactly and completely including computation of critical exponents, its critical
exponents have been proven to give bounds on the critical exponents of other
models, and its critical exponents are proven or predicted to give the same values as
other models in dimensions d > 4.

What makes the mean-field model more tractable is its lack of geometry.
Apart from an unimportant volume-dependent constant that is independent of the
spin configuration, the energy can be rewritten in terms of the mean spin ¢ =

N7'Y o, as

1
H(a):— Zax ay—i—Zh oy +const =N (—2,86-6+h~6>—|—const.
.Xfy

(1.4.4)

Thus H is actually a function only of the mean spin. This is the origin of the name
“mean-field” model.
The susceptibility and magnetisation are defined by

M(B,h) = 1\]11_1)1100(00),3,h,1v, (1.4.5)
h) = o h 1.4.6
X(’B’)_ah(ﬁ’ ) (1.4.6)

For the results we focus on the Ising case n = 1, but we present the set-up for the
general O(n) model. We will prove the following theorem, which shows that the
critical exponents y, §, B (for the susceptibility, the vanishing of the magnetisation
at the critical point, and the spontaneous magnetisation) take the mean-field values
y = 1,8 = 3, 8 = 1. We have written 8 for the critical exponent of the
spontaneous magnetlsatlon rather than B as in (1.2.12), since here B represents the
inverse temperature. The theorem also shows that the critical value of 8 is . = 1.

Theorem 1.4.1 Let . = 1.

(i) The spontaneous magnetisation obeys

>0 (8> P
My(B) ) 0 (= po. (1.4.7)

and
Mi(B) ~ BB — BN (B Be). (1.4.8)

(ii) The magnetisation obeys

M(Be, h) ~ GR)'3  (h ] 0). (1.4.9)
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(iii) The susceptibility is finite for B < B for any h, and also for B > B if h # 0,
and

1 1
x(B,0) = (B < Be), x(B,04) ~ (B Be)-

ﬁc - ﬁ 2(/3 - ﬁc)
(1.4.10)
1.4.2 Renormalised Measure
We start with the following elementary lemma.
Lemma 1.4.2 Let Ag = —BP be the mean-field Laplacian. There is a constant
¢ > 0 such that
B

™2 (0= 4p0) =c/ e 20709 gy (o e RNV, (14.11)

where we identify ¢ € R" as a constant vector (¢, ...,¢) € (RMY, and the

parentheses denote the inner product on (R")N.

Proof Let 6 = N~! >, ox denote the average spin. We can regard both ¢ and
@ as constant vectors in (R")". By the discussion around (1.4.1), Qo = &, and
P = 1d — Q projects onto the orthogonal complement of the subspace of constant
fields. Therefore,

(p—0.9p—0)=(p—0,0(@—0))+ (¢ —0, P(¢p —0))
= Nlg —G|* + (o, Po). (1.4.12)

We take the exponential exp(— é B(-)) of both sides and integrate over ¢ € R". The
term involving (o, Po) factors out of the integral and gives the desired left-hand
side of (1.4.11), and the remaining integral is seen to be independent of o after
making the change of variables ¢ —> ¢ + &. |

The identity (1.4.11) allows us to decompose the measure of the mean-field
model v on (S"fl)N into two measures, which we call the renormalised measure
and the fluctuation measure.

The renormalised measure v, is a measure on R" defined as follows. For ¢ € R”,
we define the renormalised potential by

Vip) = —IOg/S y e 2= W=)h (4o, (1.4.13)
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The renormalised measure is then defined by the expectation
E,, (G) o</ G(p) e NV@ gy, (1.4.14)

The fluctuation measure i, is a measure on (S"~HN but of simpler form than the
original O(n) measure. It is a product measure that depends on the renormalised
field ¢ € R", and is defined by

1 P lo—o) (0 .
e ()= nvi f() F(o) [ [em2 @m0 @t o udoy).  (14.15)
xeA

Lemma 1.4.3 The mean-field measure (1.4.3) has the decomposition
(F)pnn =By, By, (F) for F: (" HY - R. (1.4.16)

Proof The proof is just a matter of substituting in definitions and using (1.4.11):

<F>ﬁ,h,N 0(/ - F(0) e*é(a,(*Aﬁ)a)Jr(h,a) 1_[ w(doy)
smh

xeA

B
O(/ / F(0) 1_[ e*2(wfax)‘(wfax)JrhﬂxM(do-x)d(p
n (Sn—l)N

xeA
- / ) e NVWE, (F)de
o Ey, (B, (F)). (1.4.17)

Since E, (1) = 1 = E,, (E, (1)), the proportional relation becomes an identity. W

The above decomposition of the measure into a fluctuation measure and a
renormalised measure can be seen as a toy example of the idea of renormalisation.
This is further discussed in Example 2.1.12.

1.4.3 Magnetisation and Susceptibility: Proof of Theorem 1.4.1

To compute the magnetisation, we need the observable F (o) = oy. Let

1 B
G@) =Ey 00 = _y, /S 0 e 20700 (p=o0)th00 | (dgoy.  (1.4.18)
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Then (1.4.16) and (1.4.14) imply that

» G(@)e NV @Ddg
(00)p.n.n = Ey, (G(p) = Jr e NVOs (1.4.19)

The right-hand side is a finite-dimensional integral, with dimension »n independent
of the number of vertices N. Therefore Laplace’s Principle can be applied to study
the limit as N — oo. The following exercise is an instance of Laplace’s Principle;
for much more on this kind of result see [158].

Theorem 1.4.4 Let V : R" — R be continuous with unique global minimum at
o € R". Assume that fR" e~V dy is finite and that {¢ € R" : V(p) < V(go) + 1}
is compact. Then for any bounded continuous function g : R* — R,

i Jgn @) NV P dg

= . 1.4.20
Nooo [ e NV@) dg g(%o) ( )

Exercise 1.4.5 Prove Theorem 1.4.4. [Solution]

Let G(p) = IEM (0p) be as above. The critical points ¢ of the renormalised
potential V satisfy

0=VV(p) =Bp—G(p), ie,p=0C(p). (1.4.21)

The following lemma gives properties of V for the case n = 1. See Fig. 1.4 for
part (ii) and Fig. 1.5 for part (iii).

Lemma 1.4.6 Let n = 1 and set B, = n = 1. Then the renormalised potential V
and the function G are given by

vV
Vip) = §¢2 — log cosh(B¢ + h) + const, G(p) = — = tanh(By + h).

(1.4.22)

Fig. 1.4 The renormalised potential for § < B, with & = 0 (left) and & # 0 (right). The
renormalised potential is convex and the minimum is assumed at a unique point in both cases
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Fig. 1.5 The renormalised potential for 8 > S, with & = 0 (left) and & # O (right). For & # 0
the minimum is unique, while for 2 = 0 there are two minima for n = 1 and a set of minima with
O (n) symmetry for general n

Asa consequence.

(i) For h # 0, V has a unique minimum @o(B, h) with the same sign as h.
(ii) For B < B, V is convex, the unique minimum of V tends to 0 as h — 0, and
V" (p) > B(1 — B/Bc) for any h € R.
(iii) For B > B¢, V is non-convex, the minima of V are £r for somer =r(8) > 0
ifh =0, and as h | O the unique minimum converges to +r or —r.
(iv) The minimum @o(B, h) is differentiable in h whenever h # 0 or B < Be.

Proof This is a direct computation. Note that when n = 1 the integrals in (1.4.13)
and (1.4.18) are just sums over two terms o = %1, each with measure % |

Proof of Theorem 1.4.1 For h # 0 or B < PB., denote by ¢o(8, h) the unique
minimum of V. By Theorem 1.4.4 and (1.4.21), the magnetisation is given by

M(B,h) = lim (oo)pnn = lim E, (G(@)) = G(eo(B,h)) = @o(B, h).
N—oo N—oo
(1.4.23)
The susceptibility is by definition given by
M RIS
h) = h) = h). 1.4.24
x (B, h) on (B, h) 9 (B, h) ( )

(i) Lemma 1.4.6 implies ¢o(8,04+) = 0if 8 < B, = 1 and ¢o(B,04) > 0O if
B > Bc. Since also ¢p(B,04+) — 0as B — B, the asymptotics tanh(x) =
X — §x3 + o(x?) imply

@o(B,04) = tanh(Beo(B, 0+))

1
= Bpo(B,04) — 3<ﬁ¢o<ﬁ,0+)>3 +0(Beo(B,04))°,  (1.4.25)
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(i)

(iii)
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and therefore g = o (B, 04) satisfies

1
(B—Deo = (Beo)® + 0(Beo)°. (1.4.26)

Using ¢o(B,04) > 0 for B > 1, the claim follows by dividing by ¢o/3 and
taking the square root:

B—
’33
Similarly,if 8 =1and h > 0,

1
95 ~3 ~3(B—Bo) (B B (1.4.27)

@o = tanh(po +h) = 9o + h — ;(q)o + h)* + o(@o + h)? (1.4.28)
implies
9o~ G (h | 0). (1.4.29)
Note that 0 = Vé,h(wo(ﬁ, h)) implies

2 2

9 d 9o
0= Shde Ve.n(po(B, h)) + 902 Vg.n(wo(B, h)) 9 (B, h). (1.4.30)
Using that
? 2
Dhdp Vgn(p) = —p(1 — tanh™ (B + h)), (1.4.31)
2
g2 VER(©) = B = BA(1 — tanh’ (B + ). (1.4.32)

and ¢o = tanh(B¢g + h), therefore

I 1

Jh) = . 1.4.33
on P = g (1= go(8 m2)! (1433

This implies

1 1 1

,0: = =
150 B+ —goB,0Ht 1-8 B.—p

(B < Be)s

(1.4.34)
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1 1
1

= e), 1.4.35
2y B PO (1.435)

as claimed. |

We conclude this section with two exercises concerning the extension of some of
the above ideas fromn = 1 ton > 1.

Exercise 1.4.7 Letn = 3. Show that

sinh(|B¢ + hl)) n B
|Bo + hl 2’

where V (¢) was defined in (1.4.13). [Solution]

Vip) = g | — log( (1.4.36)

Exercise 1.4.8 Extend the results of Lemma 1.4.6ton > 1. Let 8, = n.

(i) For B < B, the effective potential V is convex and the minimum of V tends to
0 as i — 0. Moreover, HessV (¢) > (1 — B8/B;) for any h € R".
(i) For B > B, the effective potential V is non-convex.

Hint: [79, Theorem D.2] is helpful. [Solution]

1.5 Gaussian Free Field and Simple Random Walk

Another fundamental example of a spin system is the Gaussian free field (GFF). The
GFF is a spin system whose distribution is Gaussian. In this section, we indicate
that its critical behaviour can be computed directly, and establish its connection to
the simple random walk. We also introduce the bubble diagram, whose behaviour
provides an indication of the special role of dimension 4.

1.5.1 Gaussian Free Field

Let A be a finite set, and let 8 = (Bxy)x,yea be non-negative coupling constants
with B¢y = Byx. Asin (1.3.5), given a spin field ¢ : A — R", and given m? > 0,
we define

1
Hip) =, (¢, (=4 +m?)p). (1.5.1)
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We then use H to define a probability measure on field configurations via specifica-
tion of the expectation

(F) o / F(p)e " T dgx, (1.5.2)
(Rn)A ed
where the integration is with respect to Lebesgue measure on (R")%.

Definition 1.5.1 An n-component Gaussian free field (GFF) with mass m > 0 on
A is a field distributed according to the above measure. An example of particular
interest is the case where A is a finite approximation to Zd, and Byy = lx~y. Then
Apg is the discrete Laplace operator and we simply write A.

Exercise 1.5.2 Show that (¢, —Agp) > 0 for all ¢ € RA. In particular,
(@, (—Ap + mHp) > m*(p,9) > 0forall p # 0,ie., —Ag + m? is strictly
positive definite if m? > 0 (and thus so is (—Ap + m?)~1). If 1 is the constant
function on A, defined by 1, = 1 forall x € A, then —Agl = 0 and

(=g +mH ™' =m™21. (1.5.3)

[Solution]

Definition 1.5.1 can be restated to say that the GFF is defined as the Gaussian
field on R"4 with zero mean and covariance given by

(‘/’i%) = 6;j(—=Ap + mz);yl. (1.5.4)

For the particular case mentioned in Definition 1.5.1, for which the Laplacian is the
standard one on a subset A C Zd, we write the covariance as

Cryia(m?) = (=AW + m?) ;) (1.5.5)

See Chap. 2 for a detailed introduction to Gaussian fields. Rather than taking A as a
subset of Zd, we can instead take it to be a discrete d-dimensional torus. The use of
a torus avoids issues concerning boundary conditions and also preserves translation
invariance. For m? > 0 and for all dimensions d > 0, it can be proved that in the
limit as the period of the torus goes to infinity, the limit

Cry(m?) = lim Cyy: 4(m?) (1.5.6)
AN7Z4

exists and is given in terms of the Laplacian A on £2(Z%) by

Cry(m®) = (—A +m?)). (1.5.7)
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In addition, for d > 2 it can be proved that the limit Cyy(0) = lim,,2 o Cxy (m?)
exists. The restriction to d > 2 is a reflection of the fact that simple random walk
on Z4 is transient if and only if d > 2.

As in the corresponding definitions for the Ising model in (1.2.5)-(1.2.7), we
define

two-point function: Siijy(mz), (1.5.8)
correlation length:  £(m?)~! = — lim n~"'log Co ne, (m?), (1.5.9)
n—>oo
susceptibility: x (m?) = Z Cox (m?). (1.5.10)

xezd

For the two-point function we allow m? > 0, whereas for the correlation length and
susceptibility we restrict to m? > 0. The susceptibility diverges at the critical value
m? = 0. The relations

x(m*) =m™? (m? > 0), (15.11)
Em*) ~m™! m? | 0), (1.5.12)
Cox(0) = (—A)gx1 ~ c(d)|x|~@2Hm (lx] = o0), (1.5.13)

respectively follow from (1.5.3), from [121, Theorem A.2], and from a standard fact
about the lattice Green function (—A)’1 (see, e.g., [114]). The above relations show
that the critical exponents for the GFF assume the values

These are conventionally called mean-field values, although the exponents v and n
involve the geometry of Z? and therefore are somewhat unnatural for the mean-field
model. The fact that y = (2 — n)v is an instance of Fisher’s relation.

1.5.2 Simple Random Walk

The GFF is intimately related to the simple random walk. In this section, we make
contact between the two models in the case of Z¢.

Givend > Oand x,y € 74, an n-step walk on 74 from x to y is a sequence
o = (x = Xx0,X1,...,X%—1, %X, = y) of neighbouring points (|x; — x;_1| = 1).
We write |w| = n for the length of w, and write W(x, y) for the set of all walks
from x to y. Let V be a complex diagonal Z¢ x Z¢ matrix whose elements obey
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Revy > ¢ > 0 for some positive c. We define the simple random walk two-point
function by

||

1

w) — ) 1.5.15

v= 2 Iy, (1315
weW(x,y) j=0 J

The positivity condition on V ensures that the right-hand side converges. For the
special case where V has constant diagonal elements m?>, we write

||

) _ !
wo = 3 H2d+m2. (1.5.16)
weW(x,y) j=0

The next lemma shows that Wy, is related to the covariance of the GFF.

Lemma 1.5.3 Ford > 0 and a diagonal matrix V with Revy > ¢ > 0,

W) = (—Aa+ V). (1.5.17)

Xy

In particular,

WD = Coy(m?) = (—A + m?) . (1.5.18)

Xy

Proof We separate the contribution of the zero-step walk, and for walks taking at
least one step we condition on the first step, to obtain

1 1
wv) — 8 w) 1.5.19
0 T 2040, T 2d 40, 2 Wiy ( )

e:le|=1
We multiply through by 2d 4 v, and rearrange the terms to obtain
(=AW + 0, W) =6,y (1.5.20)

which can be restated as (—A + V)W) = I, and the proof is complete. ]

With respect to the uniform measure on n-step walks started at x, let p,(x, y)
denote the probability that an n-step walk started at x ends at y. Equation (1.5.16)
can be rewritten as

(2d)"

it = (—A+m?). (1.5.21)

o0
2
WED =Dy o,
n=0
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When m? > 0, the sum in (1.5.21) is finite in all dimensions. When m? = 0,
Y22 o Pn(x, y) is the Green function for simple random walk, which is finite if and
only if d > 2 (see Exercise 1.5.5).

The central limit theorem asserts that the distribution of p, is asymptotically
Gaussian, and the functional central limit theorem asserts that the scaling limit
of simple random walk is Brownian motion. For random walk, universality is the
statement that the critical exponents and limiting distribution remains the same, not
only for simple random walk, but for any random walk composed of i.i.d. steps X;
having mean zero and finite variance.

1.5.3 The Bubble Diagram

The bubble diagram plays a key role in identifying the special role of dimension 4
in critical phenomena. It is defined by

B,o= Y (Coxm?), (1.5.22)

xezd

with Cox (m?) = (—A+m?)~! as in (1.5.7). The Fourier transform is useful for the
analysis of the bubble diagram.

The Fourier transform of an absolutely summable function f : Z¢ — C is
defined by

foy=Y" fre* (kel-mml%). (1.5.23)

xeZd

The inverse transform is given by

fo = (Zn)_d/ fk) ek (x € 29). (1.5.24)

[—7, )4

With respect to the Fourier transform, —A acts as a multiplication operator with
multiplication by

d
M) =4 sin(kj/2) (ke [-m 7)) (1.5.25)
j=1
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This means that
(=AD ) = 2(k) f (b, (1.5.26)
and hence the Fourier transform of C, (m?) is given by

1

Cp(k) = o) + 2

(1.5.27)

Therefore, by Parseval’s formula and (1.5.27),

By = / 1 " (1.5.28)
m [—m, )4 (A(k) + m2)2 (27‘[)‘1. o

The logarithmic corrections to scaling for d = 4 in Theorem 1.6.1 arise via the
logarithmic divergence of the 4-dimensional bubble diagram.

Exercise 1.5.4 Show that By < oo if and only if d > 4, and that, as m? 0,

m~G=D (d < 4)
Bue~baxy (1.5.29)
gm== (d=4),
withby = ¢, by = ) by = ¢ by =, [Solution]

The following exercises review the fact that simple random walk is recurrent
in dimensions d < 2 and transient for d > 2, and relate the bubble diagram to
intersections of random walks.

Exercise 1.5.5

(i) Let u denote the probability that simple random walk ever returns to the origin.
The walk is recurrent if # = 1 and transientif # < 1. Let N denote the random
number of visits to the origin, including the initial visit at time 0. Show that
EN = (1 — u)~L, so the walk is recurrent if and only if EN = oo.

(ii)) Show that

3 1 dk
EN = ’;Pn(o) =2d /[_M]d ) 2y (1.5.30)

Thus transience is characterised by the integrability of C‘o (k) = 1/A(k).
(iii)) Show that simple random walk is recurrent in dimensions d < 2 and transient
for d > 2. [Solution]

Exercise 1.5.6 Let S! = (Si)nzo and §2 = (Sg)nzo be two independent simple
random walks on Z¢ started at the origin, and let

o0 o0
I = ZZILS}FS% (1.5.31)

m=0n=0



1.6 |p|* Model 23

be the random number of intersections of the two walks. Show that
EI = (2d)*By. (1.5.32)

Thus E is finite if and only if d > 4. [Solution]

1.6 |¢|* Model

1.6.1 Definition of the |@|* Model

As in Sect. 1.3, the n-component |¢|* model on a set A is defined by the expectation

1
(Flgw.a = f F(p)e #®¥dg (1.6.1)
Zg,v,A RnA
with
H(¢)=IZ¢ (= Ag)+ Y L elonl + Ll (1.6.2)
2 X BYP)x 4 X 2 X . .0.
xeA xeA

Here g > 0, v € R, and dg = [], ., dgx is the Lebesgue measure on (R")%. The
partition function Zg ,, 4 is defined by the condition (1), , 4 = 1. An external field
h can also be included, but we have omitted it here. We are primarily concerned
here with the nearest-neighbour interaction on a d-dimensional discrete torus,
for which Ag = A is the standard Laplacian. The single-spin distribution is
e—(agloxl*+ 5”|‘P~*‘2)d<px. For the case v < 0, which is our principal interest, we have
a double-well potential as depicted for n = 1 in Fig. 1.6. For n > 2, it is sometimes
called a Mexican hat potential.

With v = —gg, the single-spin density becomes proportional to e—a8llexP=p)?,
In the limit g — oo, this converges to the O(n) model, whose single-spin

Fig. 1.6 For n = 1, the density of the single-spin distribution is shown at right, with its double-
well potential at left
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distribution is the uniform measure on the surface of the sphere of radius /8 in n
dimensions. By rescaling the field by 1/./8, this definition is equivalent to the more
usual one, where spins are on the unit sphere and an inverse temperature parameter
B multiplies the spin coupling term ¢ - (—Ag). Conversely, the |¢|* model can be
realised as a limit of O(n) models [75, 142].

The Ising model Gibbs measure of (1.2.3) is equal to

11 1
PT,A(G) xXe 2T Y e 0x(—A0)y l—[ 2(8%,1 + Sax,—l) (1.6.3)

xeA

Let o, = T-1/2g,. Then

1
Pr a(p) « ¢72 Lrea¢x(=40)x l_[ 2(5%1—1/2 + 8y, —1-12) (1.6.4)

xeA

Suppose that we replace the single-spin distribution é(Sax’Tq 2+ 38, _r-12) bya
smoothed out distribution with two peaks located at 7!/, It may be expected
that, as T is decreased, such a model will have a phase transition with the same
critical exponents as the Ising model. This is qualitatively similar to the |¢|* model
with v < 0. Now v plays the role of 7', and there is again a phase transition and
corresponding critical exponents associated with a (negative) critical value v, of
v. Alignment of spins is observed for v < v, but not for v > v, as illustrated
schematically in Fig. 1.7.

General results on the existence of phase transitions for multi-component spin
systems in dimensions d > 3 are proved in [93]. For d = 2, the Mermin—Wagner
theorem rules out phase transitions for n > 2. It is predicted that the |¢|* model is
in the same universality class as the O(n) model, for all n > 1. In particular, the
critical exponents of the n-component |¢|* are predicted to be the same as those of
the O(n) model.

N A .
. T . \ — | /S o~ X
B A NN N s
B T 7 N e
- -~ NN R B
N s S > > — S N — —

Fig. 1.7 Typical spin configurations for v < v, (spins aligned) and for v > v, (spins not aligned)



1.6 |p|* Model 25

We write (F'; G) = (FG)—(F){G) for the covariance of random variables F, G.
Five quantities of interest are the pressure, the two-point function, the susceptibility,
the correlation length of order p > 0, and the specific heat. These are defined,
respectively, as the limits (assuming they exist)

, 1
p(g,v) = ngnoo Ay log Zg v An> (1.6.5)
(Po@i)gn = lim (@30l)e v Ay, (1.6.6)
N—oo
: 1 1
x(g.v) = lim > {g4g)gv. Ay (1.6.7)
XEAN
1/p
Ep(g.v) = lim L P : (1.6.8)
! x(g.v) N»ooXEXA:N 0Fxlg.m AN
L. 2 2
cr(gv) =, Jim 3 (oo 1oelhgn an (1.6.9)

XeAN

for a sequence of boxes Ay approximating Z¢ as N — oo. In making the above
definitions, we used the fact that (@) = 0 for all x due to the O (n) invariance.

In general, the limit defining the pressure has been proved to exist and to be
independent of the boundary conditions for the n-component |¢|* model for any
d>0,n>1,g>0andv € R[117]. For n = 1, 2, correlation inequalities [86]
imply that the pressure is convex, and hence also continuous, in v, and that for the
case of free boundary conditions the limit defining the susceptibility exists (possibly
infinite) and is monotone non-increasing in v. Proofs are lacking forn > 2 due to a
lack of correlation inequalities in this case (as discussed, e.g., in [86]), but it is to be
expected that these facts known for n = 1, 2 are true also forn > 2.

1.6.2 Critical Exponents of the |@|* Model
Dimensions Above Four

For d > 4, the |¢|* model has been proven to exhibit mean-field behaviour. In
particular, it is known [7, 92] that forn = 1,2, withv = v. +eandas ¢ | 0,

1
x(g,v) < whend >4, n=1,2. (1.6.10)
&

The proof is based on correlation inequalities, differential inequalities, and reflection
positivity. Also, for n = 1, 2, the specific heat does not diverge as v | v, [86, 145].
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More recently, the lace expansion has been used to prove that for d > 4 and small
g > 0, the critical two-point function has the Gaussian decay

1
(Po®)g.ve ~ Clpp-2 x| — oo, (1.6.11)

forn = 1[138] and for n = 1, 2 [57]. The above equations are statements that the
critical exponents y, n take their mean-field values y = 1 and n = 0 ford > 4.

Dimension Four

For dimension d = 4, logarithmic corrections to mean-field critical scaling were
predicted in [37, 113, 151]. In the early 1980s it was established that the deviation
from mean-field scaling is at most logarithmic for d = 4, for some quantities
including the susceptibility [7, 9, 92]. A number of rigorous results concerning
precise critical behaviour of the 4-dimensional case were proved during the 1980s
using rigorous renormalisation group methods based on block spins [98, 99, 108]
or phase space expansion [84]. The following theorems were proved recently via an
approach based on the methods in this book.

Theorem 1.6.1 ([19]) Ford = 4, n > 1, L large, and g > 0 small, there exists
Ve = ve(g, n) < 0 such that, withv = v, +eandas e | 0,

1
X(8.v) ~ Agn (loge™H)"H2/8), (1.6.12)
&
(loge~HE=m/H8) (< 4)
cH(g,v) ~ Dg.n x {logloge™! (n=4) (1.6.13)
1 (n > 4).

As g L 0 Ay ~ ((n +8)g/(161%) "D/, and ve(g,n) ~ —(n + 2)gNa
(with Ny = (—A)py).

Theorem 1.6.2 ([24]) For d = 4, n > 1, p > 0, L large, and g > 0 small
(depending on p,n), withv = v, +eandas e | 0,

1
g’:p(g, V) ~ Cg,n,p 1 (logg—l)é(n+2)/(n+8). (1.6.14)
&

Theorem 1.6.3 ([144]) Ford =4, n > 1, L large, and g > 0 small, as |x| — oo,
A;’n
x]?°

nA’g”n 1
(log |x |)2(n+2)/(n+8) |x|4 :

(PoP) gve ™~ (1.6.15)

(lool?; 1ox*) g v ~ (1.6.16)
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Related further results can be found in [19, 24, 144]. In the above theorems,
the infinite-volume limits are taken through a sequence of tori A = Ay =
7 ) LN 74 for sufficiently large L, and it is part of the statements that these limits
exist. In Theorem 1.6.3, the left-hand sides refer to the limits taken in the order
lim, . limy_ 0.

For n = 1, Theorem 1.6.3 was proved 30years earlier, in [98, 99], and the
analogue of (1.6.15) was proved for a closely related 1-component model in [84].
The logarithmic correction (log e~ !)!/3 in (1.6.12) was proved in [108], along with
other results including for the correlation length.

This book describes techniques developed to prove the above theorems, with
focus on the susceptibility. To keep the focus on the main ideas and avoid further
technicalities, we will prove a statement like (1.6.12) for a hierarchical version of
the |¢|* model; the precise statement is given in Theorem 4.2.1.

Dimensions Below Four

Dimensions 2 < d < 4 are studied in the physics literature using expansions
in dimension and number of components. In a seminal paper, Wilson and Fisher
initiated the study of dimensions below 4 by expanding in small positive € =4 — d
[155]. Dimensions above 2 have been studied via expansion in € = d — 2, and
it is also common in the literature to expand in 1/n for a large number n of field
components.

An alternative to expansion in € = 4 — d is to consider long-range interactions
decaying with distance r as r=@+e) with o € (0, 2) [89, 146]. These models have
upper critical dimension 2¢, and the € expansion can be carried out in integer
dimensions d = 1,2, 3 by choosing ¢ = é(d + €). Then 20 = d + €, so d is
slightly below the critical dimension when € is small and positive.

Extensions of Theorems 1.6.1 and 1.6.3 to the long-range setting have been
obtained in [118, 143]; see also [1, 3, 52, 53]. In contrast to the above theorems,
the long-range results involve a non-Gaussian renormalisation group fixed point,
with corrections to mean-field scaling that are power law rather than logarithmic.
An example of a result of this type is the following theorem. The theorem pertains
to the |¢|* model defined with the operator — A in (1.6.2) replaced by the fractional
power (—A)*2, with o = é(d + €) for small € > 0. The kernel of this operator

decays at large distance as —(—A)%2 = |x — |7,
Theorem 1.6.4 ([143]) Ford = 1,2,3, n > 1, L sufficiently large, and € = 2o —
d > O sufficiently small, there exists § < € such that, for g € [gZE , gZE], there exists

Ve = ve(g,n) and C > 0 such that for v = v, + t with t | 0, the susceptibility of
the long-range model obeys

n+2 € 2 n+2 e 2
Clm R ECD) < (g, vin) < CrmIHILE L FCeD, (1.6.17)
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This is a statement that the critical exponent y exists to order €, with

+ 0(?). (1.6.18)

1.7 Self-Avoiding Walk

The self-avoiding walk on Z¢ is the uniform probability measure on the set of
n-step simple random walk paths on Z¢ with no self-intersections. It is a much
studied model of linear polymers [66, 67, 149] and is of independent mathematical
interest (see, e.g., [18, 110, 121]). It has long been understood that at a formal
(nonrigorous) level, the critical behaviour of the self-avoiding walk is predicted from
that of the n-component |¢|* model by setting n = 0. For example, the asymptotic
formula for the susceptibility of the 4-dimensional |¢|* model given by (1.6.12),
namely

1
x(g,v) ~ Agp (logeHTD/F8) (1.7.1)
1

predicts that the susceptibility of the 4-dimensional self-avoiding walk should obey
1 —1y1/4
x(g,v) ~ Ag,08(10g8 ) (1.7.2)

An advantage of the renormalisation group method presented in this book is
that it applies equally well to a supersymmetric version of the |¢|* model which
corresponds exactly (and rigorously) to a model of weakly self-avoiding walk.
In particular, (1.7.2) can be proved in this setting [21]. In Chap. 11, we define
the supersymmetric version of the |¢|* model and prove its equivalence to the
continuous-time weakly self-avoiding walk. This provides a basis for the application
of the renormalisation group method. We also comment in Chap. 11 on the sense in
which the supersymmetric model corresponds to n = 0 components.



Chapter 2 )
Gaussian Fields Check for

In this chapter, we present basic facts about Gaussian integration. Further material
can be found in many references, e.g., in [38, 139].

2.1 Gaussian Integration

Throughout this chapter, X is a finite set, we write R¥ = {¢ : X — R}, and
(@, V) = D ex x¥x for o, ¢ € RX. We call ¢ € R¥ a field, and a randomly
distributed ¢ is thus a random field. We do not make use of any geometric structure
of X here, and only use the fact that R is a finite-dimensional vector space.

Let C = (Cyxy)x,yex denote a symmetric positive semi-definite matrix, where
positive semi-definite means that (¢, Cg) > 0 for every ¢ € RX. If the inequality is
strict for every nonzero ¢, we say that C is positive definite. This stronger condition

implies that the inverse C~! exists. The following is the higher-dimensional

.. .- 1
generalisation of the probability measure V2o

variable with mean 0 and variance o2.

2 .
e~ /29 dx of a Gaussian random

Definition 2.1.1 Let C be positive definite. The centred Gaussian probability
measure Pc on RX, with covariance C, is defined by

Pe(dg) = det@aC) 2e2@C7'9) g @2.1.1)

where dg is the Lebesgue measure on R,

To see that Pc really is a probability measure, it suffices by the spectral theorem
to assume that X = {1, ..., n} and that C is diagonal with C;; = Ai_l. In this case,

© Springer Nature Singapore Pte Ltd. 2019 29
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as required,

n
/efé(w,C"w) de = /e_ D 2il- o l—[d(/’i

i=1

n 1, n
- l_[fe 5% dg; = [[@ra? = det@nC)2. (2.1.2)
i=1 i=1

In the case that C is positive semi-definite, but not positive definite, C has
a kernel K which is a subspace of RX. We construct a degenerate Gaussian
probability measure on R as follows. We set C’ equal to the restriction of C to the
orthogonal complement K+ of K in RX. By the spectral theorem K is spanned
by eigenvectors of C with positive eigenvalues and therefore is represented by a
positive definite matrix in any orthogonal basis for K. We define Pc to be the
probability measure on R¥ that is supported on K+ and which equals the Gaussian
measure Pcr when restricted to K L. To define this construction concretely, we

choose an orthonormal basis of eigenvectors vy, ..., v, in R¥X labelled so that K
is spanned by vq, ..., v; for some k < n and define
1 1 1 "
Pc(dg) = det@mC)~2¢ 2 WD) TTsay) [ du. (2.1.3)
i<k i'=k+1

where ¢(t) = Z:l: 1 tiv;. Because of the § factors the random variables (¢, v;) with
i < k are a.s. zero according to this probability law. Thus it is straightforward to
verify that C continues to be the covariance of ¢: e.g., Var((q), vi)) =0=(v;, Cv;)
fori=1,... k.

Definition 2.1.2 The centred Gaussian probability measure Pc on RX, with covari-
ance C, is defined by Definition 2.1.1 when C is positive definite and by (2.1.3) if
C is positive semi-definite. We refer to ¢ with distribution Pc as a Gaussian field
with covariance C. The expectation of a random variable F : RX — R is

EcF = / F(9) Pc(dy). (2.1.4)

Exercise 2.1.3 Verify the Gaussian integration by parts identity

IF
Ec(Fg:) =) CuyEc ( ) : (2.1.5)

yeX a(py

by writing Ec ((C _lq)) +F) as a derivative (C is invertible when restricted to ¢ in
the support of Pc). [Solution]
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Example 2.1.4 The l¢|* model is defined in terms of vector-valued fields ¢ =
(@3 )xen,i=1,...n. These are fields ¢ € RX with the special choice

X=nA={(x,i):xeAi=1,...n}. (2.1.6)

Given a positive semi-definite matrix C = (Cyy)x,yea, we define an X x X
matrix (é(x,i),(y,j)) by é(x,i),(y,j) = §;jCxy. We refer to the Gaussian field on
RX with covariance C as the n-component Gaussian field on R4 with covariance
C = (Cyxy)x,yea- We denote its expectation also by Ec.

Definition 2.1.5 The convolution of F with the Gaussian measure P¢ is denoted

EcOF () =/F(<p+§) Pc(d?) (¢ € RY), (2.1.7)

always assuming the integrals exist. The above defines Ec6 as a single operation,
but we also view it as the composition of a map 6 : F +— F (- + ¢) followed by the
expectation [Ec which integrates with respect to ¢. The map 6 is a homomorphism
on the algebra of functions of the field ¢.

The following proposition demonstrates an intimate link between Gaussian
integration and the Laplace operator

Ac =Y Cuyiy,dy,. (2.1.8)
x,yeX

Since we are eventually interested in large X (the vertices of a large graph), this
Laplace operator acts on functions on a high-dimensional space.

Proposition 2.1.6 For a polynomial A = A(p) in ¢ of degree at most 2 p,

1

— 2Ac A _ 1
EcHA = e2 A—<1+2Ac+ +p!21’

A@) A. (2.1.9)

Proof Setv(t, ¢) = E;cO0A(p) and w(t, ¢) = eéAtCA(go). It can be seen that v, w
are both polynomials in ¢ of the same degree as A and that both satisfy the heat
equation

du = Acu, u(0,9)=A(p). (2.1.10)

(For v, it is convenient to use v(t, ¢) = fA(go + /ty) Pc(dy) and Gaussian
integration by parts.) Since © = v, w are polynomials in ¢, the heat equation is
equivalent to a finite-dimensional system of linear ODE, with unique solution, and
we conclude that v(¢, -) = w(¢, -) forall ¢ > 0. |
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In particular, for a polynomial A = A(g),
EcA =EcOAl,—0 =e%ACA|¢:o, (2.1.11)
and thus

Ec(px) =0, Ec(pxpy) =Cxy, Ec(@x@ypupy) =CxyCup + CxuCyy + CxyCyy.
(2.1.12)

Exercise 2.1.7 By definition, the covariance of random variables Fy, F; is

Cove(F1, F2) =EcFi1F2 — (Ec F1)(Ec F2). (2.1.13)

By symmetry, Cov(gy, (pf,/) = 0if p + p’ is odd. Show that if p + p’ is even
then |Cov(¢?, <pf,’)| < M, yIC|P+P)/2 where ||C|| = max, Cyx and M, v is a
constant depending on p, p’. [Solution]

Proposition 2.1.6 is a version of Wick’s Lemma; it allows straightforward
evaluation of all moments of a Gaussian measure, in terms only of its covariance.
The inverse of this formula for expectations of polynomials is Wick ordering.
The Wick ordering of a polynomial A with respect to a Gaussian measure with
covariance C is commonly denoted by : A :c.

Definition 2.1.8 Let A = A(¢) be a polynomial. The Wick ordering of A with
covariance C is

1A
Aic=e 29CA. (2.1.14)
Thus, essentially by definition,
EcO:A:c = A. (2.1.15)

Note that while the heat semigroup e 24¢ s contractive on suitable function spaces,
and can thus be extended to much more general non-polynomial A, Wick ordering
can be interpreted as running the heat equation backwards. For general initial data,
this is problematic, but for nice initial data (and polynomials are extremely nice)
it is perfectly well-defined. For example, in the proof of Proposition 2.1.6, for
polynomials the heat equation is equivalent to a linear ODE, and any linear ODE
can be run either forward or backward.

A fundamental property of Gaussian measures is their characterisation by the
Laplace transform, also called the moment generating function in probability theory.

Proposition 2.1.9 A random field ¢ € RX is Gaussian with covariance C if and
only if

Ece9) = e2CH  forail f e RX. (2.1.16)
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Proof Suppose first that C is positive definite. By completion of the square,

e CT'o) +(fip) = =@ —Cf,C o —CH+ I CH. @117

Then (2.1.16) follows by the change of variables ¢ — ¢ + Cf, which leaves
the Lebesgue measure invariant. This proves the “only if” direction, and the
“if”” direction then follows from the fact that the Laplace transform characterises
probability measures uniquely [34, p. 390].

If C is positive semi-definite but not positive definite, the Gaussian measure is
defined by (2.1.3). The restriction C’ of C to the support K of P is invertible, C’
and its inverse are isomorphisms of K+, and Cf € K. The reasoning used for the
positive definite case thus applies also here. |

The “only if” direction of Proposition 2.1.9 has the following generalisation
which we will use later.

Exercise 2.1.10 For Zg = Zy(¢) bounded,
Ec (9 Zo(@)) = e2 FCN(Ee0Z0)(CF) forall f e RY. (2.1.18)

[Solution]
Proposition 2.1.9 also implies the following essential corollary.

Corollary 2.1.11 Let ¢ and ¢, be independent Gaussian fields with covariances
C1 and Cy. Then @1 + @2 is a Gaussian field with covariance C1 + C». In terms of
convolution,

Ec,0 o Ec,6 = Ec,+c,0. (2.1.19)
Proof By independence, for any f € RX,
E(e(f,‘ﬂl-i-(ﬂz)) — E(e(f"pl))E(e(f’W)) — eé(f,(cl-i-cz)f)‘ (2.1.20)

By Proposition 2.1.9, ¢1 + ¢ is Gaussian with covariance C1 + C». |

Corollary 2.1.11 is fundamental for our implementation of the renormalisation
group method, whose starting point is a decomposition C = Zyzl C; of the

covariance C = (—A + m?)~!. This allows us to rewrite a Gaussian convolution
Ec6Zy, that is difficult to evaluate, as a sequence of convolutions

Ec60Zy=Ecy0o---0Ec, 02, (2.1.21)

where each expectation on the right-hand side is more tractable.

Example 2.1.12 Let Ag be the mean-field Laplacian matrix (1.4.1). Since P and Q
are orthogonal projections with P + Q = Id,

— Ag+m? = (B+mHP +m?Q. (2.1.22)
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For m? > 0, it then follows from the spectral theorem that

1 B

1
1
B+ m? * m2(B + m?)

— 27—
(—Ap+m) = pm?

Pt o= 0. (2123
m

The left-hand side is the covariance matrix of a Gaussian field and the two matrices
on the right-hand side are each positive definite. This provides a simple example to
which (2.1.21) can be applied, with N = 2. In fact, Lemma 1.4.2 can be regarded as
a limiting case of this fact, where one of the Gaussian measures becomes degenerate
in the limit m? 4 0. For Euclidean or hierarchical models, we use the more elaborate
covariance decompositions discussed at length in Chaps. 3 and 4.

The following exercise establishes properties of the n-component Gaussian field
of Example 2.1.4.

Exercise 2.1.13 Let C = (Cyy)x,yea be a positive semi-definite matrix on R4,

(1) Verify that the components of the corresponding n-component Gaussian field
are independent and identically distributed Gaussian fields on A with covari-
ance C.

(ii) Let T € O(n) act on R" by (Tg), = Tg, forx € A,andon F : R"™ — R
by TF(¢) = F(T¢). We say that F is O(n)-invariant if TF = F for all
T € O(n). Prove that the n-component Gaussian field is O (n)-invariant, in the
sense that for any bounded measurable F : R** — Rand T € O(n),

Ec(F(@) = Ec(F(Tg)), EcOoT =T oEch. (2.1.24)

In particular, if F is O (n)-invariant then so is EcOF, and if Fj, F> are both
O (n)-invariant then so is Cov¢ (6 F1, 0 F). [Solution]

A second consequence of Proposition 2.1.9 is the following corollary.

Corollary 2.1.14 Let Y C X. The restriction of Pc to RY is the centred Gaussian
probability measure with covariance Cly xy.

We are ultimately interested in the infinite-volume limit for the l¢|* model. For
this, we work with finite sets approximating Z¢, with the aim of obtaining estimates
that hold uniformly in the size of the finite set. For Gaussian fields, a construction
in infinite volume can be made directly, as a consequence of Corollary 2.1.14.

Exercise 2.1.15 Let S be a possibly infinite set. By definition, an S x S matrix C
is positive definite if C|xx x is a positive definite matrix for every finite X C S. Let
C be positive definite. Use Corollary 2.1.14 to show that Pc|y, ., (X C S finite)
forms a consistent family of measures. Use the Kolmogorov extension theorem (or
the nicer Kolmogorov—Nelson extension theorem [90, Theorem 10.18]) to conclude

. .. Y . .
that there exists a probability measure Pc on RZ® with covariance C. [Solution]
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2.2 Cumulants

Definition 2.2.1 Let Ay, ..., A, be random variables (not necessarily Gaussian)
such that E(e’47) < oo for 7 in some neighbourhood of # = 0. Their cumulants, or
truncated expectations, are defined by

n

3
E(Ay; -+ Ap) = log E(e/ A1+ FnAn) . (2.2.1)

oty - -+ 01y, ty ==ty =0

The truncated expectation of a single random variable is its expectation, and the
truncated expectation of a pair of random variables is their covariance:

Cov(Ar, Az) = E(A1; A2) = E(A1A2) — E(ADE(A2). (22.2)

The assumption of exponential moments is not necessary to define cumulants.
Instead, the logarithm of the expectation on the right-hand side of (2.2.1) may be
regarded as a formal power series in ¢, upon which the derivative acts.

Exercise 2.2.2 Show that the truncated expectations up to order n exist if and only
if the expectations of the product of up to n of the A; exist, and that the latter up to
order n determine the truncated expectations up to order n and vice-versa. Hint: Let

I = {i1,...,iy}. A partition  of [ is a collection of disjoint nonempty subsets of
I whose union is /. Let IT1(I) denote the set of all partitions of /. Then if we define
wr =E(A;i -+ Ai,) andkp = E(A; ;- 5 Ay,
H/I g Z 1_[ Kj. (223)
well(l) Jem

This system of equations, one for each /, uniquely defines x; for all /. [Solution]

The next exercise shows that a collection of random variables is Gaussian if and
only if all higher truncated expectations vanish.

Exercise 2.2.3 Use Proposition 2.1.9 and Exercise 2.2.2 to show that a random field
@ on X is a Gaussian field with mean zero and covariance C if and only if for all
peNandxy,...,x, € X,

C (p=2)
E(pe; - so) =4 2 P (2.2.4)
0 (p #2).
[Solution]
In the case of Gaussian fields, with A; = A;(p), it is useful to define a
convolution version of truncated expectation, by
. . _ 9" t1 A1+t Ap
Ec(@Ay;---;0A,) = logEc6 (e ) . 2.2.5)
daty - -+ 0ty ty=+-ty=0
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In particular,
Ec(@A;0B) =Covc(fA,0B), (2.2.6)

where, since 6(AB) = (AA)(0B),

Covc(PA,0B) =EcO(AB) — (EcOA)EcHB). 2.2.7)
If A, B are polynomials, then, by Proposition 2.1.6,

Ec(BA: OB) = ¢24¢(AB) — (¢24¢ A)(e24¢ B). (2.2.8)
Exercise 2.2.4 For A, B polynomials in ¢, let

Fo(A, B) = e24¢ (e 24¢ A) (e 724 B)) — AB. (2.2.9)

Then Ec(0A; 6B) = Fc(EcOA, EcOB). Show that, if A, B have degree at most
p, then

p
1 3" A "B
Fc(A, B) = N oy Crp .
; n' )C]X,y:l x;;n R e 8(/)xl e 8(/)xn afﬂyl tte a(pYn

(2.2.10)

[Solution]



Chapter 3 )
Finite-Range Decomposition Shethie

Our implementation of the renormalisation group method relies on the decomposi-
tion of convolution by a Gaussian free field (GFF) into a sequence of convolutions,
as in (2.1.21). This requires an appropriate decomposition of the covariance of the
Gaussian field into a sum of simpler covariances. Such covariance decompositions,
in the context of renormalisation, go back a long way, early examples can be found
in [31, 32].

In this chapter, we describe covariance decompositions which have a finite-range
property. This property is an important ingredient in our renormalisation group
method for models defined on the Euclidean lattice [45]. We begin in Sect. 3.1
by defining the finite-range property and elaborating on (2.1.21) and its role in
progressive integration. In Sect. 3.2, we motivate the finite-range decomposition
by first discussing it in the much simpler continuum setting. In Sect. 3.3, we give
a self-contained presentation of a finite-range decomposition of the lattice operator
(-A —l—m2)’1 on Z4 following the method of [17] (an earlier method was developed
in [54]). This easily gives rise to a finite-range decomposition on the discrete torus,
as discussed in Sect. 3.4.

After this chapter, we do not return to Euclidean models until Chap. 12, so in a
sense this chapter is a cultural excursion. However, the finite-range decomposition
of Proposition 3.3.1 provides a useful motivation for the hierarchical model that
becomes our focus after this chapter.

3.1 Progressive Integration

Recall from (2.1.21) that a decomposition

C=Ci+---+Cpn 3.1.1)
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of the covariance C provides a way to evaluate a Gaussian expectation progressively,
namely,

EcOF =Ecyfo---0Ec,0F. (3.1.2)

This is the point of departure for the renormalisation group method. It allows the
left-hand side to be evaluated progressively, one C; at a time. For this to be useful,
the convolutions on the right-hand side need to be more tractable than the original
convolution, and therefore useful estimates on the C; are needed.

In this chapter, we explain a method to decompose the covariance C = (—A +
m?)~! for three different interpretations of the Laplacian: the continuum operator on
R¢ (with m? = 0), the discrete operator on Z¢, and finally the discrete operator on
a periodic approximation to Z9. In each case, we are interested in decompositions
with a particular finite-range property.

Definition 3.1.1 Let { be a centred Gaussian field on A. We say ¢ is finite range
with range r if

Ec(lxly) =0 if|x —yl1 > (3.1.3)

The following exercise demonstrates that the finite-range property has an impor-
tant consequence for independence.

Exercise 3.1.2 Let ¢y, ¢y be jointly Gaussian random variables which are uncor-
related, i.e., E(py@y) = 0. Use Proposition 2.1.9 to show that ¢, and ¢, are
independent. (For general random variables, independence is a stronger property
than being uncorrelated, but for Gaussian random variables the two concepts
coincide.) [Solution]

In view of (3.1.2), decomposition of the covariance C = (—A + m?)~lasC =
> ; Cj, where the matrices C;j are symmetric and positive definite, is equivalent to
a decomposition of the GFF ¢ as

D
o=0+--+¢nN, 3.1.4)
where the ¢; are independent Gaussian fields. Explicitly, for C = C1 + C3, we have
(EcOF) (@) =EcF(p+¢) =Eq,Ec) F(&1 4+ &+ ¢), (3.1.5)

where in the middle the expectation acts on ¢, while on the right-hand side each
expectation with respect to C; acts on ;. The fields ¢; have the finite-range property
with range r = %L/ if and only if Cj.x, = O for [x — y[1 > ;L/.
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3.2 Finite-Range Decomposition: Continuum

In this section, we work frequently with the Fourier transform

fp) = fR o (v)e 'Pdy (3.2.1)
of functions f : R? — R defined on the continuum. The inverse Fourier transform is
f = (2 f f(p)e¥dp. (3.2.2)

Definition 3.2.1 A function f : R? — R is positive definite if it is continuous and
has the property that for every integer n and every sequence (x1, ..., X,) of points
in R" the n x n matrix f(x; — x;) is positive semi-definite.

Exercise 3.2.2 For any h € C.(R?, R) with h(—x) = h(x), the convolution & * h
is positive definite. More generally, if f has Fourier transform obeying f > 0, then
f is positive definite. (The converse is also true; this is Bochner’s theorem [132,
Theorem IX.9].) [Solution]

Proposition 3.2.3 Given L > 1 and a > 0, there exists u : RY — R which is
smooth, positive definite, with support in [—é, é]d, such that

X[ =Y L™u(LVx)  (x#0). (3.2.3)

JEL

Ford # 2, and @ = d — 2, the left-hand side of (3.2.3) is a multiple of the Green
function of the Laplace operator Zf’:l 31.2 on R?. A similar representation exists for
d = 2. The right-hand side of (3.2.3) provides a finite-range decomposition of the
Green function, in the sense that the jth term vanishes if |x|co > ;L/ . This is an
unimportant departure from the definition in terms of |x|; given below (3.1.4). The
scales j < 0 which appear in the sum are absent for a lattice decomposition. The
proof shows that there is considerable flexibility in the choice of the function u.

Proof of Proposition 3.2.3 Choose a function w € C.(R) which is not the zero
function. By the change of variables ¢t — |x|t,

. dt _
/ tT%w(|x|/t) =c|x|7%, (3.2.4)
0 t

with ¢ = [ +~%w(1/1)%". After normalising w by multiplication by a constant so
that c = 1, we obtain

_ o dt
|x|~¢ =/ T %w(|x|/t) . (3.2.5)
0 t
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Now choose w with support in [—é, ;] such that x — w(|x|) is a smooth, positive

definite function on R?. By Exercise 3.2.2, a function w with these properties exists.
Given L > 1, set

L dt
u(x) = / w(lx|/) . (3.2.6)
1/L !

It is not hard to check that this is a positive definite function. By change of variables,
(3.2.3) holds, and the proof is complete. |

A statement analogous to Proposition 3.2.3 for the lattice Green function is more
subtle. The proof for the continuum exploited in a crucial way two symmetries,
homogeneity and rotation invariance, which are both violated in the discrete case.
To motivate and prepare for the construction of the finite-range decomposition for
the lattice, we now present another proof of (3.2.3). As in the previous proof, it
suffices to show that (3.2.5) holds with w a compactly supported positive definite
function. We will create a radial function w whose support is a ball of radius 1
instead of é; this is an unimportant difference. Our proof exploits a connection with
the finite speed of propagation property of hyperbolic equations that originated in
[17].

Let f : R — [0, 0co) be such that its Fourier transform is smooth, symmetric, and
has supportin [—1, 1]. We assume that f is not the zero function. By multiplication
of f by a constant, we can arrange that

1—/001‘2 (kt)dt (k € R, k| #0) (3.2.7)
TRl A f (k] . € RY, |k| #0). 2.

Indeed, (3.2.7) is just (3.2.4) with w = f and « = 2, after change of variables from
tto 1/t. Ford > 2, the Green function |x|~“~2) has Fourier transform proportional
to 1/|k|?. By inverting the Fourier transform, we obtain

—(d-2) > dt
|x| x w(t, x) . (3.2.8)
0
where

w(t, x) = (2n)*d/dt2f(|k|t) e dk. (3.2.9)
R

Define w(x) = w(l, x). By change of variable, w(z, x) = t~“@~2w(x /1) in (3.2.8)
we have achieved a decomposition like (3.2.5) with « = (d — 2) where w(t, x) has
the desired positive definiteness because f > 0; it remains to prove that w(x) is
supported in the unit ball.
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By hypothesis the (1-dimensional) Fourier transform f is symmetric and
suppf C [—1, 1]. Therefore

1
k) = (271)*1/1 £(s) cos(|kls) ds. (3.2.10)

By inserting this into (3.2.9) and setting + = 1 we read off the d-dimensional Fourier
transform

1
(k) = (2n)*1/ F(s) cos(lk|s) ds. (3.2.11)
-1

That w has support in the unit ball is a consequence of the finite propagation speed
of the wave equation, as follows. It suffices to show, for any smooth function ug
on RY, that the support of w * u( is contained in the 1-neighbourhood {x € R? |
dist(x, suppug) < 1} of suppug, because we can replace u( by the approximate
identity e 9ug(x/e)andlete | 0.Letu(s, x) be the solution to the (d-dimensional)
wave equation

9%u

ad
552 = Au, u(0,x)=uo(x), 5 u(0,x) =0. 3.2.12)
s s

The solution to this equation is
u(s, x) = (271)*"/ fio(k) cos(s|k|) et dk. (3.2.13)
R4

By combining this with (3.2.11) we have

1
w * up(x) = (271)*1[ F($)uls, x)ds. (3.2.14)
—1

By the finite propagation speed of the wave equation, the support of u(s, -) is
contained in the |s|-neighbourhood of supp ug. Since the range of the s integral is
s < 1 we have proved that the support of w *u is contained in the 1-neighbourhood
of supp ug as desired.

The formula (3.2.7) generalises to a representation for |k|~* for other values
of « by using a different power of ¢ inside the integral, so that finite-range
decompositions for |x|*~¢ can also be constructed by this method. Furthermore,
the method applies to the Green function in dimension d < 2 with the correct
interpretation of the domain of function on which the Green function acts.

Exercise 3.2.4 Use the Schwartz—Paley—Wiener Theorem to deduce from (3.2.10)
that w has support in the unit ball without referring to the finite propagation speed
of the wave equation explicitly. [Solution]
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3.3 Finite-Range Decomposition: Lattice

We present a construction of the finite-range decomposition for the lattice Green
function which is based on the wave equation perspective of the continuum decom-
position explained in (3.2.7)-(3.2.14). The wave equation is now replaced by a
discrete wave equation. For the discrete wave equation, the Chebyshev polynomials
T; play arole analogous to the functions cos(4/- t) for the continuous wave equation.

3.3.1 Statement of the Decomposition

In this section we state a proposition which provides a decomposition of (—Azs +
m?)~! foralld > 0 and m?> > 0. The proposition gives the existence and properties
of covariances C; on Z¢ such that

o0
(Aga+mH) ' =>"Cj, (3.3.1)
j=1

where C; depends on m? > 0 and the sum converges in the sense of quadratic
forms, i.e.,

(fo (Aga +m) T =Y (£ Cif) (f e @), (33.2)

j=1

In particular, by polarisation (choose f = 6, + 8y and f = 6, — §y), it also implies
convergence of the matrix elements Cj.y,. The covariances C; are translation
. . . . 145
invariant, and have the finite-range property that Cj,yy, = 0if [x — y[; > , L/.

Finite-difference derivatives are defined as follows. Fori =1, ..., d let ¢; be the
unit vector (0, ..., 1,0, ..., 0) whose ith componentequals 1, and lete_; = —e; so
that, as i ranges over {—d, ..., —1,1,...,d}, e; ranges over the unit vectors in the

lattice Z¢. For a function f : Z¢ — R define V¢ f, = Sfx+e; — fx. For amulti-index
a €{—d,...,d}" define

V& f = Ve ...V f, (3.3.3)
For example, for « = (1, —2),

Ve e = VIV = (V2 Plage, — (V2 )
= fx+elfez - fx+el - fxfez + fx- (3.3.4)
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Dependence of C; on m?

s,t,m>>0and j > 1, by

is captured in terms of the parameter ¥ defined, for

m2s?

9(t, m?; s) = 1
@, m? 5) 2d~|—m2< +2d~|—m2

) ‘ i ﬁj(mz; 5) = 0L, m?%;s).
(3.3.5)

Proposition 3.3.1 Letd > 0 and L > 1. For all m*> > 0 there exist positive semi-
definite matrices (Cj) j>1 such that (3.3.1) holds, and such that for all j > 1,

Cixy=0 iflx—yh > éLj (finite-range property). (3.3.6)

The matrix elements C.yy are functions of x — y, are continuous functions of m?
and have limits as m* 1 0. Moreover; for all multi-indices o and all s > 0, there are
constants cq, s such that, for all m? e [0,00) and j > 1,

IV¥Cjixyl < ca,sfd(L)ﬂjfl(mz; s)L™@=2HADG=D (seqling estimates),

(3.3.7)

with fo(L) = 1 ford > 2, fo(L) = logL, and fy(L) = L*>~ ford < 2. The
discrete gradients can act either on x ory.

Estimates on derivatives of C; with respect to m? can be found in [17]. We
prove Proposition 3.3.1 using the construction of [17]. Finite-range decompositions
for the lattice Green function were first constructed in [54], using a different
method. Yet another method, which is very general, is used in [4, 46, 58, 135].
Such decompositions have also been obtained for fractional powers of the Laplacian
[54, 124, 125, 143].

3.3.2 Integral Decomposition

The decomposition we use is structurally similar to that discussed in connection
with the wave equation in Sect.3.2. Roughly speaking, the Fourier multiplier
|k|? of the continuum Laplacian is replaced by the Fourier multiplier A(k) =
4 27:1 sin? (k j/2) of the discrete Laplacian given in (1.5.25).

Let f be as in (3.2.7). For t > 0, we set

fFx) = Z fxt —2mnt) (x € R). (3.3.8)

nez

Since f is smooth, f decays rapidly and therefore the sum on the right-hand side is
well-defined for r > 0. Moreover, f;* > 0 since f > 0.
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Lemma 3.3.2 Forx e R\ 2nZ,
1 1 % dt
A sin—2(2x) = /0 2 fF(x) e (3.3.9)

Proof The left-hand side is a meromorphic function on C with poles at 27w Z. Its
development into partial fractions is (see e.g. [6, p. 204])

1 1
sin"2(_x) = Z(x —27n)"% (x € C\ 2n7). (3.3.10)
4 2
nez
From (3.2.7) with |k| replaced by x — 27 n, it follows that

i sin*2(;x) => /Ooo 2 f((x — 27n)r) ‘it. (3.3.11)

nez

By hypothesis, f is symmetric, so (3.2.7) holds when |k| in the right-hand side is
replaced by the possibly negative x — 2z n. The order of the sum and the integral
can be exchanged, by non-negativity of the integrand, and the proof is complete. B

Fort > O and ¢ € [0, 4], we set

P(o) = f] (arccos (1 - ;5)) : (3.3.12)

Since f* > 0, also P;(¢) > 0.
Lemma 3.3.3 For¢ € (0,4),

L[>, dt
] _/O 12 P,(¢) . (3.3.13)

Proof Let x = arccos(l — 1¢), so that ¢ = 2(1 — cosx) = 4sin?(}x). By (3.3.9)
and (3.3.12),

! =[°oz2ft*(x) di :/wﬁ p) . (3.3.14)
¢ 0 t 0 t

and the proof is complete. ]

We wish to apply (3.3.13) with ¢ = A(k) + m? for k € [—m, 7]%, but for m?
large this choice may not be in (0, 4). Therefore let M?> = 2d + m? and set { =
(A(k) 4+ m?)/M?; then ¢ € (0, 2] provided m|k| # 0. By (3.3.13),

! —/OOA(t o (3.3.15)
A +m2 ), U =
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with

2
W(t, k) = ;42 P, (1\;2 (A (k) +m2)) k € [-m, 71D). (3.3.16)

Here and below, k € [—, n]d denotes the Fourier variable of a function defined on
the discrete space Z¢ whose points are denoted by x € Z¢. We use the same letter w
to denote the discrete analogue of the function (3.2.9) (which is on the continuum).
By (1.5.27), inversion of this d-dimensional discrete Fourier transform gives

2,-1 * dt
(—Aza+m%)y, = w(t,x) (3.3.17)
0
where
1 .
w(t, x) = d/ w(t, ke dk  (x € Z%). (3.3.18)
(27'[) [771,7T]d

The identity (3.3.17) is the essential ingredient for the finite-range decomposi-
tion. We decompose the integral into intervals [0, éL] and [;L/_l, L ] (for j >2),
and define, for x € Z¢4,

1
2L dt
Ci.ox = w(t,x) (3.3.19)
0 t
L
2L’ dt
Cjox = w(t, x) (J =2). (3.3.20)
éLj’I t

By (3.3.15), this gives, for k € [, 7]¢ and m? # 0,

1 > .
Ak +m? ;Cf (k). (3.3.21)

where C j = 01s the discrete Fourier transform of C;. Thus, for any f € 62(2‘1),

(fi (=Aga +m» 7' )= (£.Ci ), (3.3.22)

j=1

which proves (3.3.1). Furthermore, by (3.3.16), (3.3.19) and (3.3.20), the inequality
P;(¢) = 0 implies that this decomposition is positive semi-definite.

In Sect.3.3.3, we will prove that P, (¢) is a polynomial in ¢ of degree at most
t. This implies the finite-range property (3.3.6). In fact, by (3.3.16), up to a scalar
multiple, w(z, x — y) is the kernel that represents the operator P; (M 2(—=A+m?),
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which is then a polynomial in —A + m? of degree at most ¢. Since —A xy vanishes
unless |x — y|; < 1, it follows that w(z, x) = 0if |x|; > . By (3.3.19) and (3.3.20),
this gives the finite-range property (3.3.6).

The integration domain for the covariance C differs from the domain for C;
with j > 2. It is therefore natural to decompose it as Cp + C| with

! dt , oL dt
Co.o0x :/ w(t, x) . Ci.ox :/ w(t, x) . (3.3.23)
0 1

Then Cj is of the same form as C; with j > 2. We show in Sect.3.3.4 that the
integral Co.o, can be computed exactly:

A

(A

1, 0. 3.3.24
2d +m? 2 70 ( )

Cosox =
In summary, we have proved that there exist positive semi-definite matrices
(Cj)j=1 such that (3.3.1) holds as asserted in Proposition 3.3.1 and reduced the

finite-range property (3.3.6) to the claim that P;(¢) is a polynomial in ¢ of degree
at most 7.

3.3.3 Chebyshev Polynomials

We now obtain properties of P; defined in (3.3.12). In particular, we show that P, (¢)
is a polynomial in ¢ of degree at most 7. At the end of the section, we discuss
parallels with the finite speed of propagation argument in Sect.3.2. Now it is the
discrete wave equation that is relevant, as is the fact that its fundamental solution
can be written in terms of Chebyshev polynomials.

Recall the definition of P;(¢) in (3.3.12). It involves the function f;*. By its
definition in (3.3.8), f;* is periodic with period 27r. By Poisson summation, it can
be written in terms of the continuum Fourier transform of f as

ey =@ Y 7 f(p/t)cos(px)  (x €R). (3.3.25)

pEL

Exercise 3.3.4 Prove (3.3.25). [Solution]

The Chebyshev polynomials 7, of the first kind are the polynomials of degree
| p| defined by

T,(0) = cos(parccos()) (0 €[—1,1], p € Z). (3.3.26)

Lemma 3.3.5 Foranyt > 0, when restricted to the interval ¢ € [0,4], P;(¢) isa
polynomial in ¢, of degree bounded by t.
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Proof By (3.3.12), (3.3.25), (3.3.26), and supp(f) c[-1,1],

1 A 1
Pi(¢) = o Zt_lf(p/t) cos(p arccos(l — 2g))

PEZ

1 . 1
=, Z flf(p/t)Tp(l—Z{). (3.3.27)

PpEZN[—t,t]
This shows that P;(¢) is indeed the restriction of a polynomial in ¢ of degree at
most ¢ to the interval ¢ € [0, 4]. |

The following lemma provides an identity and an estimate for the polynomial
P;(¢). Note that P; is constant for ¢ < 1, by Lemma 3.3.5.

Lemma 3.3.6 Foranys > 0, there exists cs > 0 such that, for ¢ € [0, 4],

N

Pi(¢) = A <D, (3.3.28)
2t
P(Q) <cs(I+£2ch)™ @ =1). (3.3.29)

Proof Let ¢ € [0, 4] and set x = arccos(l — é;“) e [0, 7]. By (3.3.12), P (¢) =

I (0.
Case t < 1. By (3.3.25),

1 A 1 A
P@y =, Y 7 fw/ncosp) = ) 17 f(0), (3.3.30)
pEZ

because the sum reduces to the single term p = 0 by the support property of f
which implies p < ¢ < 1. This proves (3.3.28).

Case + > 1. It suffices to consider integers s > 1. Since f is smooth and
compactly supported, f decays faster than any inverse power, i.e., for every s > 1,
[ f(x)] = Oy (|x|’s) as |x| — oo. Therefore, by (3.3.8), there exist c;, ¢, such that
forx € [0, 7],

POl < e Y A+t —=2mn)™ < Y (A +tx +imln) ™

nez nez
<+ Y (At mlnl) ™ < e+ 107, (3.3.31)
nez
since the last sum converges. Since ¢ = 4sin2()2‘) < x2, we have x > ./C.
Therefore,
PO < eI+ 1/0)7 < e(1+12¢) 7, (3.3.32)

and the proof is complete. ]
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Lemma 3.3.5 can be understood as a consequence of the finite propagation speed
of the discrete wave equation

Upyl +up1 —2up = —Cup, wupgiven, wuy—u_1 =0, (3.3.33)

which is analogous to (3.2.12), with derivatives in s replaced by discrete derivatives
in p and with — A replaced by ¢. Its solution is given by

1
up =Ty(l = Ouo. (3.3.34)

The Chebyshev polynomials T), satisfy the recursion relation T 11(0) + Tp—1(0) —
20T, (0) = 0 so that (3.3.34) solves (3.3.33).

Equation (3.3.27) is analogous to (3.2.10) with the continuum wave operator
cos(x/—As) replaced by the fundamental solution T, (1 + éA) to the discrete wave
equation.

3.3.4 Proof of Proposition 3.3.1

To complete the proof of Proposition 3.3.1, the main remaining step is to obtain
estimates on the function w(¢, x) defined in (3.3.18). The next lemma provides the
required estimates.

Lemma 3.3.7 Fix any dimension d > 0. For any x € 74, any multi-index o, and
any s > 0, there exists cs 4 > 0 such that

t f
2d +m? 2x

IVEw(t, x)| < cs.q®(t, m?; s)r~ @250 (¢ > 1), (3.3.36)

w(t, x) = Iy—p <1, (3.3.35)

Proof Caset < 1. By (3.3.16) and (3.3.28),

2
w(t, x) (271)_d/ ! 2Pt< 1 ()L(k)~|—m2)) eik~x dk
[*7‘[,7{]‘1 M M2

t 1 .
= 0)1,—o. 3.3.37
M2 27 f( ) 1x=0 ( )
This proves (3.3.35).

Case t > 1. Recall from (3.3.5) that

1 242
D) = <1 + " ) . (3.3.38)
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By definition,

21

V*w(t, x) = M2 2

1 .
/ P, ( , (k) + m2)> Veek gk, (3.3.39)
[-ral M
We use |V¥ek*| < Cyk|1*l, and apply (3.3.29) with s = 5" 4 s” to obtain

< 01+ 2a(k)/M> ™ (1 + tm?/M> ™. (3.3.40)

1
P, ( 2 0+ m2>)

Elementary calculus shows that A (k) < |k|2 fork € [—m, n]d. Also, with s’ chosen
larger than |1 | 4 d/2, we have

/ k|l k= 0<(M/t)d+\oz|1 An\ah), (3.3.41)
[*ﬂ,ﬂ]d (1 +t2|k|2/M2)Y

where the first option on the right-hand side arises from extending the domain of
integration to R? and making the change of variables k — (M/1)k, and the second
arises by bounding the integrand by 7/%/1. With the choice s” = s + (d + |a|1)/2,
it follows that

V¥ (e, ) < O + 2m?/ M2 20, (/M) 4710 A 1/ 17?).

(3.3.42)

For m®> < 1, we have M? = 1 and (3.3.36) follows immediately by choosing the
first option in the minimum on the right-hand side. For m? > 1, we have instead
M? =< m?, and by choosing the second option in the minimum we now obtain

12 1
Vw01 = O <(1 )@l 2) = Oq (mz(l +t2)‘st2_d_ah) .

m
(3.3.43)
This completes the proof for ¢ > 1. ]
Proof of Proposition 3.3.1 As in (3.3.19) and (3.3.20), we define
'L
2 dt
Cl;Ox Z/ w(ta-x) ¢ ’ (33.44)
0
2L dr
Cjox =/ wit,n ' (=2, (3.3.45)
éLj—l t
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By (3.3.15), this gives

1 > .
(k) +m? ;C/‘ OF (3.3.46)

where C j = 01s the discrete Fourier transform of C;. Thus, for any f € 62(2‘1),

(f, (=A+m)T ) =Y (£.C ), (3.3.47)

j=1

which proves (3.3.1). Continuity of Cj,o, in the mass m? can be seen via an
application of the dominated convergence theorem to the integrals (3.3.44) and
(3.3.45). Since w(t,x) = 0 for |x|; > t (as pointed out below (3.3.22)), C; has
the finite-range property (3.3.6).

It remains to prove (3.3.7), which we restate here as
IV Cixyl < Cas fa(L)Dj—1 (m*; s) L™ @24 DG=D) (3.3.48)

with fy(L) = 1ford > 2, fo(L) =log L, and fy(L) = L>~“ ford < 2, and with

) 1 L2002\ 7
9i_1(m?;s) = 1 : 3.3.49
=) = e\ 2d 4 m2) (3.3.49)

By (3.3.36) and the change of variables T = L/~ !¢,

1
2 dt
V“/ w(t,x —y)
2 t Ljfl t

L
L
2 dt
< c/ 9 (t, m?; s)r~@=2Hel)
LLi-1 !

< c/ﬁj,l(mz; S)Lf(jfl)(d72+|ah)

1

oL
9 / =1+l g (3.3.50)

1
2

where the constants can depend on «, s. The t integral is bounded by f;(L) in the
worst case a = 0. By (3.3.45) the left-hand side equals |[V*C}. | for j > 2, which
proves the desired bound for j > 2.

For j = 1 the left-hand side is not equal to C.,y because the lower bound on
the ¢ integral is 1 instead of zero. The above argument does provide the desired
estimate on the contribution to C; due to integration over [1, éL]. The remaining
contribution to C is Cq defined in (3.3.23), i.e.,

1 dr
Co:0x =[ w(t,x)" (3.3.51)
0
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According to (3.3.35),

t £(0)

1= t<1), 3.3.52
2 tm2 2y Lm0 <D (3.3.52)

w(t,x) =

and therefore, as claimed in (3.3.24),

1 £

1,—o. 3.3.53
2d+m? 27 70 ( )

CO;Ox =

This contribution to C; also obeys (3.3.48) with j = 1. Indeed, since ﬁo(mz, s) >
275(2d + m?)~!, we have
,f O

|V Cosox| < 2°00(m?; s
27

[V¥1y—o. (3.3.54)

This completes the proof. |

3.4 Finite-Range Decomposition: Torus

ForL > 1,N >1,m?> 0,andd > 0, let AN = Zd/LNZd be the d-dimensional
discrete torus of period L" . Define

CNjixy = Y Cioyiery (G < N). (3.4.1)
zez74
We also define
o0
CN,N;x,y = Z Z Cj;x,y+zLN' (342)
zeZd j=N
Since
(—Aa+mh =D (~Aga+m®) (3.4.3)
z€Z4

it follows from Proposition 3.3.1 that

N-1
(—Aa+m»)' =" Cnj+Cny- (3.4.4)
j=1
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In this finite-range decomposition of the torus covariance, the dependence of Cy ;
on N is concentrated in the term Cy y in the following sense: by the finite range
property (3.3.6), for a given x, y and j < N, at most one term in the sum over
z in (3.4.1) contributes; another way to say this is that the Gaussian process with
covariance C, ; restricted to a subset of the torus with diameter less than LY /2 is
in distribution equal to the Gaussian field on Z¢ with covariance C;. Estimates on
Cn.n can be derived from Proposition 3.3.1.
The following is an immediate consequence of (3.4.4).

Corollary 3.4.1 Let N > 1, and let ¢ be the GFF with mass m > Q on Ay. There
exist independent Gaussian fields ; (j = 1,..., N), such that {j = ({j x)xea are
finite range with range éLj and

020+t oy (3.4.5)

Proof This follows from (3.4.4) and Exercise 3.1.2. |



Chapter 4 )
The Hierarchical Model Chack for

In Sect.4.1, we define a hierarchical Gaussian field as a field that satisfies a
strengthened version of the finite-range decomposition of Chap. 3. The hierarchical
Gaussian free field (hGFF) is a hierarchical field that has comparable large distance
behaviour to the lattice Gaussian free field. We explicitly construct a version of it and
verify that it indeed has the desired properties. In Sect. 4.2, we define the hierarchical
l¢|* model, and in Theorem 4.2.1 state the counterpart of the asymptotic formula
(1.6.12) for the hierarchical model’s susceptibility. In Sect. 4.3, we reformulate the
hierarchical |¢|* model as a perturbation of a Gaussian integral, in preparation for
its renormalisation group analysis.

4.1 Hierarchical GFF

4.1.1 Hierarchical Fields

Periodic boundary conditions are not appropriate for hierarchical fields. Throughout
our discussion and analysis of the hierarchical field, Ay is the hypercube [0, LY —
1]x---x[0, LN —1] c Z%, with L > 1 fixed. As illustrated in Fig. 4.1, we partition
Ay into disjoint blocks of side length L/, with0 < j<N.

Definition 4.1.1 For 0 < j < N, B; is the set of disjoint blocks B of side length
L7 (number of vertices) such that Ay = Upg¢ B;B. An element B € B; is called a
block, or j-block. We say that two j-blocks B, B’ do not touch if any pair of vertices
(x,x") € B x B has |x — x/|o0 > 1.

© Springer Nature Singapore Pte Ltd. 2019 53
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Fig. 4.1 Blocks in B; for

j=0,1,2,3whend =2 M I 0-blocks
N=3L=2 |
° o . ° e . o - o
[ ) [ ) [ ] [ ) [ ) [ ] [ ) [ )
1-blocks
e o2 2-blocks
[ ) [ ) [ ] [ ) [ ) [ ] [ ) [ )
[ L] L] o [ L] ° L]
X
~—3-block
L] [ ] L] L] L] L] L] [ ]
o [ L] o [ L] o [

The sets B; are nested, in the sense that for every j-block B € Bj and k > j,
there is a unique k-block B’ € By such that B C B’.

By Proposition 3.3.1, the Gaussian fields ¢; in the finite-range decomposition of
Corollary 3.4.1 have the following two properties:

(i) Given two blocks B, B’ € B; that do not touch, { ;| and ¢;| g are independent
identically distributed Gaussian fields.

(ii) Given any block b € B;_1, the field ¢;|p is approximately constant in the sense
that the gradient of the covariance obeys an upper bound that is smaller by a
factor L=~ than the upper bound for the covariance itself.

A hierarchical field is a Gaussian field on Ay with a decomposition ¢ = &1 +
-+ -4 ¢y in which the two properties (i) and (ii) above are replaced by the following
stronger versions (i) and (ii’).

Definition 4.1.2 A Gaussian field ¢ on Ay is hierarchical if there exist indepen-
dent Gaussian fields ¢1, ..., ¢y on Ay, called the fluctuation fields, such that

020+ 4w, @.1.1)

where the fields ¢; obey:

(') Given two blocks B, B" € B; that are not identical, ¢;|p and ¢;|p are
independent identically distributed Gaussian fields.

(ii") Given any block b € B;_1, the field ¢;|p, is constant: ¢; » = ¢;,, almost surely
forall x,y € b.

The replacement of (i)—(ii) by (i)’—(ii’) is a major technical simplification for
the study of the renormalisation group. Condition (ii’) means that when x, y are in
the same block, ¢y — ¢y has zero variance and therefore the covariance of ¢ is not
positive definite; we have allowed for this in Definition 2.1.2. The condition (4.1.13)
that appears below implies other linear combinations also have zero variance.
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Exercise 4.1.3 The nesting of blocks can be represented as a rooted tree, in which
the root is given by the unique block Ay € By, the blocks B € B; are the vertices
at distance N — j to the root, and the children of B € B; are the b € B;_ with
b C B. Represent the hierarchical field in terms of independent Gaussian variables
associated to the edges of the tree. [Solution]

Remark 4.1.4 The finite-range decomposition of Corollary 3.4.1 is a representation
of the GFF in which property (i) is as close to its hierarchical version (i') as
possible. The price is that property (ii’) needs to be weakened to (ii). There is
an alternative decomposition of the GFF such that property (i) is replaced by
dependence that decays exponentially with distance, and property (ii) holds. In
this alternate decomposition, known as the block spin decomposition, ¢; has the
hierarchical features that it is a function of L? independent Gaussian fields per
block, subject to a zero-sum rule as in (4.1.13) below. The block spin decomposition
was used, e.g., in [94, 98, 105, 108].

4.1.2 Construction of Hierarchical GFF

The hierarchical GFF is defined in terms of the hierarchical Laplacian, which is
itself defined in terms of certain projections. We start with the projections.

Letd > 2. Givenascale j =0,1,..., N and x € A, we write B, for the unique
J-block that contains x. Then we define the matrices of symmetric operators Q ; and
P;, acting on 62(A), by

L% B, =B, .
Qjixy = T (j=0,1,...,N), (4.1.2)
0 By # By
PjZQj—l_Qj (G=1,...,N). (4.1.3)
Lemma 4.1.5 The operators Py, ..., Py, QN are orthogonal projections whose

ranges are disjoint and provide a direct sum decomposition of £*(A):

. N
Pi (j=4k Y P+ Oy =1d. (4.1.4)

= A= {0 (J #k)
5 j=1

Proof The second equation is an immediate consequence of the definition (4.1.3) of
Pj, together with the fact that Q¢ = Id. For the other properties, we claim that

Q0= 0Qjvk = 0r0j. (4.1.5)

In particular, the case j = k shows that Q; is an orthogonal projection. To prove
(4.1.5), it suffices to consider j < k. We use primes to denote blocks in the larger
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scale By, and unprimed blocks are in B;. Then the x, y matrix element of the product
is given by

z z

ZE€By

=L "1p,ca; = L™ 1p—p, = Oty (4.1.6)

as claimed. Thus {Q;};—o,.., v is a sequence of commuting decreasing projections
that starts with Q9 = Id. By (4.1.5) it readily follows that P;, ..., Py, Oy are
orthogonal projections that obey (4.1.4). ]

The next exercise identifies the subspaces in the direct sum decomposition given
in Lemma 4.1.5.

Exercise 4.1.6 For j = 0,..., N, let X; denote the subspace of £2(A) consisting
of vectors that are constant on blocks in B;, so Xog = EZ(A) DX DD XNy =
span(l,...,1). For j = 0,..., N, show that the range of the projection Q; is
Xj.For j =1,..., N, show that the range of the projection P; is the orthogonal
complement of X ; in X;_1, i.e., the set of vectors constant on (j — 1)-blocks whose
restriction to any j-block has zero sum. [Solution]

Definition 4.1.7 The hierarchical Laplacian Ay y is the operator on £%(A)
given by

N
— Ay = ZL_Z(j_l)Pj. 4.1.7)
j=1

The hierarchical Laplacian generates a certain hierarchical random walk; this
point of view is developed in the next exercise (see also [51]). Its decay properties
mirror those of the Laplacian on 74 and this fact is established in Exercise 4.1.13.

Exercise 4.1.8 Let j; be the smallest j such that O and x are in the same j-block;
we call j, the coalescence scale for the points 0, x. Show that

_7—d _
- 1_1Lf(d+2) (1 — L™+ (x=0)

AHN;0x =
Vs L* -1 —(d+2)j 1-L7¢ 7 —(d+2)N
1,L—(d+2>L (@) 4 1,L—<d+2)L @+ (x #0).

(4.1.8)

In particular, Ag y.00 < O and, for x # 0, Ag y.ox > 0. Show also that
er A A N:0x = 0. This implies that Ay y is the infinitesimal generator (also
called a Q-matrix [128]) of a continuous-time random walk. What steps does it
take? [Solution]
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Given m? > 0, we set

126G~
Vi = 1 4+ L2G-Dp2 4.1.9)
and for j = 1, ..., N define matrices
Cjixy(m?*) = yj Pjixy, cﬁ;xy(mz) = le ON:xy- (4.1.10)
It follows from Lemma 4.1.5 that
CiCk=0 (j#Kk). 4.1.11)

Note that Cj,y (m?) is actually well defined for all m? > 0, and is independent of
N in the sense that the C; defined in terms of any N > j are naturally identified.
In contrast, C Roxy (m?) is not defined for m?> = 0 and does depend on N. In fact,
CN_Xy (m?) =m=2L~N forall x, y € A because A is a single block at scale N.

The special role of Cy is analogous the situation for the Euclidean torus
decomposition (—A 4 + mz)f1 = Z?:ll C; + Cn,n of (3.4.4). There the term
Cn,n is special as it is the term that takes the finite-volume torus into account.
Similarly, in the hierarchical setting we isolate the finite-volume effect by writing
the decomposition in the form Z?/=1 Cj+ Cj, with ¢ the field that takes the finite
volume into account.

Proposition 4.1.9 Form?> > 0,x,y € Ayand j =0,...,N — 1,

1 (d—2Yi _
Cittanm®) = | L7 =179, (4.1.12)
> Ciirox =0, (4.1.13)
X
Clpy(m®) = L™ Nm ™2, (4.1.14)

The matrix C = (m* — A H, N1 has the decomposition
C=C1+"-CN+C1§,. 4.1.15)

Let ¢ be independent fields, Gaussian with covariance C;j. Then the field ¢ =
¢1+ -+ &N + &y is a hierarchical field as in Definition 4.1.2.

Proof The variance statement (4.1.12) is immediate by setting x = y in the
definition (4.1.3) of P;. The identity (4.1.13) follows from (4.1.2) and (4.1.3), since

Z Pj+l;0x — Z Qj;Ox _ Z Qj—i—l;()x — Ldijd] _ Ld(]+1)L*d(]+1) — O

xeA xeA xeA

(4.1.16)
Also, (4.1.14) follows from the definition (4.1.10) of Cp;.
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The decomposition statement (4.1.15) and C = (—Ag y + mz)’1 follow from
the independence of the fields in the decomposition ¢ = &1 + -+ + ¢n + &y
and from (4.1.4) which together with (4.1.7) shows that Py, .., Py, Qn are spectral
projections for —Apy y. In fact, let f(¢) = (t + m?)~! and Aj = L2U=D By the
spectral calculus,

N
Ay +mH = f~Apn) = £ D 4P +0 0
j=1

(Aj)Pj+ f(0)Qn

N
> f
j=1

N
> Cim*) + Cym?), (4.1.17)
j=1
because f(A;) = y; and f(0) = m=2.

The independence required by Definition 4.1.2(i") holds by construction, and (ii")

follows from the easily checked fact that Var;({;.x — ¢j;y) = 0 if x, y both lie in
the same block b € B;_;. This completes the proof. |

Although we have the explicit formulas (4.1.10) and (4.1.7) for the covariances
C; and for Ay y, for our purposes these explicit formulas are not very important
because almost everything in the following chapters uses only the properties
listed in Proposition 4.1.9 and Definition 4.1.2. However, to be concrete, we call
the particular random field ¢ defined by these explicit formulas the hierarchical
Gaussian free field (hGFF). The justification for this terminology is that (4.1.12) has
the same scaling as its counterpart for the Gaussian free field, according to (3.3.7).
Similarly, Az, n has properties in common with the standard lattice Laplacian. Note
that we use C for both the hierarchical and usual covariances. It should be clear from
context which is intended.

Equation (4.1.13) holds both for block spins and for the hierarchical model,
and this leads to simplifications in perturbation theory. However, it does not hold
for the Euclidean model with finite-range decomposition, and perturbation theory
is therefore more involved [22]. Not all authors include the Ay y properties or
property (4.1.13) when defining massless hierarchical fields.

4.1.3 Properties of Hierarchical Covariances

Exercise 4.1.10 Show that " _ , Cox(m?) = m~2. (Cf. Exercise 1.5.2) [Solution]
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By (4.1.10), the hierarchical covariance is given, for j < N and for x, y in the
same (j + 1)-block, by

L=U=20(1 4+ m?L¥)~ 11 = L™ (by = by)
Cistmym> =17 - NN S (4.1.18)
—L~9=2i(1 +m?L¥)7 1L (bx # by),

where b, denotes the j-block containing x; if x, y are not in the same (j + 1)-block
then Cjyq;xy (m?) = 0. We write the diagonal entry as

cj=Cjpr00(m®) = L™ 21 4+ m* L) (1 = L™, (4.1.19)
and for n € N define

" =3 (Cjyrocm)™. (4.1.20)

xeA

The fact that C;j 1 is positive definite and translation invariant implies that ¢th > 0.
For our specific choice of C;11, if follows from (4.1.13) (or directly from (4.1.18))

that ¢ = 0.
Exercise 4.1.11 Use (4.1.18) to show that, for j < N,

(2) = L 4D £ 2Ly (1 — LY, (4.1.21)

(3> = L~ ®=0J (1 4 212y 3 (1 =304 — 2072, (4.1.22)

(4) = LG8 4 m? L)~ (1 — 4L 4 6L —31739), (4.1.23)
[Solution]

Exercise 4.1.12 Recall the bubble diagram B,» = 3", c7a((—A+m?);1)? defined
in (1.5.22). The infinite-volume hierarchical bubble diagram is defined by

B, = Jim Z (—Amn +m*)gH?%, (4.1.24)

XEAN

where Ay y is the hierarchical Laplacian on Ay . Prove that, for m? >0,

B, = Zc@) (4.1.25)
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with cﬁ.z) given by (4.1.20). In particular, B ,In{z is finite in all dimensions for m?> > 0,

whereas Béf is finite if and only if d > 4. Prove that, as m? 0,

const m =) d<4)

L4 —
s logm™' (d=4).

B, ~ (4.1.26)

[Solution]

The asymptotic behaviour for the hierarchical bubble in (4.1.26) is analogous to
that of Exercise 1.5.4 for the bubble diagram of the GFF. Another correspondence
between the hGFF and the GFF is that in the critical case m?> = 0 in the infinite-
volume limit, the covariance of the hGFF has the same large-|x| decay as the GFF.
This is shown in the following exercise.

Exercise 4.1.13
(1) Verify that

N—-1

Cm*) =yiQo+ Y (vjr1 —v)NQj + (m™> — yw) Q. (4.1.27)
j=1

(i1) Using the result of part (i), prove that as |x| — oo the hierarchical covariance
obeys

= — d=1
lim lim [Cox(m?) — Coo(m*>)] . ( :
m2 0 N—00 =—(1—L2log, |x|+0(l) (d=2)
(4.1.28)
and
lim lim Cox(m?) = |x|”“72 (d > 2). (4.1.29)
m? |0 N—00
[Solution]

On the other hand, the effect of the mass m > 0 is not as strong for the
hierarchical covariance as it is for the Euclidean one. The Euclidean covariance
with mass m decays exponentially with rate ~ m as m |, 0, while the hierarchical
covariance decays only polynomially in m|x|. This results from the fact that —Agy
is not local; its matrix elements decay only polynomially.
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4.2 Hierarchical |¢|* Model

Recall from Sect. 1.6.1 that the n-component |¢|* model on a set A is defined by the
expectation

1
(F)gv,a = f F(p)e "@dg 4.2.1)
Zg,v,A RnA
with
H(¢)=IZ¢ (= Ag)+ Y L elonlt + Ll (422)
2 X BYP)x 4 X 2 X . 2.
xeA xeA

Here g > 0,v e R,dgp = ]_[xeA do, is the Lebesgue measure on (R4, and Bisa
A x A symmetric matrix with non-negative entries. The GFF is the degenerate case
w(p) = £m2|<p|2. The commonest short-range spin-spin interaction is the nearest-
neighbour choice Ag = A4.

Our topic now is the hierarchical |¢|* model, in which A g is replaced by the
hierarchical Laplacian Ay of Sect.4.1. This choice significantly simplifies the
analysis in the renormalisation group approach. According to Exercise 4.1.8, —Apy
is ferromagnetic. Moreover, for x # 0, and in the simplifying case of the limit
N — 00, Ap.ox is proportional to L~@+2)Jx where j, is the coalescence scale.
Therefore Ap.ox is bounded above and below by multiples of |x — y|=4=2. Thus,
although the matrix Apy is long-range, it is almost short-range in the sense that its
variance is only borderline divergent. Although it does not respect the symmetries
of the Euclidean lattice Z¢, but rather those of a hierarchical group, it nevertheless
shares essential features of the Euclidean nearest-neighbour model.

We denote expectation in the n-component hierarchical |¢|* model by

(Flewn=2,]

— oo (— 1 4,1 2
N f Figye” Dealbor Campetisioltblo) g (03
7 RnA

The finite-volume susceptibility is

AN(E V) =D (@0P)gwN (4.2.4)

xeA

and the susceptibility in infinite volume is

x(gv) = Jim 3 g5e)gun. (4.2.5)

XeAy

Existence of this limit is part of the statement of the following theorem. The theorem
provides the hierarchical version of (1.6.12). Its proof occupies the rest of the book.
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Theorem 4.2.1 Letd = 4 andn > 1, let L > 1 be large, and let g > 0 be small.
For the hierarchical |¢|* model, there exists v. = ve(g,n) < 0 such that, with
v=v.+e¢candase |0,

1
x(8.v) ~ Agn (loge™h)trt2/48), (4.2.6)
&

In particular, the limit defining x (g, v) exists. Also, as g |, 0,

n+2
(1= L™ +8)g) " ~1
Ag,n ~ ( log L > ve(g,n) ~ —(n+ Z)g(_AH)()() .

(4.2.7)

The L-dependence present in (4.2.7) is a symptom of the fact that in our
hierarchical model the definition of the model itself depends on L. This is in
contrast to the Euclidean case, where the corresponding formulas for Ag , and v,
are independent of L in Theorem 1.6.1.

Hierarchical fields were introduced in 1969 by Dyson [78] for the study of
the 1-dimensional Ising model with long-range spin-spin coupling with decay r ¢
(¢ € (1, 2)). Three years later, the hierarchical model was defined independently
by Baker [13]. In the context of the renormalisation group, the idea was taken up
by Bleher and Sinai, who investigated both the Gaussian [35] and non-Gaussian
regimes [36].

Since then, the hierarchical approximation has played an important role as a test
case for the development of renormalisation group methods. The hierarchical 1-
component (p4 model is studied in [95, 152, 153] ford = 4, andin [112, 154] ford =
3. An analysis of the hierarchical 4-dimensional Ising model appears in [109]. The
hierarchical version of the 4-dimensional weakly self-avoiding walk is analysed in
[39, 40, 51]. The e-expansion in the long-range (non-Gaussian) hierarchical setting
is developed in [36, 63, 97].

Hierarchical models are remarkably parallel to Euclidean models, and our
analysis is designed so that the Euclidean proofs closely follow the hierarchical
proofs. An alternate approach to hierarchical models is explored in depth in [3].
In [3], continuum limits of hierarchical models are defined with p-adic numbers
playing the role of R?, and spatially varying coupling constants are permitted.
The search for parallels continues in [2] where hierarchical conformal invariance
is studied.

4.3 GFF and |¢|* Model

Now we make the connection between the n-component hierarchical l¢|* measure
and an n-component Gaussian measure. The exponent

Yo (—Aune) + Lglol* + Lvjp)? 4.3.1)
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in (4.2.3) has two quadratic terms, so it is tempting to use these two terms to define
a Gaussian measure and write the |¢|* measure relative to this Gaussian measure.
However, the corresponding Gaussian measure does not exist when v is negative,
and we are interested in the critical value v, which is negative. Also, the hierarchical
Laplacian itself is not positive definite, so it is not possible to define a Gaussian
measure using only the ¢(—Ag y¢) term, without restriction on the domain of
A H,N-
Given a mass parameter m? > 0, we define Vo=V — m? and

Ve (@) = Sglol* + Jvolel®. (4.3.2)

Leaving implicit the volume parameter N on the right-hand side, and writing C =
(—Ag.n+ mz)_l, we have

EC Fe™ ZXEA Vg,v() (ox)

(Flgw,N = (4.3.3)

Eceivg"’ﬂ

The finite-volume susceptibility corresponds to the choice F(¢) = > 4 (pé(pi
on the left-hand side of (4.3.3). It can be studied using the Laplace transform, as in
the next exercise. We define

Zo() = e Ve ® (4.3.4)
and, for f : R4 — R”,
In(f) =Ec (e Zo(p)). (4.3.5)
By Exercise 2.1.10,
En(f) = 2PN B0 Z0)(CP). (4.3.6)

Derivatives of functionals of fields, in the directions of test functions /;, are defined
by

d}’l
D"F(fihi,... hy) = F(f 4511+ sahn) . (437
dsy---dsy 51

==5,=

Exercise 4.3.1 Forvg =v — m2,

Z< 1,1 _ 1 D*Xy(0:1,1)
oA VAR ()

1 1 D?Z3(0;1,1) 438)
=m2 T m4| A| Zy0) “
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where 1 denotes the constant test function 1, = (1,0,...,0) forall x € A, and
where Z i = EcbZy with Zj given by (4.3.4) and the convolution Ec6 is given
by Definition 2.1.5. Hint: use Exercise 4.1.10 for the second equality in (4.3.8).
[Solution]

Using the renormalisation group method we will compute the effective mass
m? > 0, as a function of v > v, with the property that the term involving Z 5
on the right-hand side of (4.3.8) goes to zero as N — oco. By Exercise 4.1.10,
this expresses the infinite-volume susceptibility of the interacting model at v as the
susceptibility of the free model at m 2.

Much of the literature on the triviality (Gaussian nature) of the 4-dimensional
|<,o|4 model has focussed on the renormalised coupling constant gren, €.g., [9, 92].
This is defined in terms of the truncated four-point function 4, which for simplicity

we discuss here for the 1-component model. In finite volume, let

N = ) (((posoxsoywzm—(<posox>zv(<py<pz>zv

X,y,2€A
— (@opy) N{Px @ IN — (wosoz)N(soxsoy)N)
= > (p0pr0y0In — 31 AR (4.3.9)
X,y,2€A

Then we define it4 = limy_, o U4,y (assuming the limit exists), and set

1 ug
8ren = 6 gdy2 (4.3.10)
where £ is the correlation length. The é is simply a normalisation factor.
Exercise 4.3.2
(i) In the setup of Exercise 4.3.1 with n = 1, prove that
47 o 27 (0: 2
_ 1 D*Zy(0;1,1,1,1) D°Z4(0; 1, 1)
U4N = —
m8| A| Z;(0) Z5(0)
(4.3.11)

Here 1, = 1 forall x € A.

(i) As discussed below Exercise 4.3.1, we will prove that in infinite volume the
susceptibility is x = m~2. As in Theorem 1.6.2, for d = 4 we expect the
correlation length to have the same leading asymptotic behaviour as the square
root of the susceptibility. Thus, for d = 4, we define

- 11y 1 <.
Ben == 4= = Ml (4.3.12)
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If Zy is replaced in (4.3.11) by e="V@ with Vy(A) = Y. (Genvet +
%vN(pf + uy), prove that the right-hand side of (4.3.12) then becomes goo =
limy_ o gy (assuming again that the limit exists). This explains the name
“renormalised coupling constant.” [Solution]



Part I1
The Renormalisation Group: Perturbative
Analysis



Chapter 5 )
The Renormalisation Group Map Shethie

The proof of Theorem 4.2.1 uses the renormalisation group method, and occupies
the remainder of the book. An advantage of the hierarchical model is that the
analysis can be reduced to individual blocks (recall Definition 4.1.1); this is not
the case in the Euclidean setting. We explain this reduction in Sect.5.1. The
renormalisation group map is defined in Sect.5.2. It involves the notion of flow
of coupling constants (u;, g;,v;), as well as the flow of an infinite-dimensional
non-perturbative coordinate K ;. The flow of coupling constants is given to leading
order by perturbation theory, which is the subject of Sect. 5.3.

5.1 Reduction to Block Analysis

5.1.1 Progressive Integration

Our starting point for the proof of Theorem 4.2.1 is a formula for the finite volume
susceptibility xny(g,v) of (4.2.4). It can be rewritten, as in Exercise 4.3.1, as
follows. Given (go, vo) and m? > 0, we write C = C(m?) = (—AHN +m?)~!and

‘ 4

Zy =EcbZo, Zo(p) = e Laealisoler+3wole®), (5.1.1)

where the convolution Ec6 is defined in Definition 2.1.5, and we emphasise that
it here refers to an n-component Gaussian field as in Example 2.1.4. Then, for any

m? > 0, and for gop = g and vg = v —m2,
e g ! D*Z3(0: 1, 1) 5.12)
, V) = s .
ANTS m?> T mAAl Zg(0)
where 1 denotes the constant test function 1, = (1,0, ...,0) forall x € A.
© Springer Nature Singapore Pte Ltd. 2019 69
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Thus, to compute the susceptibility, it suffices to understand Z,. The formula
(5.1.2) requires that vo = v — m?, but the right-hand side makes sense as a function
of three independent variables (mz, 20, Vo), wWith m? > 0, go=g >0, € R.
Although (5.1.2) no longer holds without the requirement that vy = v — m?, it is
nevertheless useful to analyse Z; as a function of three independent variables for
now, and to restrict vy later. We will do so.

The starting point for the renormalisation group is to evaluate Z ;, as the last term
in a sequence Zo, Z1, ..., ZN, ZN generated by

Zjy1=Ec;,,0Z; (j <N), Zy=Ec,0Zn, (5.1.3)
where C = 27:1 Cj + Cy is as in Proposition 4.1.9. It follows from the above
recursion and Corollary 2.1.11 that

Zy ZECNQ OECN90-~-OECIQZ():EC(mz)QZQ, (5.1.4)

consistent with (5.1.1). The effect of finite volume is concentrated entirely in the
last covariance C.
The first equation of (5.1.3) can be rewritten as

Zjti(p) =Ec;,, Zj(p+ 0), (5.1.5)
where the expectation on the right-hand side integrates with respect to ¢ leaving ¢
fixed. By the definition of the hierarchical GFF in Definition 4.1.2,

* the restriction of x = ¢, to a block b € B; is constant;
* the restriction of x = ¢, to a block B € B, is constant.

The fluctuation field ¢ is Gaussian with covariance C; 1, while the block-spin
field ¢ is Gaussian with covariance Cj12 +--- + Cy + Cy.

From now on, we often fix a scale j and omit it from the notation. We then write
+ instead of j + 1. In particular, we write C for C;, B for B;, and B for B 1.
We also abbreviate E; = Ec,,,, and we typically use b to denote a block at scale j
and B to denote a block at scale j 4+ 1 when blocks at both scales are being used.

5.1.2 Polynomials in the Hierarchical Field
We use the notation
14, (5.1.6)

and write, for example, rxz = il(pxl‘*.
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Definition 5.1.1 We set V = R2, I/ = R3 and write their elements as V = (g,v) €
Vand U = (u, V) € U. We identify V and U with the polynomials V = g2 4 vt
andU =gt +vr+u.Given V € VorU € Y and X C A, we set

VX =Y (grf + vrx> , (5.1.7)
xeX

UX. )= (grf vt + u) : (5.1.8)
xeX

Furthermore we set Uy (¢) = grx2 + v1y 4 u and similarly for V, (¢).

Exercise 5.1.2 Show that, for an arbitrary covariance C, Ec0 acts asamap U — U
identified as polynomials in the field by setting X = {x} in (5.1.8). (Recall
Proposition 2.1.6.) [Solution]

Recall that the set B; of j-blocks is defined in Definition 4.1.1. We use multi-
index notation: ¢ = («q, ..., ®,) is a vector of nonnegative integers, and we write

lal =37 el = [T/ ai!, and ¢% = [T/, (¢H)% for ¢ € R™.

Lemma 5.1.3 IfU, U’ € U and B € By then there exist coefficients p,q,r, s € R,
bilinear in U, U’, such that

Covi(0Uy,0U'(B)) = p+ qt, + rt2 +s7°. (5.1.9)

iV = 0asin (4.1.13) then s = 0, and hence Cov 4 (60U, U’ (B)) identifies with
(p, 7, q) € Uvia (5.1.8),

Proof By Taylor’s theorem, U, (¢ + ¢) = Zla‘sé‘ 0:! U(“)((p)gf, SO

1 ,
Cov4(OU,, 0U'(B)) = Z 'a”U(‘”U’(‘*)ZCov+(;g,;§). (5.1.10)

leel,lo’|<4 x'eB’

Terms with |a| = 0 or |&’| = 0 vanish since the covariance does. The same is true

when || + |o’| is odd, due to the ¢ — —¢ symmetry. When |«| = |&| = 1, the
. . . . R 1

covariance vanishes unless ¢ = «’, and in this case the sum over x’ is cﬁr). When

cﬁ) is nonzero, the O (n)-invariance of the covariance ensures that the resulting ¢-
dependence is of the form lp]O.

This leaves only terms where |«| + |@’| € {4, 6, 8}. Such terms respectively
produce contributions which are quartic, quadratic, and constant in ¢. The fact that
the covariance is O (n)-invariant ensures that the quartic and quadratic terms are
multiples of lo|* and |@|?, and the proof is complete. |
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5.1.3 Functionals of the Hierarchical Field

Definition 5.1.4 For B € B, let J(B) denote the set of constant maps from B to
R”, and let jp : J(B) — R”" be the map that identifies the constant in the range of
amap in J(B), i.e.,

JB(@) =¢x (x € B, ¢ € J(B)). (5.1.11)

Let V'(B) be the vector space of functions that have the form F o jg : J(B) — R,
where F : R” — R is a function with p s continuous derivatives. In the proof of
Theorem 4.2.1, we take par = oo, though the proof also works for any finite value

pn = 10.

Definition 5.1.5 Let 7 = 7 C pep, N (B) be the vector space of functions

F (B, ) that obey the following properties for all B € B;:

 locality: F(B) € N(B),

e spatial homogeneity: F(B) = F o jp where F : R" — R is the same for all
blocks B € Bj,

e O(n)-invariance: F(B, ¢) = F(B, Ty) forall T € O(n), where T acts on J(B)
by (Tp)x = Toy for x € B.

The property locality is already included in the condition that F is a subspace of
Dy N (B), and is written for emphasis only. For X C B i, let B;(X) denote the set
of j-blocks comprising X. For F; € @BEB]' N (B), in particular for F; € F;, we
define

Ff = ]_[ Fj(B). (5.1.12)
BeB;j(X)

5.1.4 Global to Local Reduction

Let Vo = gotf + vo1,. We define Fy € Fo by
Fo({x}, ) = e~ 0. (5.1.13)
By definition, Zp of (5.1.1) can be written in the notation (5.1.12) as
Zo = FOA (5.1.14)
The product FOA = ]_[xeA Fo({x}) in (5.1.14) is the same as the product over

0-blocks B € By, because a 0-block B equals {x} for some lattice point x. A
principal feature of the hierarchical model is the stability of a product form for
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Z; for every j, analogous to (5.1.14), as in the following lemma. In its statement,
in accordance with (5.1.12) we write FkB = ]_[bEBk(B) Fyx(b) for B € Bj41, and

A
F] = HBEB]' F/(B)

Lemma 5.1.6 The sequence F; defined inductively by
Fiy1(B) = K¢y, 0FF (B € Biy), (5.1.15)

with initial condition (5.1.13), defines a sequence Fj € Fj when F(B) = F(B, ¢)
is restricted to the domain J (B). Moreover,

Zj=F{. (5.1.16)

Proof For j = 0, the claim (5.1.16) holds by (5.1.14) and Fy € Fo as remarked
above. We apply induction, and assume that (5.1.16) holds for some j with F; € F;.
In particular, for B in B;, F;(B) depends only on ¢|p and this field is constant on
B. Following the definition of EC/-+19 we replace F; (B, ¢) by F;(B, ¢ + ¢) where
¢ is Gaussian with covariance C;j 1 and the expectation is over ¢. The covariance
Cj41 is such that ¢|p and ¢|p are independent for distinct blocks B, B" € Bj1.
Consequently, by the inductive hypothesis

Ec;,02; =Ec;,0 [| Ff= [] Ec;n0Ff =F}, (5.1.17)
BEBJ'+1 BEBJ‘JH

as claimed. To prove that F; 1 € Fj;11 as in Definition 5.1.5 we use the inductive
hypothesis F; € Fj, the recursive definition (5.1.15) and that ¢;; is constant
on B. These immediately imply that F;, satisfies locality and homogeneity. By
Exercise 2.1.13, ToIECjHQ = EC/-+19 oT forany T € O(n). This implies that Fj 1
is O (n)-invariant, which completes the proof that F; 11 € F;41, and completes the
proof of the lemma. |

According to (5.1.16) the sequence Z; is determined by the sequence F;. A key
point is the simplifying feature that F; is local, i.e., F(B) depends only on ¢, for
x € B, while Z; is global, i.e., it depends on ¢, forall x € A.

In order to define the renormalisation group map, we make a conceptual shift in
thinking about Lemma 5.1.6. Namely, we broaden our perspective, and no longer
consider the input to the expectation Ec;,,6 as necessarily being determined by
a specific sequence Z; with initial condition Zy. Instead, we consider a generic
F e Fj,defineZ=F A and assume that Z is integrable. Then we consider E 6 =
Ec,,,0 as a map acting on this class of Z. The calculation in (5.1.17) shows that the
map F + F, definedby F, (B) = E,0FP isaliftof themap Z — Z, =E, Z.
See Fig.5.1. As discussed above, this is a global to local reduction.
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N

> Z.
E, 60

Fig. 5.1 ThemapE,0 : Z — Z, islifted to F — Fy

5.2 The Renormalisation Group Map

5.2.1 Local Coordinates

To describe the map F + F., defined by F, (B) = E, 6 F5 for integrable F € F,
we introduce coordinates. Ideally, we would like to replace F by e~V with U € U.
This is not exactly possible, as we will need more degrees of freedom for a typical
F than just three real parameters (u, g, v). In particular, it is in general not the case
that there exists Uy € U such that Ec, e~V ®) will be equal to e~V+B)_ So instead,
we make an approximate replacement of F by e~V and keep track of the error in
this replacement.
In detail, given U = (u, V) € U, we define I € F by

Ib)=e"®, (5.2.1)
and write F € F as
F(b) = e Pl(1(b) + K (b)), (5.2.2)

where K is defined so that (5.2.2) holds: K (b) = €*®! F(b) — I(b). Then (5.2.2)
represents F' by local coordinates

u,V,K) = (U, K), (5.2.3)

withu € R, V € R2, and K € F. We can turn this around: given coordinates
(U, K), the formula (5.2.2) defines F. If we define Z = FA4, then (U, K) also
determines Z. Note that Zg of (5.1.14) is of this form, with F' = eV, corresponding
tou=0,K =0.

Given any Uy € U, a simple algebraic manipulation shows that F{ (B) =
Ec 0F B can be expressed in the same form

F.(B) =E,0F8 = e +1Bl(1(B) + K+ (B)), (5.2.4)
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F > F
Ec, 6(-)8

Fig. 5.2 The map F — F is lifted to map (U, K) — (U4, K4 ). The lift is not unique

with I, € F defined by I, (B) = ¢~"+® and with K, uniquely defined by
K. (B) =" WBIE 0(I + K)® — I.(B). (5.2.5)

It is straightforward to check that this is the solution that makes the diagram
commutative in Fig. 5.2. With Z; = E40Z =E,0F4 = F{ (we used (5.1.17) for
the last equality), we obtain

Zy=e "+ k) =e"ME 0 + K)A =E,0Z. (5.2.6)

To be useful, we will need to make an intelligent choice of U,.. Our choice is
made in Sect.5.2.4. It is designed in such a way that we will be able to prove that
if K = Kj is third order in the coefficients of U, then K4 will be third order in
the coefficients of U, uniformly in the scale j. The coordinate K is thus an error
coordinate which gathers third order errors. Detailed second-order information is
retained in the polynomials U and U, and this is the information that is primary in
the computation of critical exponents.

We emphasise that the remainder coordinate K is not written in the exponent, i.e.,
we use the form F(b) = e “Pl(e=V©®) 4 K (b)) instead of e #PI=V)+KD) Gince
K (b) contains contributions that are, e.g., degree-6 in the field ¢ and of uncontrolled
sign, it is useful not to exponentiate them. Note that requiring that K (b) be O (|¢|®)
as ¢ — 0 would be a natural condition to fix the choice of V and K; however, we
do not impose it and allow K (b) to contain sufficiently small contributions of lower
order in . This gives a somewhat more flexible representation whose generalisation
is particularly useful in the Euclidean setting.

5.2.2 Localisation

A crucial idea for the renormalisation group method is to choose Vi so that the
coordinate K in (5.2.3) contracts under change in scale. A full discussion of this
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contraction involves the introduction of a norm to measure the size of K. We defer
this to future chapters. In this section, we restrict attention to the definition of a map
which extracts from a functional of the field, such as K, a local polynomial in the
field which represents the parts of the functional which do not contract. This map is
called Loc.

The monomials which comprise the range of Loc are those which do not contract
under change of scale, in the following sense. For dimension d = 4, by (4.1.12) the
approximate size (square root of the variance) of the fluctuation field |¢;41] is L.
For V = |¢;4+1]7, the size of V (b) is approximately L% L=/ = L#=P)J because
this is the number |b| = L% of fields in b times the approximate size L7/ of the
monomial [{;41;x|” at a point x € b. Under this measure of size, the monomial
grows exponentially with the scale if p < 4, it neither grows nor contracts if p = 4,
and it contracts with the scale if p > 4. This motivates the following definition.

Definition 5.2.1 A homogeneous polynomial in ¢ of degree p is relevant if p < 4,
marginal if p = 4, and irrelevant if p > 4.

For a functional F of the field, we will use Taylor expansion to define Loc F/
as the projection onto the relevant and marginal monomials of F'. For this, we first
develop the theory of Taylor expansion.

Recall that for a sufficiently smooth function F : R” — R and a point ¢ € R”,
the pth derivative F(P)(¢) of F at ¢ is the p-linear function of directions ¢P =

(@1, ..., 9p) € (R™MP given by

. ad ad .
FP(pi ¢y = .. Flp+ Y. ¢ (5.2.7)
ot oty .
with the derivatives evaluated atty = --- =1, = 0.

Definition 5.2.2 For smooth F : R* — R and k > 0, we define Tay, F' to be the
kth-order Taylor polynomial at 0, i.e., for ¢ € R",

k

1
Tay, Fp) = ) p,F<P><o; 0", =90 (5.2.8)
p=0""

For b € B and F(b) = F o j, € N(b), and for a field ¢ that is constant on b, we
define

Tay, F (b) = (TayF) o jp. (5.2.9)
We define the localisation operator Loc by

LocF (b) = Tay,F (). (5.2.10)
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By definition, Tay, is a projection. More generally, Tay,Tay,F(b) =
Tay ,; F(b). We need Loc = Tay, only for O(n)-invariant F(b), and in this
case it simplifies.

Lemma 5.2.3 Let b € B and suppose that F(b) = F o jj, is in N'(b) and is O (n)-
invariant. Then, for constant ¢ on b,

1 1
Loc F(b,¢) = F(0) + , FPO; eDlgl* + | FP0; eDlgl*, (5.2.11)
where ey = (1,0, ...,0) in R" and ef =el,...,epin ni:l,... » R". In particular,

there is a unique element Ur of U such that Loc F(b) = Uf (b), and we identify
Loc F with this element UF.

Proof By hypothesis, F(T¢) = F(¢) for every T € O(n). With the choice
T = —I, we see that F(0) = 0 for all odd |«|. With T chosen so that
T = (lg],0,...,0) (arotation), we obtain (5.2.11). |

Example 5.2.4 Consider 1-component fields ¢ defined on R4~ which are constant
on the block b € B.

(i) Let

Fb.9)=Y ¢r. (5.2.12)

x€b

This is an element of N (b) as in Definition 5.1.4. In particular, F(b) = F o
jp with F(u) = |blu?, so Tay,F(u) = |b|u®. Therefore (Tay,F) o jy(¢) =
IbI( jb((p))z_ Equivalently, (Tay4F) o j,(¢) = 3" ,, ¢2. By Definition 5.2.2,

Loc F(b,9) = Y ¢? = F(b.¢). (5.2.13)

xeb

Similarly, Loc F (b, ¢) = F (b, ¢) if

1 1
Fb.g)=>_ <4g<p§§ + zvcpf + u) . (5.2.14)
xeb
(ii) Let
F(b, p) = eXrer V43, (5.2.15)

Then F(b) = F o j, with F(u) = elbvi? o Tay,F(u) = 1+ |blvu® +

. . 2 . 4
51b12v2u®. Therefore (Tay,F) o jp(9) = 1+ |bIv(jin())” + 5 1617v2 (s (@)
Equivalently, (Tay,F) o jp(¢) = 1 + erb vq)}% + é|b|2xeb vzq);‘. By
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Definition 5.2.2,

1
Loc F(b,g) =) (|b| +vp? + ;|b|v2¢j> . (5.2.16)

x€b

In (5.2.13) and (5.2.16), the output of Loc has been written as a local polynomial
in the field, summed over the block b. For the hierarchical model this could be
seen as a redundant formulation, since the field is constant on b and hence, e.g.,
> rep #2 = |blg®. However, in the Euclidean model the field is no longer con-
stant on blocks, and (5.2.13) and (5.2.16) have direct Euclidean counterparts.
This illustrates the general theme that Euclidean formulas specialised to the
case where fields are constant on blocks reduce to hierarchical formulas.

Ultimately, the proof that K contracts relative to K requires an estimate on
1 — Loc. A general version of this crucial estimate is given in Sect.7.5, and its
specific application occurs in Sect. 10.5.

5.2.3 Perturbative Map

In this section, C is any covariance with the property that the corresponding fields
are constants on blocks in b € B. It will be taken to be either C ;| for some j < N,
or Cy when j = N. We sometimes write E in place of Ec, .

As discussed in Sect. 5.2.1, it is in general not the case that there exists Uy € U
such that e~V ® will be equal to e~Y+B)_ The perturbative map is a map U
Uy such that, in a sense to be made precise below, E+e~Y() is approximately equal
to e~Un(B) The map is defined as follows.

Definition 5.2.5 Recall that E(9A; 6 B) is defined in (2.2.6); it is the same as the
covariance Cov(f A, O B). Given U € U, we define

Up(B) = Ec, 60U (B) — ;Loc]EC+ (0U(B);0U(B)) (B €Bjt1). (52.17)

Exercise 5.1.2 shows that Ec, 6 U (B) determines an element of I/, and the range of
Loc is also U, so Up(B) determines an element of /. We define the perturbative
map Ppe : U — U by setting @p(U) to be this element. Then (5.2.17) can also be
written as

1
D (U; B) =Ec,0U(B) — 2LocIEC+ (QU(B); OU(B)). (5.2.18)
We also define

W4 (B) = ;(1 —Loo)Ec, (0U(B); 0U(B)). (5.2.19)
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By Lemma 5.1.3, if ¢!’ = 0 then the definition of Upt(B) is not changed if Loc
is removed from the right-hand side of (5.2.17). Also by Lemma 5.1.3, W(B) is
proportionalto ) . p 'C;’, and is in fact zero if ¢() = 0.

The polynomial Upe € U can be calculated explicitly, and the result of this
calculation is given in Proposition 5.3.1. The coefficients of Up are explicit
quadratic polynomials in the coefficients of U, and the coefficients of these
quadratic polynomials are explicit functions of the covariance C..

The sense in which the expectation E; e~ is approximately e~Un(¥) is made
precise by Lemma 5.2.6. Given U, we define

dU =0U — Up (V). (5.2.20)
The following lemma illustrates what the definition of Up achieves. It shows that the
difference between Ee~?Y and e~Urt is the sum of three terms. The term involving
W is second order in U but is zero as long as ¢() = 0, which does hold for all scales

except the last scale by (4.1.13). The term involving (LocVar(6 U ))2 is fourth-order
in U, and there is a term that is formally third order in §U, defined in terms of

1
A3(B) = 21'/0 (=8U(B))3e VB (1 — n2dr. (5.2.21)

In Sect. 10.3.2, we provide a careful analysis of the term involving A3.

Lemma 5.2.6 For any polynomial U € U such that the expectations exist, and for
B e B+,

B, e 0U®B) — o~ Un(B) (1 + Wy (B) + | (LocVar(0U (B)))? + ]E+A3(B)) .
(5.2.22)

In particular, if the covariance satisfies the zero-sum condition ¢V = 0, then
B, e 0U®B) — o~ Un(B) (1 + L (Var(0U (B)))* + E+A3(B)) . (5.2.23)

Proof We drop the block B and subscript 4 from the notation. Then we can rewrite
the desired formula (5.2.22) as

Ee Y =1+ W + { (LocVar(U))* + EAs. (5.2.24)
By the Taylor remainder formula,

eV =1-8U + ) (8U)* + 43. (5.2.25)
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By Definition 5.2.5,

ESU = 'LocVar(0U). (5.2.26)

Also, Var(§U) = Var(QU) and W = é(l — Loc)VardU, so

E (—6U + ;(aU)Z) = —E@GU) + L Var(s0) + | (BGU))?
= —LocVar(0U) + ,Var(8U) + g (LocVar(9U))>
=W + 4 (LocVar(9U))*. (5.2.27)

By (5.2.25), this leads to (5.2.24). Finally, (5.2.23) then follows immediately since
when ¢! = 0 we have W = 0 and LocVardU = Var@U. This completes the
proof. ]

A more naive idea would be to expand ¢ %Y into a power series before

computing the expectation E; e~?Y, but such expansions can behave badly under
the expectation, as illustrated by the following exercise.

Exercise 5.2.7 Observe that, for any g > 0,

1 o0

7 / 8 e gy < 1, (5.2.28)
T J—o00

whereas, on the other hand, the series

o
1 1 o

Zn' o / (—gxhyte™ 2% dx (5.2.29)

n=0 " -0

is not absolutely convergent for any g # 0. [Solution]

5.2.4 Definition of the Renormalisation Group Map

We now have all the ingredients needed to define the renormalisation group map.
We define the map @y with Cy = Cj1 as in Proposition 4.1.9. As before, the
scale j is fixed and omitted from the notation. We assume here that j < N. In

particular, this means that cﬁrl) = 0 holds so that Loc can be dropped from (5.2.18)
and W, = 0.

Definition 5.2.8 For m? > 0, the renormalisation group map

¢+ : (V, K) = (UJr, K+) = (Lt+, V+, KJr) (5230)
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is defined by

Uy = &p(V — Loc (¢V K)), (5.2.31)
K. (B) =e"+"BIEL0(1 + K)? — 1.(B), (5.2.32)

where I = ¢V, and I, = e¢~"+. The domain of @ consists of those (V, K) €
V x Fsuchthat Ec 01 (V) + K)® is defined. We write the components of @ as

o, = (@Y, oK) = (@4, o), 0K) = (2", 0. (5.2.33)

Note that in (5.2.30) the input polynomialis V € V ratherthan U = u + V €
U. The reason why it is sufficient to consider the case u = 0 is discussed in
Remark 5.2.9. Note also that U(b) = V (b) — Loc(eV @ K (b)) in (5.2.31) defines a
b-independent element U € U, due to the spatial homogeneity imposed on K € F
by Definition 5.1.5. The formula (5.2.32) for K is identical to (5.2.5), with the
specific choice (5.2.31) for U, and with u = 0.

Remark 5.2.9 The domain of @, involves V € V instead of U € U, i.e., has
u = 0, while the output of @, has a u-component. This is because the dependence
of the expectatlon on u is of a trivial nature. Let U = (u, g,v) = (u, V). Then
U=u+V and Upt(U) = u + Up(V), and thus Uy (U, K) = u + U4 (V, K) and
Ki(U,K) = !Bl K4 (V, K). The effect of nonzero u can thus be incorporated in
this manner. We refer to the transition from U = (u, g, v) to Uy = (U4, g+, v4) as
the flow of coupling constants.

Remark 5.2.10 We emphasise that, while the hierarchical model is originally
defined only for m? > 0, the covariances Cy, ..., Cy (but not C N) are well-defined
also for m?> = 0. This allows us to define the renormalisation group map also for
m? = 0, as in Definition 5.2.8. Furthermore, the maps @; for Ay are the same for
all N > j.

There are two aspects to our choice of U, which is the basis for the definition
of the renormalisation group map @, with K given by (5.2.5).

Nonperturbative Aspect Ine™" + K = e~V (1 4+ ¢V K), the term e" K can contain
relevant and marginal contributions, so we isolate these as eVK = LoceVK +
(1— Loc)ev K . We wish to absorb Loc eV K into V, which is in the exponent, SO we
approximate e~V (14+Loce" K) by e~V with U =V —Loce" K. This approximate
transfer of the marginal and relevant terms turns out to be sufficient since we will
impose a hypothesis that the remainder K is higher order and therefore does not
significantly affect the evolution of V.

Perturbative Aspect The expectation Ede~U is approximately e~UnD)  in the sense
that is made precise by Lemma 5.2.6. The occurrence of @y in (5.2.31) is for this
reason.
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5.2.5 The Last Renormalisation Group Step

The final renormalisation group step concerns the integration with covariance
Cy = m~2Qy. This step is special. There is no more reblocking because after
the integration with covariance Cy only the one block B = Ay remains. Also,

55\}) =m~2 #0s0 Wy, is not zero, where Wy is given by (5.2.19) to be

Wi (B) = ;(1 —Loo)Ec,, (0V(B); 0V (B)) (B = A). (5.2.34)

Definition 5.2.11 The final renormalisation group map (V, K) — Uy, Kg) is
the map from V x F to U x F defined by

Uy = Un(V), (5.2.35)
Ko(B) =e Vi® (; (LocVar(0U))* + Ec, A3(B)) +e“8PIEc 0K (B),
(5.2.36)

where B = Ay, Uy =ugy+Vy with Vi € V, §U and Aj are as in (5.2.20) and

(5.2.21). We assume the expectations in (5.2.36) exist.

The formula for Uy in Definition 5.2.11 does not have the Loc term present in
(5.2.31), because it is not necessary to remove expanding parts of K when there are
no more renormalisation group steps to cause K to expand.

The following proposition shows that Definition 5.2.11 and 51(\}) # 0lead to a
revised version of the representation (5.2.6) where now I is given by e Vi (I+Wg)

Ve

rather than simply by e™ "# as in all earlier renormalisation group steps.

Proposition 5.2.12 With Uy, and K, as in Definition 5.2.11, with B = Ay, and
assuming that the expectations exist,

Ec, (e_QV(B) + eK(B)) — ¢ 151l (e_VN(B)(l + W (B)) + KN(B)) .
(5.2.37)
Proof We drop B from the notation. By Lemma 5.2.6, the left-hand side of (5.2.37)
is equal to
e Us (1 +Wg + L (LocVar(0U))* + JECNA3) +Ec, K. (5.2.38)
After an algebraic reorganisation, this is seen to equal the right-hand side of
(5.2.37). ]

Remark 5.2.13 As discussed further in Chap. 12, for the Euclidean finite-range
decomposition it is the case that ¢() # 0 for all covariances. This creates a need for
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aterm W in all renormalisation group steps, not just in the last step as we have here
for the hierarchical model.

5.3 Perturbative Flow of Coupling Constants: The Map &,

In this section, we explicitly compute the map @ (V) = @E(V, 0), which by
definition is the map V + Uy of (5.2.17). Note that @p; depends only on V, and
not on K. We allow nonzero u in this section, so that, as discussed in Remark 5.2.9,
Ppracts on U = u + V € U rather than on V € V. As we show in Chap. 6, Pp
represents the second-order part of the map @, whose remaining parts are third-
order. We write the image of U under @p as (upt, gpt, vpt). Thus our goal is the
calculation of (upt, gpt, Vpt) as a function of (u, g, v). This functional dependence of
the former on the latter is referred to as the perturbative flow of coupling constants.

5.3.1 Statement of the Perturbative Flow

The perturbative flow of coupling constants is best expressed in terms of the rescaled
variables:

pw=L¥v, pp= LDy, Epe = LD (e — u). (5.3.1)

We generally omit the scale index j, and regard variables with index pt as scale-
(j + 1) quantities. The powers of L in (5.3.1) correspond to the scaling of the
monomials on a block as discussed above Definition 5.2.1: vp? scales like vL?/,
ug® scales like u L%/ | and g is unscaled since ¢* is marginal.

Proposition 5.3.1 Letd = 4, y = (n + 2)/(n + 8), and suppose that ¢V = 0.
Then the map U + Uy of (5.2.17) can be written as

gpt =8 — Bg, (5.3.2)
o= L7 (11 = yBg) +ng — £6%) (533)
Ey = L? (Kgg +Kult — Kguglh — Kggg2 - K,W/L2) , (5.34)

where B, n, &, ky are j-dependent constants defined in (5.3.10)—(5.3.12) below.

Ultimately, the coefficient y in (5.3.3) will become the exponent of the logarithm
in Theorem 4.2.1. To define the coefficients that appear in (5.3.2)—(5.3.4), we recall
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the definitions (4.1.19) and (4.1.20), namely

cj =L I m? L)1 - L7, (5.3.5)
=3 (Criroxm)™. (5.3.6)
xXeEA

We define the coefficients

W=t Dej. Bi=w+8cP. & =2m+2)c + (1 +2)%;el?,

(5.3.7)
K=+t k= dnes Kk, = a4 2, (5.3.8)
Koo | = tn(n+2) ( @4 (n —i—2)c2 (2)), Ky j = In 52) (5.3.9)

The primes in the above definitions indicate that they refer to unscaled variables;
these primes are dropped in rescaled versions. For d = 4, the rescaled versions are
defined by

nj=L¥n, B =8 & =LY, (5.3.10)
wgj =LYk} ;. k=LK kguj=LYkp, (5.3.11)
Kgg,j = =LY Kgg i Kpwj = K{w’j. (5.3.12)

2

All the above coefficients depend on the mass m~ occurring in the covariance.

The coefficient f; is of particular importance. The use of the Greek letter 8 is not
entirely consistent with the term “beta function” in physics, which in our context
would represent the difference between the coupling constant at two successive
scales. In our formulation, 8 represents the coefficient of g2 in the beta function.

Remark 5.3.2 A term corresponding to ng was incorrectly omitted in [19, (3.27)-
(3.28)]. Its inclusion does not affect the conclusions of [19].

Definition 5.3.3 For m > 0, let j, be the greatest integer j such that Lim <1,
and set j,, = oo if m = 0. We call j,, the mass scale.

The mass scale is the scale j at which the effect of the mass becomes important
in estimates. For the mass-dependent factor in (4.1.18), for L > 2 we have

(1 +m2L2j)—1 < L2G—im)+ < 4=G=im)+ — 19]2_ <9, (5.3.13)
where the equality defines

9 =27 Umim+, (5.3.14)
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The advantage of ©¥; over the stronger upper bound L2U=im)+ is that o j is
independent of L. We often use i#; as an adequate way to take into account decay
above the mass scale.

Lemma 5.3.4 Ford =4,

nj=ng(L+m*L2)~ By = gyl +m?L2)72, (5.3.15)

g =& +m L) k=01 +mPLA)7h, (5.3.16)

where ﬁg = Bo(m?> = 0) = (n + 8)(1 — L=, and analogously for & and n. In
particular, each of nj, Bj, &, Kk« j is bounded above by O(1;).

Proof This follows from the definitions and Exercise 4.1.11. |

An essential property is that ,38 > 0. Recall from Exercise 4.1.12 that the
hierarchical bubble diagram B ,I,,{z is given by

B, = Z @ (5.3.17)

Therefore,
o0
Y Bi=m+8)B, (5.3.18)

which is finite for d = 4 if and only if m?> > 0, and diverges logarithmically as
m? | 0ford = 4.

5.3.2 Proof of the Perturbative Flow

The flow of coupling constants is stated in Proposition 5.3.1 in terms of rescaled
variables, but for the proof we find it more convenient to work with the original
variables. Also, although D of (5.3.6) is equal to zero by (4.1.13), the final
covariance Cy; does not sum to zero. We allow for nonzero ¢ in the following
proposition, so that it also handles the case of Cy. For this, we introduce the two
coefficients

sha ;= Hg 4+ 2)cj + gv)ey, (5.3.19)
= (8> (n +2)%c} + 2gv(n + 2)c; + v7)c m (5.3.20)

which each vanish when c(.l)

of Proposition 5.3.5.

= 0. Proposition 5.3.1 is an immediate consequence
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Proposition 5.3.5 For U = u + gt> + vz, the polynomial Upt defined in (5.2.17)
has the form Upy = gpttz + VptT + upt, with

gt =8 — B g% — sla 2 s (5.3.21)
vpo =v(l = yBg) + g — /8" — 57, (5.3.22)
Upt = u + Kg’jg + Kv’j]) - ng’jgv - Kgg’jg2 - Kl/)v,jvz’ (5.3.23)
with ,Bj, 77], ], /,j defined in (5.3.7)-(5.3.9). Also,
Wy = —4cWDg?13. (5.3.24)

In particular, if <V = 0, then Wy = 0, Upt contains no term proportional to 3,
and hence Uy € U.

Recall the definition of Up from (5.2.17) and recall Exercise 5.1.2. The following
lemma computes the terms in Upy that are linear in V.

Lemma 5.3.6 For U =u + ,glo|* + jvlpl%

Ec; ., 0U = jglol* + (v + 0 9)lol* + (u + &} ;g + K| jv). (5.3.25)

Proof We write C = Cj1, and sometimes also omit other labels j. Recall the

formula EcOU = eiACU from Proposition 2.1.6. Using this, we obtain
EcOU = U + yAc(yglol* + jvlel®) + §AZ selol*. (5.3.26)

The n’ term in (5.3.22) arises from the coefficient of él(p|2 in 2AC4|(,0|4 By
definition,

Aclgl* = ,Za( i (1o ) (5.3.27)

Since

. (|¢|2)2=4 " o) = 8 + 4ol (5.3.28)
0(p')? og! ’ -

this coefficient is 17’ given by (5.3.7), as required. The constant terms are k|, =

iAc|q)|2 and Ké = 1 A2 lp|*. We leave the verification of the formulas for «/,, Ké

in (5.3.9) to Exer(:lse 5 3. 7 ]

Proof of Proposition 5.3.5 The definition of Uy is givenin (5.2.17). We again write
C = Cj41 and omit other labels j. The linear terms in (5.3.21)—(5.3.23) are given
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by Lemma 5.3.6. Let x € B € B . For the quadratic terms, we must compute

S Ec(@Vii0vy) =3 ((kg*Ec(Olo:l: 010y1*) + L s vEc (010 01y 1Y)
yeB yeB

+ 18 3VEC (Olexl*; 010y 2) + V7B (0lox: 010, 2) ).
(5.3.29)

By Exercise 2.2.4, Ec(OP;0Q) = Fc(EcOP,Ec6Q), and hence it follows
from Lemma 5.3.6 that the summand in (5.3.29) is equal to

L Fe(lpxl* + 20 loxl%s loyl* + 21 |y ?)
+ e vFc(lex s loyl* + 2010y 17) + L dvFe(locl* + 20 1ox 1% 1oy )
+ 3 Fe(lox s loyl?). (5.3.30)

The above is equal to
1687 Fc (loxl*: loyl*)
+ (o8 @) + Jgv2n’ + u?) Fe(loxl%: gy ) (5.331)
+ (116g22n/ + ig§V> (Felpals oyI*) + Fe(lgal*s 19,2) ).
This can be evaluated using the formula from Exercise 2.2.4:

n

PP ar
c(Px; Oy) = E C E ot o (5.3.32)
1] Ip
,,M,i,,=1 dpl! - dg) gy - Doy

In the following, we examine an important sample term, and leave most details for
Exercise 5.3.7.

Consider the term FC(|(p|4; |(p|4). For p = 2, four of the eight fields are
differentiated and this produces a |¢|* term. Calculation as in (5.3.28) gives

n

3 loxl* 9%lgy*
ij=1 8(p§C8(px 8<p’yatpy

= 16(n + 8)|¢|*, (5.3.33)

where the subscript has been dropped on ¢ on the right-hand side to reflect the fact
that the field is constant on B. This shows that the contribution due to p = 2 that

. 11,2 4014
arises from —, | 8”3 p Fe(loxl®; loyl*) is

(2 168 2vC(2)16(n + 8))|<,0|4 —Big* 1ol (5.3.34)
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which is a term in (5.3.21). The p = 1 term gives rise to —4cﬁl)gzr3 in Up. The
p = 1 term from the third line of (5.3.31) gives rise to séz. No other |¢|* terms can
arise from (5.3.31), and the proof of (5.3.21) is complete. For p = 3, a contribution
to & results, and for p = 4, a contribution to Kég results. We leave these, as well as

the contributions due to Fc (|¢|%; |¢]%) and Fc (lgl?; |¢]*), for Exercise 5.3.7. W

Exercise 5.3.7 Verify the formulas given for the «’ coefficients in (5.3.9), and the
omitted details in Proposition 5.3.5 for the coefficients in (5.3.7). [Solution]



Chapter 6 )
Flow Equations and Main Result Shethie

In Sect.6.1, we provide a detailed and elementary analysis of the perturbative
flow of coupling constants, i.e., of the iteration of the recursion given by Proposi-
tion 5.3.1. We denote this flow by (g}, f1;). In particular, we construct a perturbative
critical initial value /1o for which fi ; approaches zero as j — oo.

In Sect. 6.2, we state extensions of the results of Sect. 6.1 to the nonperturbative
setting, in which the recursion of Proposition 5.3.1 is corrected by higher order
terms, and show that these extensions imply the main result Theorem 4.2.1. The
proof of the nonperturbative versions is given in Chaps. 8—10.

6.1 Analysis of Perturbative Flow

In this section, we study the perturbative flow of coupling constants U, defined as
the solution to the recursion U j+l = QDJL:(U j.0) = CDpt(U 7). The analysis of the
susceptibility does not require the sequence u j, so we do not study i; here though
its analysis is analo:gous. Moreover, since i1 — u; is a function of Vj, uj can
be computed once V; is known. Thus, we are concerned only with the V; part of
U;j = (uj,V;). We study the rescaled version (g;, ;) of V; = (g;,v;), with
nj= L% ;.
According to (5.3.2)—(5.3.3),

gj+1 =28 — Bj&;, 6.1.1)
Ao = L2 (A (1= yBig) +ni8) — 6183 - (6.12)
© Springer Nature Singapore Pte Ltd. 2019 89
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ByLemma5.3.4,8; = ,38(1 +m?L?7)~2  In particular, B; is constant when m? =0.
The system of equations (6.1.1)—(6.1.2) is triangular since the first equation only
depends on g. Thus the equations can be solved successively; and they are so simple
that we can calculate anything we want to know. Triangularity no longer holds when
the effect of K is included, and the analysis of Chap. 8 is used to deal with this.

6.1.1 Flowofg

The flow of the coupling constant g; under the renormalisation group map is
fundamental. This flow adds a higher-order error term to the perturbative sequence
gj- The analysis of the flow is the same with or without the error term, so we include
the error term from the outset here.

Thus we generalise (6.1.1) by adding an error term, and for the moment consider
a general sequence of coefficients a; for the quadratic term:

g1 =g —ajg; +ej, (6.1.3)
where we assume
O<a<aj <A, lejl<M;g, M;<M. (6.1.4)

The recursion for g; is the case M = 0 and a; = f;, and all of our analysis in this
section applies also when M = (. The above recursion appears in many applications
and has been studied by many authors, e.g., [64, Section 8.5] for the case a; = a
forall j.

Exercise 6.1.1 Suppose that 0 < a < A < oo. Prove that if go > 0 is sufficiently
small (depending on a, A, M) then 0 < égj < gj+1 < gj forall j > 0. It follows
that the limit lim, . g; exists and is nonnegative. Prove that this limit is zero.
[Solution]

Recall that the mass scale j,, is defined in Definition 5.3.3, and that
9 =27 U=im+ (6.1.5)

is defined in (5.3.14). In our context, a; = B; is independent of j when m? =0,
and when m? > 0 it begins to decay exponentially after the mass scale. This decay,
which is an important feature in our applications, violates the hypothesis a > 0 in
Exercise 6.1.1 and requires attention. Its principle effect is that the flow of g; (m?)
resembles that of g; (0) for scales j < j,,, whereas the flow effectively stops at the
mass scale so that g; (m?) resembles g jm (0) for scales j > ji.
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As we show in the next proposition, the solution of the recursion is essentially
the sequence ¢; defined by

j—1

£0

Aj=)Y B = Lt god, (6.1.6)
i=0

In particular, when m? =0,

. 20
Aj0) = Bgj.  1(0) = g (6.1.7)
! 0 ’ 14 goBy)J
Exercise 6.1.2 For m? > 0,
Ajm®) =BG A jm) + O(1), (6.1.8)
80
1;(m?) < tjrj, (0) = o, (6.1.9)
! I 1+ 8B A jm)
j
Zﬁm < O(llog1;)). (6.1.10)

=0

[Solution]

The following proposition gives the asymptotic behaviour of the solution to the
recursion (6.1.3) when a; = B; and M; = M¢;. The leading behaviour is not
affected by the error term ¢; in the recursion, as long as |e;| < M¥; g;. In particular,
gj and g; have the same asymptotic behaviour as j — oo.

Proposition 6.1.3 Let m? > 0 and consider the recursion (6.1.3) with aj = Bjand
Mj; = M?9;. Let go > 0 be sufficiently small.

(i) As j — oo,
gj =tj + O(t3logt;|), (6.1.11)

with the constant in the error term uniform in m* > 0. Also, gj = 0O(go) and
gi+1 € [58).28)1.

(ii) For m* = 0, we have g;(0) ~ 1/(B)j) — 0as j — oco. For m*> > 0, the
limit goo(mz) = lim; 00 gj (m2) > 0 exists and obeys goo(mz) ~ 1/(,88jm)
asm? | 0.

(iii) Suppose that e is continuous in m? > 0. Then goo(m?) is continuous in m
0 and the convergence of g to g~ is uniform on compact intervals of m? > 0.

2>
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Proof

®

(i)

(iii)

We assume by induction that g; < 2¢;. The induction hypothesis holds for
Jj = Osince gg = #p. The recursion gives

1 1 1 1
= = +4a;+0@+Mg;. (6.1.12)
g+ gil—ajgi+ei/e; g ' ! e

We solve by iteration to get

1
= +Aj+Ejn, (6.1.13)
8j+1 80

with |Ej11] < {:0 O(a; + M;)g;. By the induction hypothesis and (6.1.10),
|Ejr1| < Z{:l O (¥;t;) < O(|logt;l). This gives

80

=tjr1(1+0@j+1Ej1+1)), (6.1.14)

8j+1 =
which in particular allows the induction to be advanced. It also proves the
desired formula for g ;.

Finally, (6.1.9) implies that t; = O(go), and by g; < 2¢; this proves that
gj = 0(go). For the proofof gj1+1 € [égj, 2g;] see Exercise 6.1.1.

For m? = 0, (6.1.13) becomes
: b B9+ 0dlog ) (6.1.15)
= ] ,] bl . .
gi+1(0) g 0 g

which proves that g;(0) ~ 1/(,38j). For m? > 0, (6.1.13) becomes instead

1
= 4B A+ O+ 0U0g( A ), (6.116)
gj+1(m ) 80

which proves that the limit go,(m?) exists and is asymptotic to 1/ (,38 Jm) as
m? ] 0.

By definition, 8; (m?) is continuous in m? > 0, and ej (m?) is continuous by
hypothesis. On a compact subinterval of m?> € (0, 00), both ; and e; are
uniformly bounded by exponentially decaying sequences. Consequently the
sums Ajy1 and E; 1 which appear in (6.1.13) converge uniformly to limits,
and these limits are continuous by dominated convergence. This proves the
uniform continuity on compact mass subintervals. The continuity at m? = 0
follows from the fact that the j — oo limit of the right-hand side of (6.1.16)
tends to infinity as m? | 0, and hence lim,,;2 | 800 (m?) = 0 = goo(0). This
completes the proof.
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The next exercise provides an extension of (6.1.10).

Exercise 6.1.4 Each of the sequences g;, g;,t; obeys gj+1 = g;(1 + O(go)), as
well as the inequalities ¥ (m?)g j (m?) < O0(g 7(0)) and

(o)
Y ol < O(ﬁjgf_l) (p>D, (6.1.17)
I=j

J

> g < O(llogg; ). (6.1.18)
=0

(The combination ¥ g; typically appears in our upper bounds.) [Solution]

Given m? > 0, we define the mass domain

-2 ~2 _
]Ij(ﬂﬂ):![o’L 1 =0 (6.1.19)

(32, 2m%] (% > 0).

The next exercise implies that any of the sequences g;, g;, ¢; are comparable in
value when evaluated at m? or m? if m? € I; (m3).

Exercise 6.1.5 For % > 0 and m? € I; (m?), each of the sequences g, &, t;
obeys

gj(m?) = g; (%) + 0(g; (). (6.1.20)
[Solution]

6.1.2 Perturbative Stable Manifold

In this section, we obtain a simple 2-dimensional version of an infinite-dimensional
counterpart in the next section. It is useful for illustrative purposes, though we do
not use the 2-dimensional version later. We do however use the following lemma
both for the 2-dimensional and infinite-dimensional results.

Lemma 6.1.6 Assume that the sequence g satisfies the recursion (6.1.3) witha; =
Bj and Mj = M, and with e continuous in m? > 0. For any fixed y € R, let

J
M ; = [ [ = vBegw)- (6.1.21)
k=i
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There exists c; = 1 + O(9;g;), which is a continuous function ofm2 > 0, such that
Y
8j+1 _
I j = ( ]g+ ) (ci +0(;g))). (6.1.22)
l

Proof By Proposition 6.1.3 the sequences g; and g; are comparable; we use g;
for error terms. Since (I — x)Y = (1 — yx)(1 + O(x?)) as x — 0, there exist
sk = O(¥}g?) such that

J
iy =[] = Brgn)” (1 + 0. (6.1.23)
k=i
By (6.1.3), and since g1 € [égj, 2g;] by Proposition 6.1.3,

8k+1 — €k _ 8k+1

1+0Wgd)). 6.1.24
" o (1 0waD) (6.1.24)

1 — Brgk =

Therefore, there exist vy = O (9 g,f) such that
] ¥ N\
m;=T] (g"“> (14 v) = (gf“) [ +wo. (6.1.25)
k=i~ Sk &7 =i
Since log(1 + x) = O(x), the product obeys
J J J
[[a+v)=exp| D 0w | =exp|O) > mii|. (6.1.26)
k=i k=i k=i
By (6.1.17), the infinite product converges and we can define
o
ci = 1_[(1 +w) =14+ 0ig)- (6.1.27)
k=i
We then obtain the desired formula for I7; ; from
J 00
[Ja+vw =ciexp| = D log(l +v) | =ci + 0®;gj+1). (6.1.28)
k=i k=j+1
Finally, the continuity of ¢; in m? follows from the uniform upper bound v; <

O((gk 0))?) by Exercise 6.1.4, the continuity of the 8 and r x and therefore of the
gk and t, and the dominated convergence theorem. This completes the proof. N



6.1 Analysis of Perturbative Flow 95

\ g

=

Fig. 6.1 Schematic depiction of the stable manifold for the perturbative flow (g;, ;)

The next proposition constructs an initial condition ji;; for which the perturbative
flow (g;, it;) satisfies (; — 0. For m? = 0, the set (g, 15(g)) plays the role
of a stable manifold for the fixed point (0, 0) of the dynamical system (g, i)
(8+, fi4). A schematic depiction of the stable manifold is given in Fig. 6.1.

Proposition 6.1.7 Given m> > 0, and given go > 0 sufficiently small, there exists
a unique 15 = f15(go, m?) such that if Vo = (go, i) then the solution to the
recursion (6.1.1)—(6.1.2) satisfies

8 = 80 >0, ;—0. (6.1.29)
More precisely, it obeys 1; = O(0;g;), and g ~ clogm=2)"V as m? | 0 (for
some ¢ > 0).

In particular, if m? = 0, then 8o = 0 and 17]- — 0. This is the famous
observation of infrared asymptotic freedom, and inspires the prediction that scaling
limits of the model near the critical point are described by the free field.

Proof of Proposition 6.1.7 Given an initial condition go, a sequence g; is deter-
mined by (6.1.1), and this sequence obeys the conclusions of Proposition 6.1.3. For
the sequence i j, we rewrite the recursion (6.1.2) backwards as

wj=0=yBig) (L7 Mkje1 —njgj +£2)- (6.1.30)
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By iteration, with I7; ; given by Lemma 6.1.6, it follows that

k
pj= L2 + ) LI g v @) (6.131)
I=j
Motivated by this, we define
o0
=Y LD (—ma + &8 (6.1.32)

I=j

Since g = O(1) and, by Lemma 6.1.6, H;ll is slowly varying compared with
L=20=J) the above sum converges, and ji; = O(¥;§;). It is easy to check that /i
given by (6.1.32) obeys the recursion (6.1.2), and that ji¢ is the unique initial value
that leads to a zero limit for the sequence. ]

Given any initial condition (go, fto), Eqs.(6.1.1)—(6.1.2) can be solved by
forward iteration. This defines sequences g, jt; for arbitrary initial conditions,
and the sequence fi; can be differentiated with respect to f1g. This derivative is
considered in the next proposition; its value is independent of the initial condition
0.

Proposition 6.1.8 Given any small gy > 0,
oL g\’
R — g2 (g_/) (c+ 0(9;g)) with ¢=1+ 0(o). (6.1.33)
dfio 80

Consequently, there exists ¢’ > 0 such that

9
lim L= Ritl dogm™2)"  asm? | 0. (6.1.34)
j—00 Lo
Proof By the chain rule, ggé = i;(l) ag ;1’;1 . We compute the factors in the product

by differentiating the recursion relation (6.1.2) for ft. Since g; is independent of [,
we obtain
_ i—1
CITHR i
=TT L2 - ypgo. (6.1.35)
o

Now we apply Lemma 6.1.6 for (6.1.33), and Proposition 6.1.3(ii) for (6.1.34). W
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6.2 Reduction of Proof of Theorem 4.2.1

In this section, we prove Theorem 4.2.1 subject to Theorem 6.2.1 and Proposi-

tion 6.2.2. Theorem 6.2.1 is a non-perturbative versions of Propositions 6.1.7-6.1.8,

with no uncontrolled remainder. Proposition 6.2.2 is a relatively minor result which

incorporates the effect of the last renormalisation group step, corresponding to the

Gaussian integration with covariance Cy . Their proofs occupy the rest of the book.
Throughout this section, we fix

80 =28 (6.2.1)

and drop g from the notation when its role is insignificant. Our starting point is
(5.1.2), which asserts that for m? > 0 and for

Vo = v —m>, (6.2.2)
the susceptibility is given by

1 1 D?*Z;(0:1,1)
XN () = m2 + m4 Al Z4(0) , (6.2.3)
with Z ¢ = Ec6Zp and Zp = e~ Yrealgori+wm)  Ag discussed below (5.1.2), we
can regard the right-hand side as a function of two independent variables (m2, vp),
without enforcing (6.2.2), even though the equality in (6.2.3) is guaranteed only
when (6.2.2) does hold. We define a function Xy (m2, vo) by the right-hand side of
(6.2.3) with independent variables (m?, vo). Thus % is a function of two variables
(with dependence on g left implicit), and

xn (o +m?) = Zn (m?, v). (6.2.4)

To prove Theorem 4.2.1, the general strategy is to prove that for m? > 0 there
is a critical initial value vy = vo(m?) (depending also on go but independent of the
volume parameter N) such that starting from the initial condition Vo = got? + vt
and Ko = 0 it is possible to iterate the renormalisation group map indefinitely. This
iteration produces a sequence (U;, K;) = (u;, V;, K;) which represents Z; via
(5.2.6) as long as j < N. The sequence (U;, K;) = (uj, V;, K;) is independent
of N for j < N, and thus in the limit N — o0 is a global renormalisation
group trajectory. For finite N, (Uy, Ky) represents Zy. Finally, there is the step
of (5.1.3) which is the first and only step where a finite volume system deviates
from the global trajectory. This step maps Zy to Zy with Zy represented by
Uy, Ky) = (ug, Vg, Ky) from which )QN(mz, Vo) is computed with (6.2.3). The
critical initial value is intimately related to the critical point v.. The global trajectory
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stable manifold fixed point
N

unstable manifold

Fig. 6.2 Phase diagram for the dynamical system

has the property that V; and K; both go to zero as j — oo, which is infrared
asymptotic freedom. This property characterises vo(m?) uniquely.

Given m? > 0, we can regard vp as a function vg(gp) of the initial value
go = g. The construction of vy(go) corresponds schematically to the construction
of the stable manifold depicted in Fig.6.1 for the perturbative flow. However,
the dynamical system here is more elaborate than the perturbative 2-dimensional
dynamical system. Now it is instead infinite-dimensional due to the presence of
the non-perturbative coordinate K ;, and it is also non-autonomous because K ; lies
in different spaces F; (which will be equipped with different norms) for different
values of j. The dynamical system is nonhyperbolic, with expanding coordinate ( ;,
contracting coordinate K ;, and with coordinate g; which is neither contracting nor
expanding. Its local phase diagram is shown schematically in Fig.6.2. The fixed
point is (g, u, K) = (0,0, 0). Given small gg and Ky, the flow of the dynamical
system is towards (0, 0, 0) when vy = vy(go, Ko) is chosen correctly (we focus on
the case Ko = 0 which is the only case we need). This choice defines the stable
manifold, which has co-dimension 1 corresponding to the variable ;. If vy were
chosen off the stable manifold, the flow of 1 ; would explode exponentially taking
the trajectory outside the domain of our RG map.

The sequence U; is determined recursively from

Ujt1(Uj, Kj) =uj + Uj1(Vj, Kj) = uj + @7, (V). K)), (6.2.5)
with U;j11(Vj, Kj) = Pp(V; — Loc(eVJ'Kj)) as in (5.2.31). We have already
analysed the map @} explicitly and in detail. Itis defined by (5.2.18), and its explicit

quadratic form is given in Proposition 5.3.1. Thus, to understand the sequence Uy,
it suffices to analyse the sequence

RY L (V,K) = (rg.js rv.js Tuj) (6.2.6)
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defined by

RY (Vi Kj) = &7 (V) Kj) — Dp(V)). (6.2.7)

The following is a non-perturbative version of Propositions 6.1.7-6.1.8. Its proof
is given in Sect. 8.4.
Theorem 6.2.1 Fix L sufficiently large and go > 0 sufficiently small.
(i) There exists a continuous function vg (m?) ofm2 > 0 (depending on go) such
that if vp = v(‘)'(mz) then, forall j € N,
rej=0@ig), LYr;=007g), LYr,;j=0®]g). (6238)

and

L vl = 0®;jgj), KO+ L |D°K;(0; 1, 1)| = 0] ¢).
(6.2.9)

(ii) There exists c = 1 + O(go) such that for m? >0 and j € N, and with all
derivatives evaluated at (m?, Vg (m?)),

i _ 2 (&) 9g, 2 0Mj
=L 0@,g))), =0 g : 6.2.10
Ivo <g0 (c+0;g)) 9o 85 duy ( )
L2l ? K;j(0)|+ L% 9 D?K;(0:1,1)| = 0 (932 (% !
3\)() J 8\)() J k] k) jdj go .
(6.2.11)
From the first bound in (6.2.8) and Proposition 6.1.3, it follows that
lim g;(m?) = goo(m® (m* > 0), (6.2.12)
j—00

where go0(0) = 0, goo(m?) > 0if m? > 0, and the limit is uniform on compact
intervals of m? > 0. Also by Proposition 6.1.3,

1

2 10). 6.2.13
flogym-2 4O (6.2.13)

goo(m?) ~

The first N renormalisation group steps correspond to integration over the
covariances C1+- - -+Cy. In finite volume, we are left with the final covariance C I8
Unlike the other covariances, it has Zy C Fixy = 0. The next proposition shows that
its contribution is negligible. The proof, which requires only slight modifications to
the analysis of a typical renormalisation group step, is given in Sect. 10.7.
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Proposition 6.2.2 Fix L sufficiently large and gy > 0 sufficiently small, and
suppose that m*L*N > 1 (i.e., that the last scale N is beyond the mass scale jy,).
The expectations in Proposition 5.2.12 do exist at scale N for (V, K) = (Vn, Kn)
and (5.2.37) holds, i.e.,

Ecy (e 4+ K (a)) = 75140 (75D (14 W (1) + K (4)
(6.2.14)

with Wy = — écg)g%\,kplq The estimates (6.2.9)(6.2.11) hold with j replaced by

Jj = N on the left-hand sides and j = N on the right-hand sides, and gz =
gn(I+ O(@ONgN)).
The following corollary shows that the susceptibility x (v (m?) + m?) is simply

the susceptibility of the hierarchical GFF with mass m (recall Exercise 4.1.10). Thus
Vg (m?) has the property that

x(g, v§(m*) +m?) = x (0, m?). (6.2.15)

In other words, m?> represents the deviation from the critical value v(‘)' (mz, g) such
that the susceptibility of the interacting model is equal to the susceptibility of
the noninteracting model with mass m?. Physicists refer to m? as an effective or
renormalised mass and v (m?) + m? as a bare mass.

Corollary 6.2.3 Fix L sufficiently large and g > O sufficiently small, and let m* >
0 and vy = v; (m?2). The limit x (v (m?) +m?) = limy_ oo xn (Vg (m?) +m?) exists,
uniformly on compact intervals of m> > 0, and

2 2y _ 1
xWo(m*) +m*) = . (6.2.16)
m
Proof We will in fact prove the finite volume estimate

6.2.17)

1
AN (V5 (m?) +m?) = ) (1 + O(ﬁNgN)) .
m

m2L2N
which implies (6.2.16). By (6.2.3), to prove (6.2.17) it is sufficient to show that, for
vo = v§(m?),

1 D*Z;(0;1,1)

=0 Ny ) 6.2.18
Al Z4(0) ( NEN) ( )

At scale N, A is a single block, so ZN = ¢ Ugl4l (11\7 + KN)’ where by definition
Iy = e Vi 4+ W, (A)). By Proposition 6.2.2, Wy is proportional to g3 [¢|°.
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Since V3 (A) = Wy (A) = 0 when ¢ = 0, we have I3 = 1 when ¢ = 0. Also,

1
" D*I3(p=0;1,1) = —vyg, (6.2.19)

and hence

1 D*Z(0;1,1) _ TVt L™ND2 K (0; 1, 1) = 0L Noygn)

(6.2.20)

where the final estimate holds by Proposition 6.2.2 (with the final scale version of
(6.2.9)). This proves (6.2.18). The convergence is uniform in compact intervals of
m? > 0, due to the factor L™ This completes the proof. ]

Corollary 6.2.4 Fix L sufficiently large and g > 0 sufficiently small. There exists
B = By, > 0 such that

‘Z)‘f - m4(101 Ly @m0 (6.2.21)
v=v§(m*)+m gm

Proof By (6.2.4), the finite-volume version aau xn of the left-hand side of (6.2.21) is

equal to a?;() v (m?2, vo) evaluated at vy = Vg (m2). All vy derivatives in the proof are

evaluated at this value, and we denote them by primes. We compute 8‘?}0 AN (m2, Vo)

by differentiation of the right-hand side of (6.2.3), using Z; = e “#!41(I4 + K )

with 7 as in the proof of Corollary 6.2.3. This gives

XN 1 8 D*Zy(0:1,1)
v m*LAN 9yg Z;(0)

1 DZZ%/(O; 1,1) Z}Q(O)DZZN(O; 1,1)

= - (6.2.22)
m#* LN Z5,(0) Z5,(0)2

The factor e “#!4 cancels in numerator and denominator of (6.2.3), and in

particular need not be differentiated. We view V and Wy as functions of vg. As in
(6.2.19),

1
Lile=0=1 D’Ig(¢=0;1,1) = —vy, (6.2.23)
and hence
1
/ _ _ 27/ 0N 4
IN(q)_O)_O, |A|D IN(go_O, 1,1) = Vi (6.2.24)
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With some arguments omitted to simplify the notation, this leads to

XN (vt L*‘“VD2K;Q - K (—vg + L=V DK ;)
v m*

= . 22
1+Kg (1+Kg)? ) (©:22)

—4

By Proposition 6.2.2, as N — oo the derivative agﬂf’ has the same limit as —m v;v ,

and the omitted terms go to zero uniformly on compact intervals in m? > 0 because
¥y does. Therefore, by Proposition 6.2.2 with (6.2.10), and by (6.2.12),

9 14
lim N = € (&) . (6.2.26)
N—oco v m* \ go

The limit is again uniform on compact mass intervals, since the same is true of the
limit in (6.2.12).
Since

9 9 .
aNW) = An(m*, v5m?)), 6.2.27)
V V0

0 0

and since v is a continuous function of m?2, the limit limy—_ o0 aau xn (v) converges
uniformly in compact intervals of v in the image of m? + Vg (m?, go) for m* > 0.
Therefore the differentiation and the limit may be interchanged, so that

O = tim 2wy == < (=) (6.2.28)
V) = m V) = — . L.
'’ Novoo g XN m* \ go

By (6.2.13), there is a positive constant By , such that

800" Bg.n 2
c ~ ’ (m~ | 0). (6.2.29)
20 (logm=2)
This proves (6.2.21), and the proof is complete. |

Finally, we need the next lemma which establishes that v (m?) + m? is an
increasing function of small m?.

Lemma 6.2.5 Fix L sufficiently large and g > O sufficiently small. For § > 0
sufficiently small and for m*> € [0, 8], v(‘)'(mz) + m? is a continuous increasing
function of m?.

Proof Set v*(m?) = v§(m?*)+m?. The continuity of v* in m? € [0, §) is immediate
from Theorem 6.2.1. For m? > 0, (6.2.16) and (6.2.21) imply

x(v*(m?) = n12 < 00, (6.2.30)
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aav x (v (m?) < 0. (6.2.31)

We used the hypothesis m> e [0, 8] with § small to obtain (6.2.31). Let I =
{(v*(m?) : m* € [0, 8]}. By continuity of v* in m?, and since continuous functions
map an interval to an interval, / is an interval (which cannot be a single point due
to (6.2.30)). Since x (v) is decreasing in v € I for small m? by (6.2.31), and since
the composition x (v*(m?)) = ”}2 is decreasing in m? > 0, it follows that v*(m?) is
increasing in small m?. |

Now we can complete the proof of Theorem 4.2.1, subject to Theorem 6.2.1 and
Proposition 6.2.2, using Corollaries 6.2.3 and 6.2.4 and Lemma 6.2.5.

Proof of Theorem 4.2.1 Define

ve = v5(0). (6.2.32)
By Lemma 6.2.5, the function m? Vg (m?) + m? is continuous and increasing as
a function of m? € [0, 8]. It therefore has a continuous inverse. Its range is a closed
interval of the form [v., v, + ¢&'] for some &’ > 0. The inverse map associates to
eachv = v, + ¢, for ¢ € [0, '], a unique m2. Using this relationship, we see from
(6.2.21) and (6.2.16) that, as m?> J 0 or equivalently v | v,

0
JX(@v)~—B ~ —Bx(g,v)*(log x (g, ). (6.2.33)

9 m*(logm=2)Y

It is now an exercise in calculus to deduce that, as ¢ | 0,
11 _1
x(g,ve +¢)~ Be (loge™")7. (6.2.34)

This proves (4.2.6) with A = B~
The constant B arises in (6.2.29), and by Theorem 6.2.1,

B =(1+0(g)(logL)" (g8 (6.2.35)
with /38 =m+8)(1—L9 given by Lemma 5.3.4. This proves that A = Bl ~
(gBY/(log L))", as claimed in (4.2.7).

It remains to prove the asymptotic formula for the critical point in (4.2.7). For

the rest of the proof, we set m? = 0. To begin, we note that it follows from
Proposition 5.3.1, (6.2.7) and (6.2.8) that g; and u ; are determined recursively from

gj+1=gj — Bjg; + 0Wig), (6.2.36)

v = L2 (1 (1= yBi8)) +njg; — £83) + 0W3g), (6.2.37)
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with initial condition (go, o) = (g, v¢). Just as (6.1.32) defines a solution to the
perturbative flow with zero final condition, backwards solution of (6.2.37) gives

o0
po ==Y L7y | (megr + O3 (6.2.38)
=0

By (5.3.7), (5.3.10), and (4.1.19),
m = (n+2)L¥ Cr41:0,0(0). (6.2.39)
By Lemma 6.1.6, we obtain from (6.2.38)—(6.2.39) that
- 1 2
o= —(1+2)(1+ 0(go)gl Y (Crrroog 7 + O g ). (6240)
1=0
Since C(0) = Y ;2 Ci+1:0.0, this gives

1o = —(n +2)C(0)go(1 + 0(g0)) — (n +2)(1 + O(g0)) g}

o0 o0
1— 1— 2] -2—
XY Cryoolg =g Hel Y 0L Vg . (6.2.41)
1=0 =0

We show that the last two terms are O(g(%). This suffices, as it gives the desired
result

o = —(n +2)C(0)go + O(gd). (6.2.42)

The last term in (6.2.41) is O(gg), since g; = O(go) by Proposition 6.1.3(i). For
the more substantial sum in (6.2.41), by Taylor’s theorem, and again using the fact
g1 = 0(go), forany y < 1 we have

g =g =(a—200("). (6.2.43)

By the recursion (6.2.36) for g; and Cy1.0,0 = O(L_Zl), this gives
00 oo 1
1- 1- _
gy Y Crinoole " =g =0 LY tigf = 0(gp).  (6.2.44)
1=0 =0 k=0

This completes the proof. ]
Exercise 6.2.6 Use (6.2.33) to prove (6.2.34). [Solution]
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Chapter 7 )
The T,-Seminorm s

...1I went to the hotel, quite tired, and I went to sleep. I dreamed I was in a very long
corridor, with no ceiling, and nothing in front of me, only two very long walls extremely
high. Then I woke up and understood immediately that I was trapped inside a norm!!!

In order to analyse the renormalisation group map defined in Definition 5.2.8, we
use certain seminorms. The seminorms are designed to measure the size of the
nonperturbative coordinate K (B) defined in (5.2.32), which is a function of the
field ¢ and also of (V, K). Since K (B) is a function of fields that are constant on
blocks B as in Definition 5.1.4, it is natural (and sufficient) to define the seminorm
on functions of the constant value ¢ € R”. We encode estimates of K (B), and of
its derivatives with respect to the three variables ¢, V, K, in a single seminorm.

In this chapter, we define the seminorm that will be used for this purpose, the
T;-seminorm, and the Tj,-seminorm which is a special case. The T,-seminorm is
defined on functions of a variable z that lies in a product Z = Z; x 2, x Z3 of
three normed spaces Z; (s = 1,2, 3). The space Z; = R” is a space of values
of field configurations ¢. The space Z, = V is the space of interactions V as in
Definition 5.1.1 and Z3 = N(b) is the space of K as in Definition 5.1.4. These
choices motivate this chapter, but the results are valid for arbitrary normed spaces
25, Z3.

7.1 Definition of the 7 -Seminorm

Let X be a normed vector space, and let X? denote the Cartesian product of p copies
of X. Given x; € X, we write x” = x1,...,Xp. A function M : X? — Ris said to

!From an email from Benedetto Scoppola in 2005.
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be p-linear if M(x?) is linear in each of its p arguments x1, ..., X,,. The norm of
M is defined by

Mlx = sup [M(xP)], (7.1.1)
xPeX ()P

where X (1) is the unit ball in X centred on the origin.

Given a function F : X — R, the Fréchet derivative F(») (x) of order p, when it
exists, is a symmetric p-linear function of p directions x? = X1, ..., x,. It obeys,
in particular,

aP

F@® CxP) =
(x5 x7) oty --- 0tp

Fx+ ) i), (7.1.2)

fy=--=tp=

/
/

P
|Fx +tk) — Z t/'F(p)(x;fc, LX) = 00D, (7.1.3)
p<p’’

where o(¢) is uniform for x € X (1)”. For differential calculus of functions on
Banach spaces see [68], and for the more general setting of normed vector spaces,
see [5, Appendix D.2].

Example 7.1.1 Let M be a symmetric k-linear function on X, and let F(x) =
M(x, ..., x),ie., F is M evaluated on the diagonal sequence whose k-components
are all equal to x. Then the pth derivative F(P)(x) at x is zero for p > k, and
otherwise is the p-linear form x1, ..., X, > (kf!p)!M()'cl, .., Xp, X, ..., x) (there
are k — p entries x). The combinatorial factor arises via the symmetry of M. By the
definition (7.1.1),

IFP @llx < (&) IMILx <7, (7.1.4)

Given normed spaces Z; (s = 1,2,3),let Z = Z1 x Zyx Z3,andlet F : Z - R
be a function on Z. Consider the Fréchet derivative of order p; with respect to z1, of
order p, with respect to z», and of order p3 with respect to z3. Let p = p1, p2, p3.
Then the Fréchet derivative

FP(z; 2005 0% 20) (7.1.5)
of F atz € Z is pi-linear in z{"', py-linear in z}?, and p3-linear in z}°, where
=z, .. Zsp, € ZP fors = 1,2,3. The norm of this derivative is, by
definition,

IFP )llz = sup |FP) (2 25 20 28%). (7.1.6)

ez, (1)rs,s=1,2,3
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We use this three-variable formalism in preference to uniting arguments using a
larger normed space, in order to avoid testing differentiation in unwanted directions
suchas ¢ + V.

Let b be a positive number and let | - | be the Euclidean norm on R". For the
remainder of Chap. 7, we set

Z; = Ry = R"withnormp~'|-]. (7.1.7)

LetY = ZyxZ3sothat Z = Rf) x Y. We write z = (¢, y) € Z. We use multi-index
notation, in which we write p! =[], ps!, we write p < p’ to mean that p; < p; for
each s, and we use multi-binomial coefficients defined by

/ /' /'
(”) — 1’ - AR (7.1.8)
p pip'—p! 2 psl(ps — po)!

Definition 7.1.2 Let pz = (pz,, pz,, Pz,) Where each pz is a non-negative
integer or oo, and define pyr = pz, and py = (pz,, pz,;). Given a function
F : Z — R with norm-continuous Fréchet derivatives of orders up to pz we define
the T, = T;(h)-seminorm of F by

1
IFllr, = Y IFP@Iz. (7.1.9)
p:
p=p=z

The triangle inequality holds for || - ||z, by definition. The T;,-seminorm is defined
by the same formula with py = (0,0), and is denoted by [|Fll7, = Fll1,(p)-
The T;,-seminorm does not examine derivatives with respect to y, and is defined on
functions F : Z; — R, or on functions F : Z — R with z = (¢, y) where y is
held fixed.

Later in this chapter and also in subsequent chapters, in a slight abuse of notation
we apply the T,-seminorm to elements of the space N'(B) of Definition 5.1.4. An
element F(B) € N(B) determines a function F : R” — R via the relation F(B) =
F o jp, and when we write || F(B)|l7, we mean || F| z,.

We only need the case pz = (00, 00, 00), but we include finite choices to
emphasise that there is no need for analyticity in ¢, V, K in this chapter. For
pz = (0,0,0), the T,-seminorm is simply the absolute value of F(z) € R. The
name T; refers to the Taylor expansion at z. Just as the Taylor expansion of the
product of two functions is the product of the Taylor expansions, the seminorm of
Definition 7.1.2 shares with the absolute value the following product property. A
more general product property is proved in [42].

Lemma 7.1.3 For F,G : Z — Randz € Z,

IFGIr, < IFlz NGl (7.1.10)
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Proof It is a consequence of the definition of the norm and the product rule for
differentiation that, for p < pz,

IFO)P @)z < Y (”,)||F””>(z>||z||G<P—P’><z>||z, (7.1.11)
p'<p p
where we have used the notation (7.1.8). Therefore,
1 P ’ -
IFGlz, < ) p, > (p,)||F<P><z>||z||G<P P@)llz

r<pz U p'<p

1 / 1 ,
> p,,lIF(”)(Z)llz > ( IGP= ()2

A
P'spz pp'=pepz ¥ P!
1 / 1
= > p,,||F‘P>(z>||z > q,lIG(q)(Z)llz
P'spz qspy-p' "’
<IFIzlIGlr,, (7.1.12)
and the proof is complete. ]

The product property simplifies control of smoothness. For example,
lef iz, < elFlir. (7.1.13)

This follows by expanding the exponential in a Taylor expansion and applying the
product property term by term.
Given b > 0, we define the function

Py(t) =1+ tl/h (t €R). (7.1.14)

Exercise 7.1.4 Let M be a symmetric k-linear function on RY that does not depend
on the variables y € ). Let F(p) = M(g, ..., ¢) denote the result of evaluating M
on the sequence ¢, . .., ¢ with k components. Then

IF Nz, < 1Mz Pg (9). (7.1.15)
Combine this with the product property to prove that, for a nonnegative integer p,

(@ -@)Plz. < (lp| + b)2P. Similarly, for a vector ¢ € R”, ||(¢ - @) (¢ - )P |I1, <
121(l] + h)?P+1. [Solution]
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Let F : Z — R and recall that Z = R’é x Y with elements denoted z = (¢, y).
We define the norm

I1Fl7s,, = sup [[FlT,, (7.1.16)
peR”
where, in z = (¢, ), y is held fixed. The T,-seminorm and the T-norm are

monotone decreasing in the norms on R’é and Y and therefore monotone increasing
in . The product property for the T;-seminorm immediately implies that the T-
norm also has the analogous product property. When py, = (0, 0) the norm (7.1.16)
is equivalent to the CPN norm, but is preferable for our purposes because it has the
product property.

The following lemma provides an estimate which compares the norm of a
polynomial in ¢ for two different values of the parameter h for the normon Z; = R’é
of (7.1.7), with the norm on Y unchanged.

Lemma 7.1.5 For a function F : Z — R, which is polynomial of degree k < pz,
in @, and for b, ' > 0,

b k
I F 7., ) < <h’ VL) NF 7, m)- (7.1.17)

Proof A unit norm direction in Z;(h) is a direction in Z;(§’) with norm 8,,
whereas, for s = 2,3, norms of directions y in ) are the same in Z;(f) and
Z,(). Consequently, || F((0, )l z@y = ()P IFP (O, y)llzy). Therefore,

with o = 8, v,

1
IFln,m= Y, IF?0 »lzw

p<(k,py) =’
1
<ot Y IFPO llzw) = I F g, 00 (7.1.18)
p<tk,py) ©
and the proof is complete. -

7.2 Control of Derivatives

The following two lemmas indicate how the 7,-seminorm provides estimates on
derivatives.

In the statement of the next lemma, for F : Z — R, we define F») (y) to be the
function ¢ — FP) (¢, y) with y held fixed.
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Lemma 7.2.1 For F : Z — R, for p < py, and for directions y? = (22 ,23 )
which have unit norminy = 2, x Zs, for any (¢, y) € Z,

IF©P2P (y: 597, < pa! p3!IF Iz, (7.2.1)

Proof By Definition 7.1.2, the T, ,-seminorm obeys the inequality
1
Yo IFP Y@z < gl F g, (72.2)
m PU
where ¢ = (p2, p3) and ¢! = pa! p3!. This implies that, for any fixed unit directions

¥4,

1
sup  |[FPrD(z; 9P 39)| < g Flz,, . (7.2.3)

| [71! pPeZi(1)P1 ’
and this is (7.2.1) by the definition of the 7}, norm and of F(P-9)(y). [ ]

Lemma 7.2.2 Let F : Z — R be polynomial in ¢ of degree k < pas. Then for
r < k and for directions ¢" which have unit norm in R",

IF-22@Nr,, < b, ||F||T<,,‘ (7.2.4)
Proof By Definition 7.1.2 and the hypotheses,
IF0 @M, < Z Z JFPH D@ zh7" (7.2.5)

p1=<k—r

The h™" factor in the right-hand side occurs because the Z norm on the right-
hand side is defined in (7.1.6) as a supremum over directions with unit norm in
Rf} whereas in the left-hand side we are testing the derivative on directions with unit

rl

norm in R”. We shift the index by writing p| = p1 + r, and use (p,l_ =7 (p/l)
1

r)! pit\r
followed by (’;1) < erl’i (1;1) = 271 < 2% and obtain

k
1 1 /
(,0,0) »r (r1-9) —r
IF0 @M, < Z (p’l—r)!zq!”F 19 ()] z b
p1=r q
=ri2f Z MLEEICIE (7.2.6)

The right-hand side is r12X~" | F"9||7, . as desired. [ |
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7.3 Expectation and the 7;-Seminorm

In (5.1.5), we encounter an expectation (E410Z)(p) = E;Z(¢ + ¢), where the
integration is with respect to ¢ with ¢ held fixed. Similarly, in the definition (5.2.32)
of K4 (B) we encounter (EL0FB)(p) = Ei([[pep F(b; ¢ + ¢)). The field ¢ is
constant on blocks b € B, while ¢ is constant on blocks B € 5. In this section,
we show in a general context how such convolution integrals can be estimated using
the T,-seminorm.

Given a block B, an n-component field ¢ which is constant on B, an n-
component field ¢ which is constant on blocks b € B(B), and given F (-, ) € N (b)
with ¢ regarded as fixed, we define F; € N (b) by F;(¢) = F(g, ¢). Similarly,
we define 6; F € N(b) by (6: F)(¢) = F(¢ + ¢). Although F is a function of
(¢, y) € Z, we do not exhibit the dependence of F' on y in our notation. We can
take the 7}, y-seminorm of Fy, obtaining || F¢ |7, , which depends on the variable
¢ that is held fixed. Also, with ¢ fixed, we can integrate F; (¢) with respect to ¢.
These last two facts are relevant for the interpretation of (7.3.2) in the following
proposition.

Proposition 7.3.1 Forb € Band F € N (b),

10: Flit,, = 1 FlIT,,, - (7.3.1)

For B € B4, for ¢ a field which is constant on blocks b € B(b), and for F =
F(p, ¢) with F(,¢) € N(B),

IEcFellr,, < EcllFellz,,. (732)

For a family F(b) € N (b), where b ranges over B(B) with B € By, and for
FB =T],cp F(b) asin (5.1.12),

IEcOF® |z, <Ec | [] 1F®Iz,.0,, |- (1.3.3)
beB(B)

Proof The identity (7.3.1) follows immediately from the definition of 6; F, by
commuting derivatives with the translation ¢ +— ¢ 4+ ¢. The inequality (7.3.2) is
obtained by commuting derivatives past the expectation,

aP 0P Fr (p)
JECF (g, ) 20

‘Bq) (7.3.4)

SEC‘
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and then the desired result follows from Definition 7.1.2 of the Ty, ,-seminorm. For
the inequality (7.3.3), we first use (7.3.2), then that 6 is a homomorphism, then the
product property of the 7;-seminorm, and finally (7.3.1), to obtain

IE6; F®liz,, <El6;F®llz,, = El©: F)®llz,,

<E(I6:F1E ) =E| [T IF®Ig., |. 135
beB(B)

as required. |

7.4 Exponentials and the 7;-Seminorm

As a consequence of the product property, the 7;-norm interacts well with the
exponential function. The following lemma, which is based on [42, Proposition 3.8],
is an extension of (7.1.13). It improves on (7.1.13) when F(z) < 0.

Lemma 7.4.1 For F : Z — R,

||€F||TZ < eF(Z)Jr(HFHTZ*\F(Z)\). (7.4.1)

Lemma 7.4.1 is an immediate consequence of the following proposition, which
holds in any unital algebra A with seminorm obeying the product property || FG| <
I|FIIIIG] for all F,G € A. To deduce (7.4.1) from Proposition 7.4.2, we simply
take 7 to be the value F'(z) (not the function) and use the fact that | FF — F(2)|7, =
| Fllz, — |F(z)| by definition of the T,-norm.

Proposition 7.4.2 Let A be a unital algebra with seminorm obeying the product
property. Forany F € Aandr € R,

lef || < e HIF=rl, (7.4.2)
Proof Tt suffices to show that
lef|| < liminf |1+ F/n|", (7.4.3)
n—>00
since, forany r € Rand n > |r|,
I+ F/nll=1+r/n+(F—=r)/nll <14+r/n+|F —=r|/n, (71.4.4)

and hence, by (7.4.3) and the fact that e* = lim,_, oo (1 + x/n)",

lef | < liminf(1 +r/n + |F —r|/n)" = e HIF=Il (7.4.5)
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To prove (7.4.3), it suffices to restrict to the case n > || F||, so that (1 + F/n)*1
is well-defined by its power series. We first use the product property to obtain

eIl = | @ /m 4+ Fim= (1 + F/my"

< HeF/"(l 4 F/n)! HH(l +F/m". (7.4.6)

Let R, = ef/" — 1 — F/n. By expanding the exponential, we find that ||R,|| =
O (n~2). Therefore,

le" "+ F/my " = 1+ F/n+R)(A+F/m)~' | =1+ 0@™?).  (7.47)

Since (1 4+ O (n™2))" — 1, (7.4.3) follows after taking the lim inf in (7.4.6). |

7.5 Taylor’s Theorem and the 7;-Seminorm

As in Definition 5.2.2, we write Tay, F for the degree-k Taylor polynomial of F :
Z — Ring € R}, with y € Y held fixed, i.e.,

1
Tay F(p.y) =Y FEOP0, y1 7). (7.5.1)
r<k

The following lemma relates the seminorms of Tay,; F and F. Given ) > 0, we write
Py(t) =1+ t|/hfort € R,asin (7.1.14).

Lemma 7.5.1 For F : Z — Randk < py/,
ITay, Fliz,, < IIF iz, Py (). (1.5.2)
In particular,
ITay, Fllz,, < IF Iz, (7.5.3)
Proof According to (7.5.1), Tay, F is a sum of terms M, (z) = F&0.00 y: ")

with r < k, where all the components of the sequence ¢” are equal to ¢. We
therefore begin with an estimate for the 7, -seminorm of M, obtained by generalising
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Example 7.1.1 to include y-dependence. If p; > r then M,(p) = 0. For p = (p1,9)
with p; <r and g = (p2, p3), and for unit norm directions z?,
r!

(P) (. 2py| —
|M‘“Z”‘v—pﬂ

‘F(hq)(o’ y; P, @ TP }',Q)‘

F"9 (0, - "1. 7.5.4
5( —m ),H ( y)llzllsoll ( )

We take the supremum over z” and obtain

Hmeywz_( M“Wowbwwpﬂ (1.5.5)

By dividing by p! = p1!q!and summing over p with p; < r, and by Definition 7.1.2
of the T,-seminorm, this gives

uMm<2X )Hﬂmwwbwwm

p1.q

= Z " | FC200, y)] 5 P (@), (75.6)
— 4!

where we evaluated the sum over p; < r by the binomial theorem, obtaining (1 +
||</7||R;;)r which equals P,; (¢) by (7.1.7) and (7.1.14). We replace P" by P¥, which

is larger because r < k, and insert the resulting bound into the definition (7.5.1) of
Tay, F, to obtain

1 k
ITay Fllz,, <3 Mz, < IFln, Py(@). (1.5.7)

r<k

This completes the proof. ]

Exercise 7.5.2 Suppose that F'(z) is a polynomial in ¢ of degree k < pps, with
coefficients that are functions of y. Then

IFllz,, < IFlz,Ph@). (7.5.8)

[Solution]

Lemma 7.5.1 shows that the Taylor polynomial of F is effectively bounded in
norm by the norm of F. The following lemma shows how the Taylor remainder
(1—Tay,) F can be bounded in terms of the norm of F. In the remainder estimate, an
important feature is that the norm of (1 — Tay, ) F' is computed for the field ¢ € R’,L
whereas in the norm of F the field lies in R’é. In our applications, the change from
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b to b4 corresponds to a change in scale, with small ratio . /h. The small factor
( h[)* )<+1 present in the upper bound of (7.5.9) is ultimately what leads to the crucial
contraction estimate for the renormalisation group map; see Proposition 10.5.1. In
the lemma, we make explicit the ) dependence of the norm on Z by writing 7, (f)
and || - [ z(p)-

Lemma 7.5.3 Fork < pn, by <h,and F : Z — R,
b+ k1 k+1
[0 =Ty Pl <2(5 ) AT @ s IFI7, 0 (75.9)
: <t<

withz = (@, y) and z; = (¢, y).

Proof We write R = (1 — Tay,)F and F = supo<;<1 | Fllz,, (), so that our goal
becomes

k+1 _
IRl =2(% ) PE@F. (7.5.10)

By definition, with ¢ = (p2, p3) and g! = p2!p3!,

k PN
IRl =22 2o g IRPP@lze0+ Do Do i dIFPP@lzw.),

p=0g9=py p=k+19=py
(7.5.11)

where the replacement of R by F in the second sum is justified by the fact that
p -derivatives of Tay; F vanish when p > k. We estimate the two sums on the
right-hand side of (7.5.11) separately.

For the first sum, we fix p < k and use the fact that the first k — p @-derivatives
of R, evaluated at zero field, are equal to zero. Let f(t) = R(P"f)(z,; ¢P; y?1), where
¢P; y1 are Z(hy) unit norm directions of differentiation in R”+ x Y. The Taylor
expansion of f(¢) att = 1 to order k — p about ¢+ = 0 vanishes, so by the integral
form of the Taylor remainder, and again replacing R by F as in the second sum of
(7.5.11), we obtain

(P.q) =p. o4 : (l_t)kip (k+1,9) .p  k+l—p. :q
RV (z; 9Py = [ di N G AT ;). (1.5.12)
0 (k= p)!
where o*t177 = ¢, ... ¢ € (R")*H1=P We take the supremum over the directions

and apply the definition (7.1.6) of the Z-norm of derivatives. This yields

(p.q) ! (1 _t)k_p (k+1,q) by\p o lel\k+1—p
IR (@D zm = A dt [EZ @z Cy )P Cy) .

(k — p)!
(7.5.13)
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Since
L F&FLO <k+D|F <k+DF 7.5.14
ol @ llzm < k+DHF1, @ < k+D!F, (7.5.14)
q=py
this gives
Z > 11||R<P‘f>(cp>||za,+>_WZ( )h” R
p=0g9=py p
< (”;)"“P"“( )F. (7.5.15)

In the last step, we extended the sum to p < k + 1, applied the binomial theorem,
and used the definition of Py, from (7.1.14).

For the second sum in (7.5.11), we observe that the definition 7.1.6 of the Z-
norm implies that || F "V (¢) || zy,) = (5 )| F PV (@) zp.,). Since "; <1,we
obtain

PN PN
Yo Y MFCY @z = Y Yy MIFPP@)ze )P

p=k+19=py p=k+1q9=py

< OO IF o). (7.5.16)

Since Py, () > 1 and ||Fll7,(p) < F, the above estimate, together with (7.5.11)
and (7.5.15), completes the proof of (7.5.10). |

In subsequent chapters, we will make use of two choices of b, namely ¢ and &
with £ < h. The following corollary shows that the Ty, (£)- and Too, y (h)-seminorms
together also control the T, y(£)-seminorm.

Corollary 7.5.4 Fork < pyrand0 < b <h,

k+1 h) !
1PNz, < P @ (1F 7y +2 () 1N, (7.5.17)
Proof Letk < par. With Tay, defined by (7.5.1), we write
F =Tay, F + (1 — Tay,)F. (7.5.18)

Then (7.5.17) follows from Lemmas 7.5.1 and 7.5.3 with h = h and h+ = b. |
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7.6 Polynomial Estimates

In this section, we obtain estimates on the covariance of two polynomials in the field
@,and on U = OU — Up(U). Here OU (B) is defined by

OUB) =D Ulpe+ ) =Y Ulp+ 20, (7.6.1)
X€EB X€EB

where ¢ is constant on B € B, and ¢ is constant on smaller blocks b € B.
Given a covariance C, we write

¢p = max |Cyxy| = Cyix . (7.6.2)
X, yeA

The second equality follows from the fact that since C,  is positive-semidefinite,

Cix’y is bounded by Cy.x »Cy,y y, and Cy,y y = Cy,y, y for our covariances.

Lemma 7.6.1 There exists ¢ > 0 such that forh > ¢4 > 0, forU = u+ V and
U’ = u'+ V' polynomials of degree 4 with constant parts u, u', andfor x € B € B,

ILoc Cov (80U, 0U'(B)) I, (v

4
=c () Wl IV Bz, o0 Py @)- (7.6.3)

Proof Without loss of generality, we can and do assume that u = u’ = 0 since
constants do not contribute to the covariance. Recall the multi-index notation from
above Lemma 5.1.3. Let § = {(o, &) : |a| < 4, || <4, |a| + |&'| € {4, 6, 8}}.
As in the proof of Lemma 5.1.3,

Loc Covy (V. 0V'(B)) = > a'}x" V@V N Covy (¢, £8).

(ov,@)eS x'eB

(7.6.4)

If U is a polynomial in ¢ of degree at most 4, and if || = p < 4, then it follows
from Exercise 7.5.2 and Lemma 7.2.2 that

4 - 4-
10 Nz,, < 10D, Py" (@) < OO )Ulg, Py " (@) (7.6.5)
Therefore, with p = |a| and p’ = ||,
ILoc Cov (8 Vx, 0V'(B))lI7,,

= OWIViIn, IV ll7, D h‘P—P’PS*P*P’(go)Z‘cOv+(;§,;g,’)

(ov,@)eS x'eB

(7.6.6)
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It follows from Exercise 2.1.7 and the definition of ¢ that the covariance is bounded
by O(cfrp ). After inserting this bound, there is no dependence on x’ so the sum
over x’ becomes a factor |B| which together with ||V/||T0,,, equals ||V’(B)||T0vy
because ¢ is constant on B. Also, Psfpfpl(q)) < Pg (¢), and since b > ¢4, the proof

of (7.6.3) is complete since Z(a’a,)es(c_k/b)pﬂ’/ < O(cy/b)*. This completes the
proof. |

Exercise 7.6.2 By adapting the proof of Lemma 7.6.1, and with the same hypothe-
ses, show that

2
1Ec, (6UB) = UB)lr,, o = ¢ (5) IVBIn,mPi@). (7.6.7)

[Solution]

The next lemma and proposition include as hypothesis ||V (B)llr, ,(p) < 1. The
upper bound 1 serves merely to avoid introduction of a new constant, and any finite
upper bound would serve the same purpose. In both the lemmas and proposition,
U can be replaced by V in the statement and proof. For the lemma this is because
if U = u+V then Uy(U) = u + Up(V) so u cancels in the left-hand side.
Likewise, for U = 60U — Up(U) as in (5.2.20), we have U = 0U — U (U) =
OV —Ux(V) =6V.

Lemma 7.6.3 There exists ¢ > 0 such that, forh > ¢ > 0, and forallU =u+V
with |V (B) 1,5 < 1,

[Up(B) = U(B)lI1,,(n) = C(ch*)llV(B)IITO,},(h)Pg(wl (7.6.8)

Proof As discussed above, we can replace U by V. By Definition 5.2.5,
1
Up(B) — V(B) =Ec,;,,(0V(B) — V(B)) — 2LocVar+ 0V (B)). (7.6.9)

The desired inequality then follows from Exercise 7.6.2 and Lemma 7.6.1, together

with Pg < Pg and ‘g <1. [

Proposition 7.6.4 There exists ¢ > 0 such that, for b > ¢, > 0, and for allm > 1
andallU = u + V with ||V(B)||T0,y(h) <1,

1
18U BT, iy < " OCO™ VBT 1) Py (9) B > P,
XeB

(7.6.10)

Proof As discussed above, we can replace U by V. Also, it suffices to prove the
case m = 1, since this case implies the general case by Jensen’s inequality in the
form (|1B|7'Y cplaxD™ < |BI7' Y cplax|™. Letm = 1.
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By the triangle inequality,
16V (B)llr,, = 16:V(B) = V(B)l1,, + [IV(B) = Un(B)l1,,- (7.6.11)

The second term obeys the desired estimate, by Lemma 7.6.3.
For the first term, it suffices to prove that

I 46 Vall,, < OCOIV iy Py (@) PE(E), (7.6.12)

since integration over ¢ € [0, 1] and summing over x € B then leads to the desired
estimate. For j = 1, ..., n, lete; denote the multi-index which has 1 in jth position
and O elsewhere. We apply the chain rule, Proposition 7.3.1, and (7.6.5) to obtain

n n
(ej) j (ej) j
10 Vellz,, <D N0 Ve Mz, 16 1= Ve gy, 187
j=1 j=1

< 0 DI Vilin, Py (9 + 1818 ]. (7.6.13)
Fort € [0, 1], Py(¢ +1¢) < Py(@)Py() < Py(p) P, (§), where we used b > ¢

in the final inequality. Also, |¢| < ¢4 Pc, (¢). This gives (7.6.12) and completes the
proof. |



Chapter 8 )
Global Flow: Proof of Theorem 4.2.1 Gecite

The main theorem proved in this book is Theorem 4.2.1, which provides the
asymptotic behaviour of the susceptibility of the 4-dimensional hierarchical model.
Chapter 6 proves Theorem 4.2.1 subject to Theorem 6.2.1 and Proposition 6.2.2. In
this chapter, we state the two main theorems concerning the renormalisation group,
namely Theorems 8.2.4—8.2.5, and use these theorems to prove Theorem 6.2.1. This
then proves Theorem 4.2.1 subject to Theorems 8.2.4—8.2.5 and Proposition 6.2.2.
The proof of Theorem 8.2.5 is given in Chap. 9 and the proofs of Theorem 8.2.4 and
Proposition 6.2.2 are given in Chap. 10.

We begin in Sect.8.1 with a discussion of fields and domains for the renor-
malisation group coordinate V. Our choice of norms for the coordinate K is
introduced in Sect. 8.2.2. The main theorems about the renormalisation group map,
Theorems 8.2.4-8.2.5, are stated in Sect.8.2.3. In Sect. 8.3, we apply these main
theorems to construct the critical point and a global renormalisation group flow
started from the critical point. Finally, in Sect. 8.4, we apply the main theorems to
prove Theorem 6.2.1.

8.1 Fluctuation and Block-Spin Fields

8.1.1 Hierarchical Field

For the analysis of the renormalisation group map @1 defined in Definition 5.2.8,
the scale 0 < j < N is fixed, and we often drop the subscript j and replace the
subscript j + 1 by 4. Thus we write (V, K) — (U4, K4) when discussing the map
@.. All results are uniform in the scale j. We write B for an arbitrary fixed block in
B4 (A), whereas blocks in 5(B) are denoted by b.
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We recall the decomposition of the covariance C = C; + -+ Cy—1 + Cny N
from Proposition 4.1.9. For the last step, we further divide Cy y = Cy+C o8 Given
J» only the covariances Cj1 and Cj42 + - - - + Cy, y are of importance.

By definition of the hierarchical GFF,

« the restriction of x — ¢, to a block b € B is constant;
* the restriction of x — ¢y to a block B € B is constant.

When attention is on fields ¢, with x restricted to a specified scale j block then we
often omit x and write ¢ instead. For the same reason we write ¢ instead of ¢,, when
x € B.

The analysis of @ relies on perturbation theory and Taylor approximation in
powers of the field ¢ about ¢ = 0. These are only good approximations when
fields are small. Large fields are handled by non-perturbative estimates which
show that large fields are unlikely. Implementing this apparently simple idea leads
to notorious complications in rigorous renormalisation group analysis that are
collectively known as the large-field problem. The subsequent chapters provide a
way to solve the large-field problem in the hierarchical setting, where the difficulties
are fewer than in the Euclidean setting.

Two mechanisms suppress large fields, one for the fluctuation field and one for
the block-spin field.

* The fluctuation field suppression comes from the low probability that a Gaussian
field is much larger than its standard deviation.

. . 2. P
+ The block-spin suppression comes from the factor e 87" in e~". This is more
subtle because it is a non-Gaussian effect.

8.1.2 Fluctuation Field

By (4.1.12), for j + 1 < N, the variance of the fluctuation field ¢, = ¢;41,x at any
point x is

Ciprxx(m®) = (1 +m? L2120 — =), (8.1.1)
Given m > 0, the mass scale j,, is defined in Definition 5.3.3. As in (5.3.14), the

exponential decay beyond the mass scale due to the factor (14+m?>L?/)~! is encoded
by the larger sequence 19/2., with

9 =27 Umim+, (8.1.2)
We fix an L-dependent constant

0o = L'*T4/2, (8.1.3)
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and define the fluctuation-field scale
E=10; =LoL™/@72/2, (8.1.4)

Then C4..x , is bounded by ﬁzﬁazﬁz. Therefore, with ¢ given by (7.6.2), a typical
fluctuation field has size on the order of

1/2
+;x,x

¢y =C <060 < Vily, (8.1.5)

where we used (8.1.3) and L > 2 for the last inequality.

We use ¢ to control the covariance when it is important to know its decay as a
function of the mass. The parameter £ is an upper bound for the covariance which
is independent of the mass and which we use in the definition of norms.

8.1.3 Block-Spin Field

For the block-spin field, we fix strictly positive parameters g = g; and g1 = g1
obeying

g+ €158.281, (8.1.6)

and also fix a small constant ky > 0 whose value is determined in Proposition 10.2.1.
Then we define the large-field scale

h=h;=ko(LY g4 (8.1.7)

The definition of h; is arranged so that if ¢ =< g; and |pi| =< hj, then
D ovep 8lox |4 = kg is positive uniformly in all parameters j, L, g. In other words, the

exponential decay due to e 48 Xxen 051" becomes significant once |¢| exceeds the
large-field scale A j, provided that the coupling constant g is close to its reference
value g. The latter condition is encoded by the stability domain for the coupling
constants, defined by

Dj_t — ’(g, v,u) 1 kogj < g < koflg,j, V| < g'jhi, lu| < g]h‘/‘} (8.1.8)

Indeed, the domain D is defined to make the following estimate work.

Exercise 8.1.1 Show that if U € D then

U(p) = gkoglel* — 3k3L™Y, (8.1.9)
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3.3
and hence, if ko is chosen small enough that e2%o < 2, then

—dj L —dj

e—U(‘P) < (egkggil;k3|§0/hj4> < (26ék3|§0/h.f|4> . (8110)

[Solution]

8.2 Main Estimate on Renormalisation Group Map

8.2.1 Domain for V

In addition to the stability domain, which ensures the stability estimate (8.1.10), we
define a smaller domain D which puts constraints on the coupling constants. These
constraints ensure that the non-perturbative flow remains close to the perturbative
flow defined by the map @y of (5.2.18). Thus we estimate ¢ (V, K) for V in the
domain in V defined by

D; ={(g,v) : 2kod; < & < ko) 'g;, V| < Qko)~'g;L~“"PI).  (82.1)

The following lemma shows that D is contained in both D* and D).

Lemma 8.2.1 Ford = 4, and for each scale j,

D; C Dj-t N D;‘tﬂ- (8.2.2)
Proof To see that D C D™, we examine the three coupling constants one by one.
The inclusion for g is immediate from the definition of the domains. For v, the
D condition is |v| < (2ko)~'gL~%/. For § small depending on ko this implies
v < ko‘”zgl/%*?f which is the desired D% condition. For u, since u = 0 for
elements of D}, there is nothing to check. The inclusion D C Dfﬁ follows similarly,
using (8.1.6). For v we must take g small depending on L. ]

8.2.2 Norms

Our estimates on the renormalisation group map are expressed in terms of certain
norms. These norms are constructed from the 7T;, (h)-seminorm of Definition 7.1.2.
At present, we do not use any auxiliary space ); that will become advantageous in
Chaps. 9-10. To obtain estimates that are useful for both the fluctuation-field scale
£ and the large-field scale h, we use the two choices h = £ and h = h. We fix
the parameter p s, which guarantees sufficient smoothness in ¢ in Definition 7.1.2,
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with

pn > 10,  where par = oo is permitted. (8.2.3)
The choice ppr = oo provides analyticity, whereas the choice of finite pas shows
that analyticity is not required for the method to apply. For the fluctuation-field
scale h = ¢, we usually set ¢ equal to O for all estimates, i.e., we use the Ty(€)-

seminorm. The following exercise, in particular (8.2.5), shows that the 7p(£) norm
of the polynomial V (b) is Oy (max{g, |u|}), where s = L?/ v was defined in (5.3.1).

Exercise 8.2.2 For U = 411g|<p|4 + évl(p|2 + u and h > O prove that
U705y = 41816 + 31v[6% + Jul. (8.2.4)
Therefore, by (8.1.4), for b € B,
IV @)y = 4€618IL~ P + €5lul. (8.2.5)
In particular, by (8.2.1) and (8.1.7), for V € D,

€ kp
1V BTy < & W®lnm = .- (8.2.6)
2ko 2

Hint: find the norm of each monomial separately. [Solution]

On the other hand, estimates in the large field scale ) = A will be uniform in g,
i.e., we use the Tio (h)-norm of (7.1.16).
The input bounds on K we require for @ are:

A

IK D)1y < 038, (8.2.7)
IK (D) |7y < O34, (8.2.8)

A

A hint of the choice of powers of g in the above two right-hand sides can be
gleaned from the intuition that K captures higher-order corrections to second-order
perturbation theory, and is dominated by contributions containing a third power
of 8V = 6V — Up(V). According to Proposition 7.6.4, the Ty, (h)-seminorm
of (§V(b))? has an upper bound that includes a factor [(C+/h)||V(b)||T0(h)]3- By
(8.2.6), and by the fact that ¢y < € by (8.1.5), this factor is order g3 forh = ¢ and
is order g3/4 for h = h.

Recall the definition of the vector space F in Definition 5.1.5. We create a norm
on F that combines (8.2.7)—(8.2.8) into a single estimate, namely (for any b € B)

IK Iy = IK®) e + 874 1IK 0) | 7oy - (8.2.9)
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Then the statement that || K ||y, < M193§3 implies the two estimates || K (b) ||1,e) <
M93g and ||K (b1, ny < M®3§3/4, as in (8.2.7)~(8.2.8).

The W-norm does not obey the product property, whereas the 7,,-seminorms do.
For this reason, our procedure is to first obtain estimates for 7o(£) and T, (h), and
to then combine them into an estimate for the VV-norm. The next lemma shows that
the W-norm also controls the Ty, (£)-norm for nonzero ¢.

Lemma 8.2.3 For K € F andb € B,

IK Bz, < PLO@IK . (8.2.10)

Proof The inequality is an immediate consequence of Corollary 7.5.4 withk =9 <
P by (8.2.3), since (21)!10is 0(87/4). [}

8.2.3 Main Result

The renormalisation group map @ depends on the mass m> > 0. Our estimates
for @, would be most easily stated for a fixed m?. However, to prove the continuity
of the critical point as a function of the mass as in Theorem 6.2.1, we regard &
as a function jointly in (V, K, m?). Because @ has strong dependence on m?, this
requires care to obtain estimates that are uniformin (V, K, mz). To achieve this, we
fix m%2 > 0 and employ the mass domain I; (12) defined in (6.1.19), and regard the
renormalisation group map as a function of m? € I, (77%). Then m? is essentially
fixed to 7722, but can still be varied. We also define the sequence

9 =27 Ui+, (8.2.11)
By our assumption that m? > éﬂzz, we have ¢ < 25‘]-.

Given Crg > 0, for g > 0 and m > 0, the domain of @ is defined to be the set
of (V,K)in

D=Dx{K €F:|Klw < Crg?°&°}, (8.2.12)

where the norm of V' € D is ||V (D) 1,(¢)- We will write V(£) to denote the vector
space V with norm ||V (b)| 1,(¢). Note that the norm on }V and the domain ID are
defined in terms of both § > 0 and /> > 0 (through ©). We sometimes emphasise
this dependence by writing

D = D@2, §%). (8.2.13)
We always assume that ¢ and g4 have bounded ratios as in (8.1.6).

The following theorem is proved in Chap. 10. Besides providing estimates on
@f , the theorem also specifies the constant Crg occurring in ID. The first case in
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(8.2.16) shows that |K|lyy < Crg®#’g> implies that | K |lyy, < Crg?3g3. This
shows that K does not expand as the scale is advanced. The proof of this crucial fact
is based on the third case in (8.2.16), which shows that the K-derivative of the map
taking K to K4 can be made as small as desired by a choice of sufficiently large L,
so the map @ f is contractive.

To formulate bounds on derivatives, we consider maps F : V({) x W — X
taking values in a normed space X', where here X is U (£4+) or W4. For y =
(V, K) € V(£) x W, the derivative DP2DP3 F(V, K) at (V, K) is a multilinear map
V()2 x WP3 — X. We write

IDY? DR F(V, K) Iy xw—x (8.2.14)

for the norm of this multilinear map. In the next theorem, and for other statements
that are uniform in all (V, K) considered, we typically omit the argument (V, K)
from the notation.

Theorem 8.2.4 Let > > 0, let L be sufficiently large, let § be sufficiently small
(depending on L), and let p,q € Ny. Let 0 < j < N. There exist L-dependent
CrG, Mp 4 > 0andx = O (L™2) such that the map

oK DxI - Wy (8.2.15)
satisfies the estimates
933 — —
Cra¥7187 (p=0,¢g=0)
~ ’_‘3717
M) 093 8 (p>0,q=0)
DL DY ok L, <0 e 8.2.16
I vYKk +||V(1Z)><W Wi = « (p=0,qg=1) ( )
_—p—3(g—1)
Mqug-',- (p = 07 q = 1)

In addition, @ f and all Fréchet derivatives DC D;I( o) f are jointly continuous in all
arguments V, K, V, K, as well as in m? e L.

The map @é{ (V) is the same as @E(V, 0), and it has been analysed explicitly

in Sect. 5.3. Thus, to complete the understanding of the map @Y, we recall from
(6.2.7) the definition

RY(V, k) =0V (v, k) — oY (v,0). (8.2.17)

By definition, RZ(V, K) is an element of Y. Similar to the notation V(f) we
introduced for the vector space V with norm ||V (b)ll7,¢), we write Uy (£4) for
the vector space U with norm ||U (B) |7, for B € B. The following theorem is
proved in Chap. 9.
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Theorem 8.2.5 Let m? > 0, let § be sufficiently small (depending on L), and let
p.q € No. Let 0 < j < N. There exists an L-dependent constant M, 4, > 0 such
that the map

RY :Dx Iy — Uy (L) (8.2.18)

satisfies the estimates

Mpoﬁigi (p=20,9g=0)
1D} DY RY vy xw—tto ) < { Mp.g (p=0,g=1,2 (8219
0 (p=0,qg=3).

In addition, RJLFI and all Fréchet derivatives D€ Dtll( Rfr] are jointly continuous in all
arguments V, K,V , K, as well as in m? e 1.

As in (6.2.6), we write the components of Rﬂ as (rg,j,"v,j>Tu,j)- By (8.2.17),
these components give the remainder terms of the renormalisation group flow
relative to the perturbative flow of Proposition 5.3.1. By combining (8.2.5) at scale
j + 1 and (8.2.19), we see that

rej=0L®]g)), L¥r,j=0L(]¢g)). (8.2.20)

8.3 Construction of Critical Point

In this section, for m?2 > 0 we construct a critical value vg(m2) such that the

renormalisation group flow exists for all scales, and prove that v (m?) is continuous
in m2. To do so, we apply Theorems 8.2.4-8.2.5.

The u-component of @ does not play any role and we therefore write @, =
(@V, dﬁf). Given m? > 0 and an integer k > 0, the sequence (V, K;) j< is a flow
(up to scale k) of the renormalisation group map @ if, for all j < k, (V;, K;) is in
the domain D; (m?, go) and

(Vist, Kj1) = @41 (V) Kjsm?), (8.3.1)

To apply Theorems 8.2.4-8.2.5, we need to fix the sequence g. Given m? > 0, we
define g; = g; (m?) with g j given by (6.1.1). This choice obeys the condition (8.1.6)
by Proposition 6.1.3(i). Thus we now have three similar sequences: g, g, and g. The
sequence g is the coupling constant in the true renormalisation group flow and is
given in terms of a complicated equation involving the nonperturbative coordinate
K; and also p;. On the other hand, the sequence g is explicit in terms of the
parameters (go, m?) and a simple quadratic recursion. The reason for introducing
g in addition to g is that & does not depend on m?. However, for m?> € I, (%),
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the sequences g and g are comparable, and under the condition that V is in the
domain D, all three of g, g, g are comparable. In par}icular, we will use without
further comment that for V in D, error estimates 0(197. gj) as in the statement of
Theorem 8.2.5 are equivalent to O (z&‘;’ gj?), and similarly with other powers.

Given ¢ € (0, (2k0)71), we define the intervals
Gj=Gj(m*) =[-)g;(m%),2g;(m)], (8.3.2)

Tj = Tj(m*; co) = [—co®;(m*)g; (m*), cod?j (m*)g; (m*)]. (8.3.3)

By the definition of D; in (8.2.1), we have G; x L™/ J; C D;. The set G; x J; is
a domain for (g;, ;) as opposed to (g, v;), hence the factor L%,

For the statement of the next proposition, we fix ¢;, > 0 such that the coefficient
n of (5.3.10) obeys |n;| < c¢;¥;. By (4.1.19), we can choose ¢;, = n + 2. For the
following, we assume that kg is small enough to ensure that 12¢; < (2ko)’1, i.e.,

ko < 4+ 2) (8.3.4)

This insures that the choice ¢y = 12¢;; obeys the requirement ¢y € (0, (2k0)_1); this
choice occurs in the proof of Proposition 8.3.3. As always, we also assume that kg
is small enough to satisfy the restriction imposed by Proposition 10.2.1.

The next proposition characterises the critical value vg. The essence of the proof
of its part (i) is known as the Bleher—Sinai argument [35].

Proposition 8.3.1 Ler Ko = 0 and fix go > O sufficiently small. Let m* > 0.

(i) There exists vg(mz) such that the flow (V;j, K;) of @ with initial condition
go and v = v(‘)'(mz) exists for all j € N and is such that (gj, u;) €
Gj(m*) x Jj(m*; 4cy) and |Kjllw, < Cra9;g&; for all j. In fact, g; =
g+ 0(g;1log ;.

(ii) Let co € [4cy, (ko)™ ). The value of Vg (m?) is unique in the sense that if a
global flow exists started from some vy and if this flow obeys u; € J; (m?; co)
for all j, then v = vg(mz).

Proof

(i) Let Ko = 0, and fix go > O, m? > 0, and g = g(m2). Throughout the proof,
we fix any ¢y € [4c¢y, (2k0)71) and set J; = J; (m2; co), and we drop m? from
the notation.

We apply induction in k. The induction hypothesis is that there is a closed
interval I such that for o € I, the flow (V;, K;)j<x exists, uy € Ji, and
every ux € Ji has some preimage (o € Ix. For k = 0, the inductive hypothesis
clearly holds. The intervals are illustrated in Fig. 8.1.
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Fig. 8.1 Illustration of the Bleher—Sinai argument. The intervals J; are /; are indicated by vertical
bars, where the scale of the figure is chosen such that the intervals J; have the same length. Since
the map 1; — ;41 expands, the condition that the image of ¢ is contained in J; after j iterations
of the map, for all j, determines j1o uniquely

To advance the induction: the inductive hypothesis implies that (Vi, Ki) €
Dg. Then Theorem 8.2.4 implies that Kjyj is defined and satisfies
IKit1lwes, < CrGD;4 811 By Theorem 8.2.5, in particular (8.2.20), Viy1
is given by Proposition 5.3.1 with corrections from RY which are O (93 gﬁ).
Therefore the flow exists up to scale k + 1 and

gj+1 =g — Bjg; + 0Wjg), (8.3.5)
wjp =LA +e)). (8.3.6)
Using Proposition 6.1.3(1) and (8.3.5), followed by (6.1.20), we obtain that

gi=8;(14+0(gjllogg;)) = g;j(1+ O(g;|logg;|). In particular, this shows
that g; € G;. By (5.3.3), the term ¢; in (8.3.6) satisfies

lejl < Injlgj + 0W;87) < cyPjg; + 0(Wjg) < 2¢,9;§;. (8.3.7)
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By (8.3.6) and (8.3.7), pk41 = L?(up — 2Pk k) = Lzéuk if = coVr g
is the largest point in Ji, and pgy1 < L2(,uk + 2¢, 04 8k) < Lzéuk if e =
—coPk &k 1s the smallest point in Ji. Together with the continuity of the map
Ko > Wk+1, it follows that the set of pg41’s produced from g € I includes
the interval ;L2Jk, which strictly includes Jx41 for large L?. Thus we can
define a new interval Ix41 C Ii as the inverse image of Jx41 under the map
o > Wk+1, and it has the required properties. This advances the induction. By
construction, ; € J;.

Finally, since either ¢; or g; decreases to 0, the sequences ;¢ tends to 0
for any m? > 0, and the intersection N j>11; must consist of a single point. We
choose v (m?) to be that point.

(ii) The proofis a corollary of the proof of part (i). We fix m? > 0 and drop it from
the notation.

As shown in the proof of part (i), the existence of a global flow obeying
wj € Jj(co) characterises vp = v uniquely, although in principle it could be
the case that vy depends on co, i.e., Vo = vg (co). To see that it does not depend
on co, note that the flow started from vy(4cy) is such that u; € J;(4cy) for
all j. Since Jj(4cy) C Jj(co) when co > 4cy, the flow started from v (4cy)
is such that ; € Jj(co) as well. Since the proof of part (i) shows that only
Vg (co) has this last property, we conclude that v (co) = vj(4cy), and the proof
is complete.

Let v (m?) be the initial condition uniquely defined by Proposition 8.3.1. To

prepare for a proof of the continuity of v (m?) in m?

, we first prove the following
lemma. Let j*(go, vo, m?) be the largest integer j* such that the flow (V;, K ;) <+
of @ with initial condition Vy = (go, vo), Ko = 0 exists. Recall that the term “flow”

includes the condition (V;, K;) € D; (m?, go) forall j < j*.

Lemma 8.3.2 Let (V;, K;) be the flow with initial condition Vo = (go, vo) and
Ko = 0. Given (go, Vo, ﬁ12) and j < j*(go, Vo, ﬁ12), the map (go, vo, mz) = V;is
continuous in a neighbourhood of (8o, o, ).

Proof By Theorems 8.2.4-8.2.5, the map @ is jointly continuous in (V, K, m?)
as a map ]D)j(nﬁz, gj) x ]Ij(n~12) CVxW;(g)) x Hj(nﬁz) — Vx W;11(gj+1)- The
claim then follows from the continuity of the projection (V, K, m?) > V. ]

Proposition 8.3.3 The function m?

right-continuity at m* = 0. For the corresponding flow, the function m
continuous in m*> > 0, for each j € N.

= vg (mz) is continuous in m* > 0, including
2 Vs

Proof Limit points of the set {vj (m?) : m* > 0} exist because the set is bounded.
Suppose that m*> — 7?2, and let §ip be any limit point of v(m?) as m* — m>. It
suffices to show iy = v (72). For this, consider the flow (\7j, K j) with mass m and
initial condition (go, Vo). By Proposition 8.3.1(ii), the continuity of vj would follow
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from the condition that V; € D;(?) and ji; € J; (% 12¢;) for all j € N. Then
the continuity of V; would follow from the continuity of V; at m2.

To verify the above condition, we use the fact that for any given k, the endpoints
of Ji(m?) and those of the intervals defining the domain Dir(m?) can jump at
most by a multiplicative factor 3 when m? is varied. More precisely, we write
9+ (@m?) = limsup,,2_, 52 ®(m?) and ¥~ (%) = liminf,>_, -> ©(m?). Then, for
every k, ;ﬁ; (m?) < Op(m?) < Zﬁ,j(nﬁz). Since the endpoints of J; and Dy are
defined in terms of ¥, and of gx which jumps at most by a factor 1 + O(go),
we conclude that the endpoints of J; and Dy can jump at most by a factor
24+ 0O(go) < 3.

By Lemma 8.3.2, (gx, (k) is continuous in (v, mz) in a neighbourhood of
(P9, m?). Since m* — m? and v(‘)'(mz) — Vg, therefore gj(v(‘)'(mz),mz) —
gj (o, m?) and the sequence p; with mass m is continuous as m? — 2. Since
Vi(m?) € Gr(m?) x J(m?; 4cy) for any m? > 0, and using the above bound on
the jumps of the endpoints of the intervals in Dy, we see that Vi € Dy (m?) for
all k < j, when m®> — 2. Moreover, by Proposition 8.3.1, (no(m?), m?) €
Jj (m?; 4cy) for any m?, and thus wj(fto, m?) e Jj (m?; 12¢;). As discussed above,
this completes the proof. ]

8.4 Proof of Theorem 6.2.1

We now restate and prove Theorem 6.2.1, and thereby complete the proof of
Theorem 4.2.1 subject to Theorems 8.2.4-8.2.5 and Proposition 6.2.2.

Theorem 8.4.1 Fix L sufficiently large and go > 0 sufficiently small.
(i) There exists a continuous function vg (m2) ofm2 > 0 (depending on go) such

that if vo = v§(m?) then, forall j € N,
re.j =008}, L¥n =007, LYnj=00jg). (841
2j |y = o . =2/ 2K . (0 _ 3,3
LYl = 0@, KO+ LY ID*K;(0; 1, D) = 0(9]g).
(8.4.2)

(ii) There exists c = 1+ O(go) such that for m? >0 and j € N, with all derivatives
evaluated at (m?, Vg (m?)),

i o2&\ dgj 201

=LY 0Wig)), =0 (g2 , 8.4.3
0 20 (c+0w;g)) v 8J v, (8.4.3)
12 Y ko4 2 pka0:1.1)| = 0 (9362 (& ’

dvg vy e 127\ go .

(8.4.4)
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In the following, we fix go > O small and drop it from the notation and
discussion. Also, the dependence of W; on (go, m?) is left implicit. We use primes
to denote derivatives with respect to vo = po. Let V; = V; (m?) be the infinite
sequence given by Proposition 8.3.1 with initial condition (g, v (m?)). Let K j=
K; (m?) be the corresponding sequence given by Proposition 8.3.1. Let (V]f , K })
denote the sequence of derivatives along this solution, with respect to the initial
condition po, and with the derivative K ; taken in the space W;. The following
lemma isolates a continuity property of V]f .

Lemma 8.4.2 The function m? ij (m?2) is continuous in m* > 0.

Proof By definition, V/f (m?) is the derivative of V; with respect to the initial
condition vy, evaluated at (go, v(‘)' (mz), mz). By Theorems 8.2.4—8.2.5 and the chain
rule, V/f is continuous in (vg, m?). By Proposition 8.3.3, the function vg(m2) is

continuous, so it follows that V’(m?) is continuous in m?. |
Proof of Theorem 8.4.1

(i) The function vg(mz) is given by Proposition 8.3.1. Proposition 8.3.1 also
implies that (V;, K ;) € D;(m?), since G; x J; C D; as noted below (8.3.3).
Theorem 8.2.5 (in particular (8.2.20)) yields (8.4.1), and V; € D; immediately
gives the bound on v; in (8.4.2).

For the bound on K;, we use the fact that the YW-norm dominates the Tp-
seminorm by (8.2.9). Since the Tp-seminorm dominates the absolute value
and (V;, K;) € ID)j(mz), we have in particular that |K;(0)| < IKjllw, =
O(ﬁ;g;). For the ¢-derivative D*K j in (8.4.2), we use the fact that by
definition of the T,-seminorm, the derivative in the direction of a test function

f obeys
ID>F(0; £, Pl < 20 F I ;1 £ 115, (8.4.5)

The norm of the constant test function 1 € @; is
ILllo; = €5 " sup[Li| = €51 = O(L/ 7272, (8.4.6)
Therefore,
L™ |D?K;(0; 1, 1)| <2[K;lIn,, < O(ﬁjg]?). (8.4.7)

This completes the proof of (8.4.1)—(8.4.2).
(ii)) We prove that there exists a continuous function ¢ : [0,00) — R, which
satisfies c(m?) = 1 + 0(go), such that for all j € Np:

e \Y
Wy = LY (2 ) o)+ 008, & =0(ujgd).  B4B)
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and
1K), = 0 (931)3) (84.9)

Then (8.4.3) follows from (8.4.8). Also, as in the proof of part (i), (8.4.9)
implies that

KO+ L™ DK} 0: 1, D] < 0 (93163) (8.4.10)

and then (8.4.4) follows from (8.4.3). It remains to prove (8.4.8)—(8.4.9).
Recall the definition of I1; ; from Lemma 6.1.6. We define 17}k = II; (m?)
by
j—1
=1%o = LY T](1 = yBign. (8.4.11)
[=0

By Lemma 6.1.6, and by the continuity of V; in m? provided by Proposi-
tion 8.3.3, there is a continuous function I'n, (m?) = O(go) such that

A\Y
mr = L% (Z) (1+ Moo(m?) + 0(9;8))). (8.4.12)

We also define ¥; = X;(m?) by
py=M;(1+%) (j=0), Y 1 =0. (8.4.13)

We will use induction on j, where j < N. The inductive assumption is that
there exist M1 > M> > 1 such that for k < j,

| Dk — k-1 < O(My + Ma)rgr, lgpl < Mo IT} g, (8.4.14)

IK N, < Ma9RIT} gt (8.4.15)

Since (g, g, Ky) = (0,1,0), Xy = 0 and so the inductive assumption
(8.4.14)—(8.4.15) is true for j = 0. By summing the first inequality in (8.4.14)—
(8.4.15) over k < j and by applying (8.4.12)—(8.4.13) we conclude that, if
L > 1 and if g is sufficiently small, then

/ * 3% 2 193 *
;| = 20075, UG8 < 50 nj

2
— 2 j+1 +1gj+17 (8416)

where we used (6.1.17) for the first inequality.
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As a first step in advancing the induction, we differentiate
(Vis1. Kjp1) = (@0 (V) + R], (Vi K)), @5 (V) K ))), (8.4.17)

where RJ“/+1 denotes the V-component of R]L./H. By the chain rule, with F' =

14 —_ oK
RJ.Jrl or F = CD].H,
F'(Vj,Kj) = DyF(V,, Kj)vjf + D F(V], Kj)K}. (8.4.18)

The g} estimate in (8.4.14) and the ,u/j estimate in (8.4.16) bound the coef-
ficients of V]f . By combining this bound on the coefficients with (8.2.5) we
obtain ||ij(b)||T0(gj) = Op(M; + 2)17;.‘. We also have the estimate for K} in
(8.4.15). By applying Theorems 8.2.4-8.2.5, we obtain

IDv F(Vj, K)ViI < 0] (Migi + DI} < 09T} g)),

(8.4.19)
IDx R}, (Vi KNK I < O(M2)9? T} g5, (8.4.20)
J J J Il
1Dk Kj+1(Vi, KKl < Myd3 [T g3, (8.4.21)
J J el

with the norms dictated by Theorems 8.2.4—-8.2.5 on the left-hand sides. For

example, if F = RjV+1 (whichisini{j41(€j11)) the normis ||RjV+1 B)I7o(t;41)-

and if F = @jKH the norm is W;1. This implies, for M > 1,

IR (Vi KpIl < OM)93 T g5, 1K) (Vi Kl < 2My93 T g
(8.4.22)

With the second inequality of (8.4.16), this advances the induction for K.
For p/, the induction is advanced using the recursion (8.4.17) with (5.3.3),
(8.4.22), together with the estimates
/ NS 3% 2
njg;, §j(g7) = O(M 97115 g7) (8.4.23)
which follow from (8.4.14). We obtain
Wi = 1250 = yBig)) + O (M) + M) IT}g?)

=j,d+2)+0 ((M1 + Mz)z‘/‘fﬂﬂ}‘ﬂg?ﬂ) : (8.4.24)

This advances the induction for i/, namely the first estimate of (8.4.14).
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The advancement of the induction for g is similar, as follows. We use the
recursion relation (8.4.17) with (5.3.2) and (8.4.22), and choose M| > M, to
obtain

18511 < (Mi(1+ 0(g)) + O(M))93 T3 g2

3 2 3 2
<2MDITIgE < M9, ITY 82 ). (8.4.25)

This advances the induction for g’.

By Lemma 8.4.2, V/f is continuous in m2. Since 1'[;.‘ is continuous, it follows
that X; (m?) is continuous in m?, for each j € Ny. Since Ziil ﬁjg]z = 0(go)
by (6.1.17), it follows from (8.4.14) that the limit Yoo = limj0 X; =
Zjozl (X — Xj—1) exists with X, = O(go). Continuity of X in m? follows
from the dominated convergence theorem, with Proposition 6.1.7. Also, again
by (6.1.17),

[o/0]
To—-%j=0 Z 9g; | = 0;g)). (8.4.26)
k=j+1

From (8.4.12)—(8.4.13) and (8.4.26), we obtain the equation for /“L// in (8.4.8),
with c(m?) = (1 + Too (M) (1 + F'so(m?)). This c(m?) is indeed continuous,
since X, and [, are. With this, (8.4.14)—(8.4.15) implies the last inequality
in (8.4.8) and (8.4.9), and the proof is complete.



Chapter 9 )
Nonperturbative Contribution to di_('{: Shethie
Proof of Theorem 8.2.5

In this chapter, we prove the estimates of Theorem 8.2.5, which for convenience
we restate below as Theorem 9.1.1. The continuity statement of Theorem 8.2.5 is
deferred to Sect. 10.6.

The proof of Theorem 9.1.1 makes use of certain norm estimates on polynomials
in the field, which are developed in Sect. 9.3. A more comprehensive set of estimates
on polynomials is needed for Chap. 10, and we present these estimates also in
Sect. 9.3.

9.1 The Polynomial R:{

The non-perturbative contribution RJL: to dﬁf is defined in (6.2.7) as

RY(V, k) =Y (v, K) — oY (v,0). 9.1.1)
By definition, Rfr] (V, K) is an element of /. To this element of I/, we associate an
element of A/(B) by summation over points in B as in Definition 5.1.1. We denote

this element by Rfr] (B) and then omit the argument (V, K).
The map dﬁfr] is defined in Definition 5.2.8 as

(V. K) = o (V — Q). (9.1.2)
with QO € U equal to the b-independent polynomial defined by

0(b) = Loc(e" P K (b)) 9.1.3)
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for b € B. The map @y is given in (5.2.18) as
®u(U; B) =E40U(B) — ,E4(0U(B); 0U (B)). (9.1.4)

Recall that, by definition of the renormalisation group map in Definition 5.2.8, the
expectation E here is with respect to a covariance obeying the zero-sum condition
¢D = 0. This allows us to drop the operator Loc from the definition of Dy in
(9.1.4), as remarked under (5.2.18).

After simplification, the above formulas lead to

RY(B) = —Ec,0Q(B) + Cov,(8(V(B) — } O(B)).0 Q(B)). ©.15)

According to Exercise 5.1.2 and Lemma 5.1.3, the right-hand side is indeed an
element of /. By definition, Q is linear in K. Thus R_[ﬁ is a quadratic function
of K. The explicit form of (9.1.5) makes the analysis of RH relatively easy.

In this chapter, we prove the estimates of Theorem 8.2.5, which we restate here as
follows. Although the domain of RH in (9.1.6) is stated in terms of ID, in which K is
measured with the YW-norm, in the proof we actually only use the weaker hypothesis
that | K (b)lI7y(e) < CrGP 2.

Theorem 9.1.1 Let > > 0, let § be sufficiently small (depending on L), and let
p.q € No. Let 0 < j < N. There exists an L-dependent constant M, 4 > 0 such
that the map

RY:DxIy — Uy 9.1.6)

satisfies the estimates

M,09ig} (p=0,q=0)
1Dy D% RY vy sw—ttye0) < Mpg (p=>0,g=1,2) 9.1.7)
0 (p>=0,q=>3).

9.2 The Standard and Extended Norms

9.2.1 Utility of the Extended Norm

Theorems 8.2.4-8.2.5 (and so Theorem 9.1.1) are expressed in terms of the standard
norms. For V/, this is the norm ||V (b)]|1;,(¢) on the space V({). For K, these are the
seminorms T, (h) and Tp(£) and their combination as the VV-norm, on the space F.
Functions of (V, K) such as @ are functions on V x F. The standard norm is good
for estimates that hold for fixed (V, K). The dependence of a function F(V, K)
on (V, K) is controlled by derivatives with respect to (V, K) in these norms. For
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a given function F, these can in principle be computed using the usual rules of
calculus. In practice, for complicated functions F such as @, this can become
unwieldy.

To handle derivatives systematically, we use the extended norm which encodes
not only point-wise dependence of a function F(V, K) on (V, K) but also their
derivatives. Thus the extended norm of F(V, K) is not a norm for (V, K) fixed, but
requires an infinitesimal neighbourhood of some reference point (V, K). It is in fact
an instance of the 7;-norm, with ) chosen to be a subspace of V x F.

We denote the coordinate maps for (V, K) using stars, i.e., V* : ) — V and
K* :)Y — F are defined by

VXV,K)=V, K*(V,K)=K. 9.2.1)

For the coordinate maps, by Definition 7.1.2 with y = (V, K), the extended and
standard norms are related by

VO = 1V Ol e = VO + s OV g0
o wv.k) IV, K)lly
K(b)
IK* )z, = IK*G)liz, g = IKBz, + sup s OV 92.3)

v 1V Ky’

where b is an arbitrary block in B;(B). In particular, the standard norm can be
recovered from the extended norm with the limiting choice ||y|ly = |[(V, K)|y =
00. The standard norm of V or K only differs from the extended norm of V* or
K* at (V, K) by an additive constant. Thus, for the coordinate maps, the additional
information encoded by the extended norm is trivial. However, for maps that are
non-linear in (V, K), the extended norm is a significant help because it can often be
bounded in the same way as the standard norm, yet a bound of the extended norm
of a function of (V, K) yields also bounds on the derivatives of this function by
Lemma 7.2.1 (see also the special case Lemma 9.2.1 below).

9.2.2 Choice of the Space Y

We now specify the space ) used to define the extended norm. We set py = oo
and fix nonnegative parameters A = (Ay, Ag ), which for the moment are arbitrary.
Recall that V = R? is defined in Definition 5.1.1. We define ) C V x F to be the
space of y = (V, K) with finite norm

IV®lne 1Klw } , (9.2.4)

= max
Iylly { w ok
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where b is an arbitrary block in B(B). We also define
X:Rz, Z:XxyCRf)x(Vx]-"). 9.2.5)

The case Ay = Ax = 0, which superficially appears to prescribe division by zero in
(9.2.4), is equivalent to taking py = 0in (7.1.9), or equivalently to a norm that does
not measure the size of derivatives with respect to (V, K); in this case the norm on
Y is not used and there is no division by zero.

In the same spirit as in the extension of the T;,-seminorms to the T, y-seminorms,
we extend the definition (8.2.9) of the VW-norm to incorporate the parameter A, by
defining the extended Wy (1) norm of a function F'(V, K) to be

IFlw, 0 = IF @)1y, 0.0 + 8IF B e 1.2 (9.2.6)

The following lemma is a special case of Lemma 7.2.1.
Lemma 9.2.1 The following hold for any y = (V, K) € V x W.
(i) For F : V() x W — U4 (L),

p2!p3!
||D[‘;2DII?F(V1 K)||V(1Z)><W—>M+(f+) = 2P2P3 ”F”TOV.\'(MJ\)‘ ©.2.7)
vV K
(ii) For F : V() x W — Wy,
p2!p3!
||D€2D?F(V’ Blvyxw-w, = AP23P3 ”F”W.vf()‘)' ©-2.8)
vV K

Proof In (9.2.4), the norm ||y|ly of y = (V, K) is defined such that the unit ball
lylly < 1 corresponds to ||V (b)) < Av and [|K|y < Ag. The norm of
a multilinear map defined on V(¢) x W is, however, defined with respect to unit
directions of (V, K). By Lemma 7.2.1, therefore

IDZ DEF(V, K)oy x w1, = IDZ DI F(V, K)ly—1,0)

P2y D
Ay AR
p2!p3!
= I F 1T,y 5,5 9.2.9)

v K
In the above inequality we set (i) h = £4 and ¢ = 0, and (ii) h = k. The result
is the two estimates:

p2!p3!
IDZ; D F(V, K) 500 x W To(4) < AT 1F W75, c04,2)5 (9.2.10)

p2!ps!
1D DI F(V, K 7y(0)x W Ty hy) < AP IFNT, ) (9.2.11)
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The first estimate is (9.2.7), since the Tp(£4)-seminorm on a block is the same as the
U (£1) norm by definition of the latter. In the second estimate we replace T, by T
by taking the supremum over ¢. By the definitions (8.2.9) and (9.2.6) of the W- and
W(X)-norms, the desired result (9.2.8) is an immediate consequence of multiplying

the second estimate by gi/ % and adding the two estimates. ]

9.3 Norms of Polynomials

In this section, we develop a comprehensive set of norm estimates on polynomials
in the field. For the proof of Theorem 9.1.1, we only need the ) = £ case of the
bound on V given in (9.3.4), and the bound on Q given in (9.3.20). The remaining
results in this section prepare the ground for our analysis of K in Chap. 10. Recall
that the domains D and D*" are defined by (8.2.1) and (8.1.8).

We first observe that it follows from Exercise 8.2.2 that the norm of U = gt2 +
vT + u on a block b € B is given by

10U @l = L7 (4eb* + 3vIb? + Jul). (9.3.1)
By the definitions of £ and % in (8.1.4) and (8.1.7),

= logl/Ap—jd—9/4 h? =k3g7 V2L (9.3.2)

id~14 _ 14
L'/ gh :ko, kO

12
h

The constant k¢ is small and independent of L, whereas £ is large and is equal to
L'+4/2 by (8.1.3). By (9.3.1) and the first equality of (9.3.2), for V = g2 + vt we
have

IV )iz = 3ka (D + 3L i ()% 93.3)

The equalities of (9.3.2) are useful for application of (9.3.3). The following lemma
uses (9.3.3) to obtain estimates. For our application to dimension d = 4 the factors
L~@=%J in the following lemma equal one.

Lemma 9.3.1 Letd > 4, U=g12~|—vr~|—u=V~|—u, and b € B.
(i) If V € D then

OL(g)L*(d*“)j h=20
Vi 9.34
IV @) liryp) = !kg (h = h). 039

(ii) If V € D™ then

0oL (/2 L~[@d=9il2 (h =y
v 935
IVOlirm = :kg (b =h). ( :
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Proof We use (9.3.2) without comment in the proof.
Suppose first that V € D. By the definition of D in (8.2.1), g < (2ko)~'g and
[v| < (2ko)~1gL=@=2J 5o

IV B iz < ska()* 4+ 1§ koL =7 @=H72(D)2, (9.3.6)

4 2 .
For b = ¢, the right-hand side is <§ﬁg + iig) gL~7=% Since £y > 1, this is

less than ky ' €4 L=7@=%  and this proves the case h = £ of (9.3.4). For h = h and
g =< k3 the right-hand side of (9.3.6) is at most k3. as desired for the case h = hof
(9.3.4).

Suppose now that V € DS, By (8.1.8), we have g < k(;lg and |v| < §h2. With
(9.3.3), we obtain

IV Bl < Lka(* + Jkd(H2. (9.3.7)
For h = £ we use K < E% (since kg < 1 < L) to obtain
IV B nye < L0gL7T0= 4 L3edg AL -1d=b/2 < foglap —jd=bp2,
(9.3.8)

as desired for the case h = £ of (9.3.5). Finally, for ) = h, the right-hand side of
(9.3.7)is Jk3 + 3kg < k3, which proves the case b = / of (9.3.5). [ |

Next, we obtain bounds in the extended norm. By (9.2.2)-(9.2.3),

IV (®)llr
IV*B) 750 = IV B)llzce) + v sup 0O (9.3.9)
: vev IV D)ty
IK (BT, 1)
IK*®)i7, , 00 = IKG) Iz, + 2k sup o 9.3.10)
cer KW

In particular, this shows that the norms of U* and K* are monotone increasing in §).
Furthermore, for V € V,

VD) 1y, 0.0 = IV Do) + Av, (9.3.11)
IK* D)1y, 0. < 1K B)ITy00) + Ak (9.3.12)
IK*®)I7, 5 < IK®) Iz, m + 2" (9.3.13)

The bound (9.3.11) is obtained by setting h = £ in (9.3.9). Likewise, (9.3.12)—
(9.3.13) follow from (9.3.10) and the definition of the JV-norm in (8.2.9).

The above estimates do not yet include a bound on ||V*(b)||T0,y(h,x)- The
following lemma fills this gap. For the proof of Proposition 10.2.1, it will be
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important that the coefficient g on the first right-hand side of (9.3.14) is smaller
than .
2

Lemma 9.3.2 Let d = 4. Let (g,v,0) € D, Ay < g b € B, and let L be
sufficiently large. Then

1T B Iy, < § 5koo OO B)limy 2y < k- (9.3.14)

In particular, the extended norm of V.= gt* + vt obeys
" 11 4
VB, ) < g kg. (9.3.15)

Proof Asin (9.3.9),

IV Bl 7
1T DIty iy = 18T B 7y + Ay sup .00
) vev-imizo IV D1

(9.3.16)
By (9.3.3) with v = 0 and b = h, the first term on the right-hand side is }kjgg ™'
Similarly, by comparing (9.3.3) with h = & and with h = £, the ratio in the second
term is h*e—4 = g—lkgzg“. Therefore,

||(g‘52)*(b)||T0vy(h,)L) = (zllg + gevf;) ké. (9.3.17)

Ay
gt
as L — oo. Hence, since kg < g by definition of D in (8.1.8), if L is sufficiently

By hypothesis, < 664, and by the definition of £¢ in (8.1.3) we have £y — oo

large then £, 4 < éko < é g. This proves the first inequality of (9.3.14). Similarly,
from (9.3.3) and (9.3.2),

dj/2 5172
memmwm=(yﬁé+$&)%5G%+%)%s%-
’ 8§ 0
(9.3.18)
This proves the second inequality of (9.3.14). Finally, (9.3.15) follows from the
triangle inequality and the bound g/g < k; ! (due to (8.1.8)). ]

Finally, we obtain estimates for Q(b) of (9.1.3). We view Q as a function of
(V, K), so we use the extended norm.

Lemma 9.3.3 Forall (V,K) € V x F, and foralll > 0,

V*(b A
107, 0.3y < € 10O K* 17 15 P (@) (9.3.19)
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In particular,
1O®B)IITy, e, < !V OO (1K I3y + 1k - (9.3.20)

Suppose now that oy < g, Ak < g b4 > £,V € D%, and |[K (b)|1y¢) < & Then,
for L sufficiently large,

b+

4
h+> P,;‘+ (). (9.3.21)

1QB)lIr, .0y < O™ (
Proof Recall that Loc = Tay,. By the definition of Q in (9.1.3) and the bound on
Tay, in (7.5.3), for h > 0,

* V*(b
1OB) Iy, 5.0 < lleV P KBl 0y < € P I0sOD KH 170 5,
(9.3.22)

which, with (7.5.8), proves (9.3.19). By setting h = £ and inserting (9.3.11)
(9.3.12),

V(b A
1OB) 17y, 0.0y < €V ONos @™ (1K 170y + Ak) (9.3.23)

which proves (9.3.20).
Next we prove (9.3.21). By (7.5.8), it suffices to prove the result just for ¢ = 0.
By the hypothesis 1 > ¢ and Lemma 7.1.5 with §’ = £ and h = b,

4
¢ ) 1By, (e.0)- (9.3.24)

10®)lImy, 5. 39 < ("*

We insert (9.3.20) in the right-hand side and use (9.3.5), which implies

M ON1,0 < 5 (for & small). Using also the hypotheses, we obtain

4 4
1QD) 7y, 4. < (b; ) 2e" (34 hk) <58 (b; ) : (9.3.25)

By 8.1.4)and (9.3.2), O = L71)r = L7+ = L7100 3012 Therefore

4
1QD) 7y, hs 2y < OhHL ™65 (21) , (9.3.26)

where we used (8.1.6). Since || Q(B) ”To.y(m,l) = Ld|| Q) ||T0.y(h+,)\), this implies
(9.3.21) for ¢ = 0 as desired. The proof is complete. |

Next we bound V = V — 0.
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Lemma 9.3.4 Let Ay < gand Ax < g. Let V € D and |K (b)ll1y@e) < & Then,
for L sufficiently large,
IV (B)ll7y., 6.2 < OL(E+), (9.3.27)

VB iz, ey < 1. (9.3.28)

The same estimates hold when V. is replaced by V*.

Proof Since we are using the extended norm, we write V=v*_ Q. We will bound
V* and Q individually. The proof for V* instead of V is obtained by forgetting Q.
We will use (8.1.6) without comment to replace O(g) by O(g+).

We begin with (9.3.27). The Tp,y (€4, A) norm of V*(B) increases when £ is
replaced by £. Furthermore, the Tp (£, 1) norm of V*(B) is L9 times the same
norm of V*(b), which, by (9.3.11) and (9.3.4), is O (g). Therefore

IV (B)imy, ey = OL(E4). (9.3.29)

4
By (9.3.21) with b4 = €. and (9.3.2) to show that (,‘;;) — 0..(3+) we find that
1B, ey.1) 18 OL (g+)- Therefore, by the triangle inequality,

VB 1,y t1.0) < IVFB)lItyy 010 + 1QBTy 0020 < OL(E4)  (9.3.30)

as desired.
For (9.3.28), by the triangle inequality and (9.3.9) followed by (9.3.3) and (9.3.2),
as in (9.3.17)—(9.3.18) we obtain

~ ‘B|h4 |B‘h2
VB0 = (ilBlginghi +hv |b£r> + <5|V||B|h%r + Ay blﬁ)
— | 18+ Ay 4 1 |v|LdG+Dh/2 g2 2
- (4 [ e ) ko + (2 a2t e kG- (9.3.31)

By inserting the definition (8.2.1) of V € D, (8.1.6), and using (9.3.21) with h =
h for Q, we obtain

IV*(B) 7,y iy HI QB 7y, ity < hg+0LEH+O005H <1 (9.3.32)

because g and £ 4 are small depending on L and k¢ < 1. This proves (9.3.28). N
The following lemma is a consequence of the previous two.

Lemma 9.3.5 Let Ay < gand Ax < 8. Let V € D and |K(b)|1y«c) < & Then,

for L sufficiently large,

1U+(B) = VE(B)z,, 1) < O Py, (). (9.3.33)
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Proof By (7.5.8), it suffices to consider the case ¢ = 0. By definition Uy — V =
Upt(V) — V with V. =V — Q. By the triangle inequality,

1U+(B) = V*(B) 7y, thy0) < 1Unt(Vs BY = VB Iz, ) + 101170, s -
(9.3.34)

We use (9.3.28) and Lemma 7.6.3 for the first term, and (9.3.21) for the second term.
With the bound on ¢ of (8.1.5), this leads to

C _ ~ —
U+ (B) — V*(B)”Toy(h%)\) <0 (hi) + 0(504) =0 <g_1’_/4 —|—ﬁ04) ’
(9.3.35)

and the proof is complete since we can choose g small depending on L. ]

9.4 Proof of Theorem 9.1.1

The following lemma is the basis for the proof of Theorem 9.1.1.

Lemma 9.4.1 Let) = VX F have the norm (9.2.4), with arbitrary A. For (V, K) €
V x F, letry = VD)l + Av and ra = | K| 1) + Ak, and assume ry < ry.
Then

IRY Bl 0.0 = O ('r1r2) ©.4.1)
Proof By (9.3.20), £+ < ¢ and monotonicity in b,
QB 7y, ey0) < Ly, (9.4.2)

where L? is the number of blocks b in B. By Exercise 7.6.2, and since ¢, < £, by
(8.1.5), this implies

2
IEc, 0 QB)lry,esn) < 1QB)I1y, (04,0 (1 +c (2) ) < O(LN) (" ).
(9.4.3)
By Lemma 7.6.1, by ¢ < £, and by the hypothesis 7, < ry and (9.4.2),
ICov(6(V (B) — éQ(B)), 0 Q(B)) 7y, t4.2)
<c|BPIVe — 3 Oxllm, s | Qxlizy 04 < O (€ rir2).  (9.4.4)

The desired result then follows by inserting (9.4.3)-(9.4.4) into (9.1.5). |
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Proof of Theorem 9.1.1 Since Rﬂ is quadratic in K, the case ¢ > 3 of (9.1.7) is
immediate and we need only consider the cases ¢ = 0,1,2. Let p > O and g =
0,1,2.

We will apply (9.2.7) and (9.4.1). Letr1 = ||V (D) 1y +Av and r2 = || K || 7 ¢e)+
Ak. By (9.3.4), and the hypothesis on K, we have r; = Or(g) + Ay and r, =
0(535'3) + Ak. We choose Ly = 1. Then the hypothesis r» < r; of Lemma 9.4.1
applies as long as Ax < 1, which we also assume. We apply Lemma 9.4.1 and
(9.2.7) and obtain

1D} D% RY (B v eysow—tis ) < 2g” Pl IRY (B)lIzy, (6.0

< dplgloL (5\35:3 + AK> : (9.4.5)

We obtain the case ¢ = 0 of (9.1.7) by setting Ax = 0, and the cases ¢ = 1, 2 by
setting Ax = 1. This completes the proof. ]

The polynomial Rfr] has the relatively simple explicit formula (9.1.5), so it is
also possible to compute and estimate the derivatives directly using only the Ty (¢)-
seminorm, and without introduction of the extended norm. This is the subject of
the next exercise. Direct computation and estimation of derivatives of K is less
straightforward, and the profit from using the extended norm is larger.

Exercise 9.4.2 Compute the derivatives DY, D% RY (V, K; V7, K9) explicitly, and
use the result to estimate the norms in (9.1.7) directly using only the Ty(¢)-
seminorms. [Solution]



Chapter 10
Bounds on @ f : Proof of Theorem 8.2.4 Chack for

In this chapter, we prove Theorem 8.2.4 and, as a byproduct, also Proposition 6.2.2.
We also prove the continuity assertion in Theorem 8.2.5. This then completes the
proof of Theorem 4.2.1.

10.1 Main Result

Our main goal is to prove the estimates of Theorem 8.2.4, which we restate here as
follows. In Sect. 10.6, we verify the continuity assertions of Theorem 8.2.4, and also
of Theorem 8.2.5.

Theorem 10.1.1 Let 1% > 0, let L be sufficiently large, let g be sufficiently small
(depending on L), and let p,q € Ny. Let 0 < j < N. There exist L-dependent
CrG, Mp 4 > 0andx = O (L™2) such that the map

X :DxI - Wy (10.1.1)
satisfies the estimates
33 =3 _ —
Cre¥1 8% (p=0,9g=0)
~ ,-4’;7
My o938y " (p>0,q=0)
DY D1 oK YV S 10.1.2
I vYK +||V(Z)><W Wi = c (p=0,q=1) ( )
~—p—3(g—1)
Mp,qg+p e (p=0,g=1).

The proof is based on a decomposition of @ (V, K) as a sum of two contribu-
tions, which are constructed as follows. Let K, = @ f (V, K). With Q defined in
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(9.1.3), we let

so that

By (5.2.32),

' ~\ B
K (B) ="'l <E+9 (e7"+R) - eU+<B>)

— ol+1B] Z E.0 (er(B\X)IgX) _ o UsB

XCB(B)
We isolate the term with X = & and thus write K4 (B) as
Ky =Sy + 51,
with

So = e+ (Ewﬂ(m _ er+<3)> ,

Si =B 3 ]E+9(e*V<B\X>1€X).

X C B(B)
X >1

The region X on the right-hand side of (10.1.8) is illustrated in Fig. 10.1.

(10.1.3)

(10.1.4)

(10.1.5)

(10.1.6)

(10.1.7)

(10.1.8)

Separate mechanisms are invoked to estimate So and S;. The term Sy will be
shown to be third order in g due to the fact that U = ®p(V — Q) (recall (5.2.31))

Fig. 10.1 Each block B is

divided into L9 blocks b at

the previous scale. The small

black blocks represent the

region X in (10.1.8)

L'
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has been defined in such a manner to achieve this. Indeed, Lemma 5.2.6 implies
(here W4 = 0) that

~ A \2
Epe VB _ o= U+(B) = o=Us(B) (; (LocVar(e V)) + E+A3(B)> ,
(10.1.9)

where A3 (given by (5.2.21) with U replaced by ‘7) is third order in V — U,. The
variance term is fourth order in V. Using these facts, Sp will be shown to be third
orderin g4.

The contribution of S7 to K is small because it contains a factor K (b) for at least
one small block b € B. If K were roughly the same size as K, this would provide
a good factor of order g*. However, there are L? small blocks b € B, so this good
factor must be multiplied by L?. Theorem 10.1.1 asserts that the K -derivative of
the map (V, K) — K is less than 1, and the naive argument just laid out cannot
prove this; it is spoiled by the L?. Instead, we make use of the crucial fact that the

map K — K on a single small block b has derivative of order L~=¢~2 because the

terms e~" — e~V in (10.1.3) effectively cancel the relevant and marginal parts of

K, leaving behind irrelevant parts that scale down. The good scaling factor L~%—2
and the bad entropic factor L¢ combine to give L™2. We can choose L large enough
so that L=2 cancels any dimension-dependent (but L-independent) combinatorial
factors that arise in the estimates. Consequently, S remains small enough to prove
Theorem 10.1.1.

The details for Sp and S; are presented in the rest of the chapter. An important
special case is obtained by setting K = 0 in (10.1.7) to yield So,¢ defined by

So.0 = e"nlB! (E+9e*”3> _ e*Um<B>) . (10.1.10)

We refer to Sp,o as the perturbative contribution to K, since it is the contribution
when K = 0. As discussed below (5.2.3), at the initial scale O we have Ky = 0,
so for the first application of the renormalisation group map, from scale O to 1,
K| = qﬁlK (Vo, Kop) is equal to the perturbative contribution. This can be considered
the genesis of K. At subsequent scales, the previous K creates an additional
contribution to K. The following proposition gives an estimate on So,o.

Proposition 10.1.2 For L sufficiently large and g sufficiently small, there is a
constant Cp = Cpi(L) such that for all V € D and B € By,

I1S0.0lw, < Cpdi & (10.1.11)

The subscript in the constant Cp in (10.1.11) stands for “perturbation theory.”
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The constant Crg which appears in the domain D and in the first estimate of
Theorem 10.1.1 is defined by

CrG = Cra(L) = 2Cp. (10.1.12)

We prove Proposition 10.1.2 as a special case of the following proposition, in
which we use the extended norm (see Sect.9.2). The definition of the extended
norm requires specification of the parameters Ay and Ak . Throughout this chapter,
we always require

Ay < 8. (10.1.13)
For Lk, we require either
Ak <§ or ag <@ (10.1.14)

with the choice depending on the estimate being proved. For derivatives, we obtain
the best estimates by taking the two parameters to be as large as possible. Smaller
choices are also useful and permitted, including Ly = Ag = 0, which gives the best
estimates on the functions themselves.

Proposition 10.1.3 is the main ingredient in the proof of the derivative estimates
in (10.1.2), but on its own is not sufficient to prove the cases (p, g) = (0, 0) and
(p,q) = (0, 1) with constants Crg and « in their upper bounds. Those cases are
given separate treatment. Note that the constant C in (10.1.15) is not the same as
CRrg in Proposition 10.1.3. The case (p, g) = (0, 0) in (10.1.2) is proved using the
crucial contraction, i.e., the case (p,q) = (0, 1) of (10.1.2), and is discussed in
detail later in this section.

Proposition 10.1.3 Let L be sufficiently large and let g be sufficiently small
depending on L. Let Crg be given by (10.1.12). Let Ay < g and L < g2/4. There
is a constant C = C (L) such that if (V, K, m?*) € D x 1. then (recall y = (V, K))

1K llw, ) < COLEL + 2k (10.1.15)

The next two lemmas give estimates on Sy and S;. The lemmas are proved in
Sects. 10.3 and 10.4, respectively.

Lemma 10.1.4 Let V € D and | K (b)|l1y¢) < & If v < g and Ax < g then
I1S0llw, 6y < OL®18})- (10.1.16)
Lemma 10.1.5 Let (V,K) e D. If Ay < g and hg < §°/* then

IStlw, .0y < OL@IE] + Ak). (10.1.17)
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Proof of Proposition 10.1.2 We take K = 0in (10.1.6) so that K4 = Sp 0 with Sp,0
given by (10.1.10). Taking Ay = Ax = 0 in Lemma 10.1.4, we get the estimates
1S0.0V)Iz,e,) < C'9383 and [So.0(V) 7,0,y < C'93g)*. The constant C’
does not depend on Crg, because Crg serves only in the definition (8.2.12) of D
to provide a limitation on the size of K, and we have set K = 0. Thus we obtain

(10.1.11) with Cp = C”. [ ]

Proof of Proposition 10.1.3 The bound (10.1.15) is an immediate consequence of
Lemmas 10.1.4-10.1.5, together with the decomposition K = Sy + S7 of (10.1.6).
|

Proof of (10.1.2) except Cases (p,q) = (0,0) and (p,q) = (0, 1) We fix (V, K,
m?) € D x 1. From (10.1.15) and Lemma 9.2.1 we have

plq! 3

| DY DY K lveyw-w, = g OLOLEL +0k). (10.1.18)
V&K

For the case p > 1 with ¢ = 0, we set Ax = 0 and take equality for Ay in
(10.1.13), to get the desired result. For (p, g) = (0, 0), the choice Ay = Ag =0
could be used, but this gives an upper bound with constant C rather than the required
CRg; this case is discussed in the next proof.

For the case p > 0 with ¢ > 1, we take equality for Ay in (10.1.13) and set
Ag = §°/4. This gives the desired result except for (p, g) = (0, 1), where here we
see an upper bound 2C(93g%* + 1) rather than k = O(L™?); the bound with « is
the crucial contraction whose proof is given in Sect. 10.5. This completes the proof.
|

Proof of Case (p, q) = (0, 0) in (10.1.2) This proof uses the VW-norm of (8.2.9),
and not the extended YV ()\)-norm of (9.2.6).

Let f(t) = @ f (V,tK). We apply Taylor’s Theorem to f, with integral form of
the remainder, and obtain

oKX, k) =X (Vv,0)+ Dk X (v,0; k) + RX(V, K) (10.1.19)
with
1 d2
RE(WV, K) = / (I=0) |, @4 (V. 1K)dt. (10.1.20)
0

By the triangle inequality,

16XV, K)lhw, < 19XV, 0w, + 1Dk XV, 0; K)lw, + IIRE(V, K)lw, .
(10.1.21)

By Proposition 10.1.2,

125 (V. 0)llw, < Cpd3&}. (10.1.22)
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By the crucial contraction with k < ceL™? (the case (p,q) = (0, 1) of (10.1.2)
proved in Sect. 10.5), and by the assumption that || K ||y < Crg®>g>, we have

IDk @K (V,0; K)llw, <kCre®’§ < el 22Cu0°8". (10.1.23)

Since ¢ < 294 and g < 2g4, we can choose L so that L? >2.2.2%¢, to conclude
that

1Dk DX (v, 0; K)llw, < LCp3g. (10.1.24)

By the case (p, ¢) = (0,2) of (10.1.2), for g chosen sufficiently small depending
on L to ensure that My, 2(2Cpt26)2 g3/ < 1Cpt, we also have

1
IRK(V, K)llw, < Mo 3" (Cra??3)? < 5 Cpd3 83 (10.1.25)

This gives the desired result, with Crg = 2Cpy as in (10.1.12). |

It remains now to prove Lemmas 10.1.4-10.1.5, as well as the case (p,q) =
(0, 1) of (10.1.2). We do this in the remainder of the chapter.

10.2 Stability

This section is concerned with a collection of estimates which together go by the
name of stability estimates. The domain D for V = gt + vt permits negative
values of the coupling constant v, as it must in order to approach the critical value,
which is itself negative. Thus, V can have a double well shape forn = 1, and a
Mexican-hat shape for n > 1, so in e~V® there is a growing exponential factor
¢=*®) which must be compensated, or stabilised, by the decaying factor e=87°®).
Moreover, it is not only the value of e~V ® jtself that must be controlled, but also
its derivatives with respect to the field. For this, we use the T, (h)-seminorm with
h = kog~'/*L~%/* given by (8.1.7).

Recall the definition of the domain D in (8.1.8). The definition guarantees that
for V = (g,v,0) € D the stability estimate (8.1.10) holds. This is an estimate
fore V® pointwise in ¢. In this section, we extend this estimate to an estimate for
T,,y-norms and also consider more general expressions than e~V (®),

The stability domain is useful because, although it is not the case that D is
contained in D, according to Lemma 8.2.1 we do have D C D' N Dj: Therefore
a hypothesis that V' € D ensures stability at both scales. This fact is used, e.g., in
the proof of Lemma 10.2.3.

The following proposition is fundamental. It contains a hypothesis on the
constant ko that appears in the definition (8.1.7) of the large-field scale & ; and in
the definition (8.1.8) of the stability domain D'. Henceforth, we fix kg so that the
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conclusions of Proposition 10.2.1 hold; we also require that kg < 24(,11 4o as in

(8.3.4). The statement of the proposition involves the constant ¢** defined by

1
St = 128/«3. (10.2.1)

By Exercise 8.1.1, k(s) is the best possible order in c¢*, because the Ty,y norm
dominates the absolute value.

Proposition 10.2.1 For kg > O sufficiently small, V = (g,v,0) € D%, h < h,
t>0,and y < g,

st“p‘4
ht.

”e—tV*(h)”vay(h’)\) 5 zt/Se—StC (1022)

Proof The Ty, (b, A)-seminorm is monotone in b, so it suffices to consider h = A.
By the product property and Lemma 7.4.1,

* 2 23k *
le™ V" 7, < o728 B) JED Ol (OO Ol (10.2.3)

We write the total exponent on the right-hand side of (10.2.3) as X, and set s =
|@|/h. Then it suffices to show that

X < }log2 —8cs*. (10.2.4)

Recall that T = !|p|?. We estimate the 7, y-norms in X by Ty ,-norms using
Exercise 7.5.2, and then apply Lemma 9.3.2 to bound the Ty, y-norms. The result is

X < —3gs* h* LY + F4ki (1 + 9" + k5 (1 +5)°

= —) $kgst + 38k (149" + kg (1 +5)7, (10.2.5)

where we used the definition (8.1.7) of /4 in the first term. We split — és“ in the first

term into — 116 s* and — 176s4 and obtain

X < —joko¥st + k¢ (— st i+t +2a +s)2)
< — L K3s* + kg max ( R (A e s)2), (10.2.6)
where we used the bounds on g given by D% in (8.1.8). The maximum is positive
and is O(kaz) askp | 0so X < — 116k(5)s4 4+ O (ko), which is the same as X <

0 (ko) — 8c%'s* by the definition (10.2.1) of ¢*. Therefore there exists sufficiently
small ko such that (10.2.4) holds. The proof is complete. |
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The next lemma gives an estimate for an extended 7;,-norm of e’ Q) Since ¢ is
a constant field, we have Q(b) = L Q(B), so the choice t = L gives a bound
on the norm of ¢2®)_ The situation is similar in subsequent lemmas.

Lemma 10.2.2 Let Ay < gand g < 8. Lethy <hyandt > 0. Let V € D% and
K (&)l 1yce) < & Then, for L sufficiently large,

1. .sty ¢ 4
e QB iz, (o < 2783 il (10.2.7)
Proof 1t is sufficient to set ) = h4. By the product property
e C Bz, 2y < e NEPN st (10.2.8)

By (9.3.21) and the inequality P;l‘+ (p) < 241 + |h‘p+ |4), the norm in the exponent

on the right-hand side is bounded above by 0(664)(1 + |h(p+ 4). Since €9 — oo as
L — oo by the definition of £( in (8.1.3), the prefactor on the right-hand side of
(9.3.21) can be made as small as we wish, and the desired result follows. |

For the statement of the remaining results we single out the following hypotheses:
Ay =8, Ak =8, KDy < 8- (10.2.9)

Lemma 10.2.3 Lethy <hi,t>0,0<s <1,V €D, and assume (10.2.9). For
L sufficiently large,

. I/ PPC TR T
e VOB, < 27T (10.2.10)

Proof Since V € D, by Lemma 8.2.1, we have V € D% and we can apply
Proposition 10.2.1 at the next scale. The claim follows by multiplying the estimates
of Proposition 10.2.1 at the next scale and Lemma 10.2.2. ]

Lemma 10.2.4 Lethy <hy,t >0,V € D, and assume (10.2.9). For L sufficiently
large,

2t P 4
2,21

||eitU+(B)”T¢,y(h+,)») < 2t/ (10.2.11)

The same estimate holds with Uy replaced by Uy — uy on the left-hand side.
Furthermore, ¢'1"+ Bty y0 0.0 < 21/2,

Proof We drop the subscript Ty y(h+, A) from the seminorm in this proof, and by
we monotonicity assume that hy = hy. We write Uy = [Ux — V*]+ V* and apply
the product property to conclude that

||e—fU+(B)” < efl\U+(B)—V*(B)H”e—tV*(B)”. (10.2.12)
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We estimate the first factor on the right-hand side using (9.3.33), and the second
factor using Proposition 10.2.1 at the next scale. This gives

—4\ p4 _Qsast] @ 4
e U+B)|| < o' O PR, @78, =81 T (10.2.13)

To complete the proof, we use P,i () < 2*(1 + |h‘p+ |*) and take L large, using
0o = L'T4/2 by (8.1.3).

Since [|[U4(B) — [Bluy — V*(B)l1,,5,.0) < IU+(B) — V*(B)lIT, ,(b,.3), the
same argument shows that bound holds with U replaced by U; — u4.. Similarly,
for the bound involving u, we use that [lu4 |7, ,(h,2) = llu+llr 52 = U+ —

Vilz, .y < 0(364), which implies the claimed bound on By @

In the following proposition, the fluctuation field ¢ is as usual constant on small
blocks b, and we write its value on b as . The subscript { notation was introduced
above Proposition 7.3.1.

Proposition 10.2.5 Let by < hy,t € [0,1], V € D, and assume (10.2.9). For L
sufficiently large and ¢ the constant of (10.2.1),

_ 18V st 4 =Sty | #iF 6
||(€ U4 (B) taV(B))C||T<p,y(h+,l) 526‘ St/ hy| +2€ beBB) |

(10.2.14)
where V =V — 0 and 8V =0V — U.. The same estimate holds with U replaced
by Uy — u on the left-hand side.

Proof By monotonicity, we may assume that hy = hy. It follows from the
definition of 6; that

(e—(l—t)U+(B)—I‘9V(B))§ — e—(l—l‘)U+(B) l—[ (e—tev(b));_. (10215)
beB(B)
By the product property and Lemma 10.2.4,
(e~ ANV BIZOVENy i i

¢ 4\ (1-1)
+

72.st| _ A
5(21/% < [T e eliz, 0 (10.2.16)

beB(B)

By Lemma 10.2.3, with + = L™, we estimate each factor under the product over
blocks and multiply the resulting estimate to obtain

(e~ I=OV+B—16VBY) o 0
@,y )

sty @ - sty — (X9
< (21/26*2“%+ \4>(1 ”(21/46*4c LY pens | /Hb \4>’. (10.2.17)
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Then we apply the arithmetic mean inequality a'! /6" < (1 —t)a +tb <a+bto
the right-hand side, to obtain the desired inequality. |

10.3 Bound on Sj: Proof of Lemma 10.1.4

In this section, we prove Lemma 10.1.4. We begin with an estimate for Gaussian
integrals that is useful in the proof of Lemma 10.1.4 and is also useful later.

10.3.1 Estimation of Gaussian Moments

We exploit the fact that values of ¢ significantly larger than £ are unlikely, via
the existence of high moments implied by the following lemma for powers of Py,
convolved with a quartic exponential factor. Recall from (7.1.14) that Py () = 1 +

l71/b.

Lemma 10.3.1 For g > 0 there exists co > 0 (depending on q) such that for all
by >y and0 < ¢ < 4L*

q —ei| () |4
Eq (P (tp)e ' 0+

‘ 2

_q, ¢
) < e 2l (10.3.1)

Proof Throughout the proof, we write ¢ = ¢p. For t,u,v € R", we use the
inequalities |1|> > [t| — . [u+ v| > [lu| — |v]l, and 2Jullv] < Jlul* + 2[v]?,
to conclude that

1
m+vﬁzam—hm2—4

1 1
= lul® + ol = 2fullo] = | = HJul* = o = . (10.3.2)

This gives

LARNUR B N Y
by | <ot 200 My (10.3.3)

—cil

. q _ ald P
Since PZ+(§) =0O4(e '+ )and by > €4,

[%x$ |4 cp_¢

q 7C1| h 4 21|h(p |2 2C1|; |2
E+(Pg+(§)e + )<e + Og(Eye +). (10.3.4)
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)
To complete the proof it suffices to show that I[?,JrezCl ey <22 Asin (7.6.2), we

write ci = C4.x x. The coefficient 2‘2" of |¢|? is bounded by

Z+
2 2 8cic? 2 8l 2
e e DN < (10.3.5)
£ 8cq 45 8¢t £ 8¢y

where we used (8.1.5) followed by 6(2) = L from (8.1.3) and the ¢ hypothesis.

Denote by X the first component of cjrl;“ € R". Then X is a standard normal
variable, so

2 o q 1, 2
E, (e8%) =/ 7 e 2768 dz = /2. (10.3.6)
—00 T

The components of ¢ are independent, and hence, by (10.3.5), E+ezclaz‘§|2 <
E(engmz) = 2/2 45 desired. u
10.3.2 Boundon S

We begin with preparation and explanation and then prove Lemma 10.1.4. We recall
from the definition of Sp in (10.1.7) that

So = e"+1B] (E+9e*9<3> - e*U+<B>> . (10.3.7)
By Lemma 5.2.6 applied with Vin place of V, and using Uy = Upt(\A/),
~ N 2
Ee =0V (B) — o~ U+(B) (1 +1 (Var+9V(B)> + EA3(3)> , (10.3.8)
where, with 8V = 0V (B) — U, (B),
1 R 1 N
A3(B) = —2'(5V)3/ eV = n?dr. (10.3.9)
. 0
Thus

N 2
Sp = e U+(B)+u+|Bl <§ (Var+9V(B)) + ]EA3(B)> ) (10.3.10)
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Note that there is a cancellation in the exponent on the right-hand side, namely
Up —uq = got>+ vyt (10.3.11)

In the proof of Lemma 10.1.4, the ratio ¢ /b4 occurs when estimating expec-
tations in which some fields have been replaced by their typical values under the
fluctuation-field expectation, which is ¢, rather than giving them size . through
the norm. Recall the definitions £; = ¢oL ™/ and h; = kog; V41 =7 from (8.1.4)
and (8.1.7), and recall the inequality ¢ < ¢; L™/ from (8.1.5). These imply that

+ {ﬁ (b4 = £4) (10.3.12)

— —1~1/4
e = |oLig'et by = hy).

This ratio sometimes occurs multiplied by ||V (B)ll7, , (5,3 this factor is the size
of the sum of V over a block B if the field has size h;.. We define

cmepy =% =0 (10.3.13)
984 (h=h).

By Lemma 9.3.4,if V € Dand b € {€, hi}, then

v _
h* IV*(B)lI7y., s < OL (@) (10.3.14)
+
C ~ _
b* V(B lI7y, (6.0 < OL(@), (10.3.15)
+

where we also assume || K (b)) ||z ¢y < g for (10.3.15).
To prove Lemma 10.1.4 it suffices to show that, for h € {£4, hy},

— PN 2
15017,y hs.2) < OL(EL(0) P2 (@)e 1o/ Rl (10.3.16)

The desired inequality (10.1.16) then follows immediately from (10.3.16) and the
definition of the W) (A)-norm in (9.2.6).

Note that k4 appears in the right-hand side of (10.3.16), regardless of the choice
of hy < h4. The inequality (10.3.16) reveals why we need h = Ay, and why it is
not enough to use h = £4. Indeed, uniformly in g > 0 small, the supremum over
¢ of P} (9)e<1¢/1+1” is bounded if b, = h., but diverges as § — 0if hy = €.
We control this large field problem with our choice h = h. For h = £ we still
use the fact that trivially Pé’+ (@)e=<1¢/h+ = | when ¢ = 0.

The following proof relies heavily on our specific choice of the polynomial Up;.

Proof of Lemma 10.1.4 As noted above, it suffices to prove (10.3.16). For this, by
(10.3.10) and Lemma 7.5.1, it is enough to prove that there are constants cy, Cy,
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such that, for g sufficiently small, L sufficiently large, V € D, B € B, and b €
{€+, h+}’

IIE_(U*_“*)(B)IITw,,,(m,x) < 2¢=clo/h+l (10.3.17)
IVar (6V (B)) 7, , (5, 1) < CL(5")E Py (9), (10.3.18)

— _ — . 2
le= U+ BEL A3li7, (5, 2y < CLE P (p)ectlo/ M+l (10.3.19)

The following proof of these estimates shows that they also hold with V' instead of
V and Uy instead of U ; in fact, this replacement simplifies the proof.

The inequality (10.3.17) is proved in Lemma 10.2.4. For (10.3.18), Lemma 7.6.1
gives

IVars 0V (B)ll7,,, .0 < (o IBEIVIZ, b, Py, )5 (10.3.20)

where we recall that Var. (9 V(B)) is a degree 4 monomial since j < N and so Loc
in (7.6.3) is the identity. Now (10.3.18) follogvs from (10‘3'1§)'
It remains to prove (10.3.19). We write §V in place of §V (B). Starting with the

definition (10.3.9) of A3, we use fol (1 —1)2dt = ;, followed by (7.3.2), to obtain

e~ U+—u)BIE, A4 7,y (00

S\ 3 —(Uy—uy)(B)—t8V
< 3!t€s§)p”E+ (||<SV);||T¢,y(;,+,A)||(e Wy—u4)(B) ’V>;||T¢,,y(h+,x)).

(10.3.21)

Since || \7(B) 175, (55,2 < 1 by Lemma 9.3.4, we can apply Proposition 7.6.4 (with
m = 3). In the bound of Lemma 9.3.4, the normalised sum over x can be replaced
by a normalised sum over b since ¢ is constant on small blocks. Together with
(10.3.14), we conclude that there is a constant ¢ such that

. _ 1
||5V4“”3T¢,y<h+,x>5C€3Pr}i(9")Ld > P. (10.3.22)
beB(B)
By (10.2.14),

A —a o+
||(e—(U+—u+)(B)—t5V)Z”vay(h%)\) Sze—CSt\tﬂ/h+|4 _|_26_551L "o | hy 1

sty —d | PTCb 4
—cL™Y hy |

< 2e~<Mlo/hilt 4 o (10.3.23)
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where in the second line b is an arbitrary block in B(B).

By combining (10.3.21)~(10.3.23), [e W+ ) BE, A3||7, (4, is bounded
by

0 (é3) Pr}i ©) le Z (e,cst|<p/h+\4]E+ (Pglf(;“b))
beB(B)

_ .sthd ©+8b 4
+E+(ng(;,,)e L )) (10.3.24)

By (10.3.1) with ¢; = O the first expectation is at most c¢7; by (10.3.1) with ¢ =
'L~ we also bound the second expectation. After these bounds there is no longer
any b dependence and the normalised sum drops out. Therefore

oStp—d
le W= O BB, Azll7, (0,2 < O(E7) Py2(p) <e*051|¢/h+|4 L 5 |<,,/h+|2>.

(10.3.25)
This implies (10.3.19) and completes the proof. ]
10.4 Bound on Sj: Proof of Lemma 10.1.5
In this section, we prove Lemma 10.1.5. Recall from (10.1.8) that
Si=eBl 3" E.6 (e*WB\X)I%X). (10.4.1)
X C B(B)
[X|>1

Let (V, K) € D, and recall the hypotheses that .y < g and Agx < g9/ 4 We define
Ak (h) < 1by

Ak (b=20

10.4.2
akg (h=h). ( :

Ak (h) = {

Recall from (9.2.6) that the extended JW-norm is defined to be ||K|lw,o) =

1K B)I70,,e.0) + 84K D) 7y h.2)» Where | K (D)l 7oy = sup,, 1K (B)ll7,n)-
To prove Lemma 10.1.5, it suffices to prove that, for (¢, h) in T, (b4, 1), equal
to either (oo, hy) or (0, £4),

1S117,., (9.0 < OLEL(H) + A (), (10.4.3)



10.4 Bound on S;: Proof of Lemma 10.1.5 165

since these two bounds combine to give the desired estimate [|Silhw, ) =<

oL(zﬁgi + Ak). The inequality (10.4.3) is an immediate consequence of (10.4.1),

the triangle inequality, and the following lemma because there are at most 2L terms
in the sum in (10.4.1).

Lemma 10.4.1 For (¢, h4) equal to either (00, hy) or (0, £4),

le“tBIE 0™V EORX) 17 (5,0 < OL@EL() + g ()X, (10.4.4)
To prove Lemma 10.4.1, we first develop general estimates relating the norm of

an expectation to the expectation of the norm, as well as estimates on K. Note that
it follows exactly as in the proof of (8.2.10) that, for F € F,

IF 7, @x < PO@IFlIw,6)- (10.4.5)

Lemma 10.4.2 For a family F (b) € N (b) where b € B(B),

|IE+9FB|ITO,Y(Z+,A) <0r() l—[ IED)Iw, 4 ) (10.4.6)
beB(B)
IE+0F® 70y thyn) < l_[ I1F @) 7y (hy ) (10.4.7)
beB(B)

Proof By (7.3.3),
IES0F 1z, 0o < By | [T 1F® Nz, 0000 | - (10.4.8)
beB(B)

This immediately implies (10.4.7). With (10.4.5), it also gives

B 0F 7,000 < O | ] IF®)Iw, o0 |Ex | ] P&

beB(B) beB(B)
(10.4.9)
By Holder’s inequality (with any fixed b on the right-hand side),
d
E«| [T PG | <E+P/" @) (10.4.10)

beB(B)

The expectation on the right-hand side is bounded by an L-dependent constant by
Lemma 10.3.1. This completes the proof. |
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Lemma 10.4.3 For Ax > 0,

1K 07,2y < OL(IK* BTy .3 (10.4.11)
IR ®)lw, 6y < OL(IK*®)lIw, 1 )- (10.4.12)
In particular, for (V, K) € D,
IK D)7, hy < OL (938 + 1x)g 4, (10.4.13)
1K @) lIw, ¢ < OL(9°8 + A). (10.4.14)

Proof We drop the block b from the notation. By the definition of K in (10.1.3),
) 1
K=K+eV —e Ve =k — / Qe V+5Q gs. (10.4.15)
0

This implies that

1Kz, .00 < 1K*II7,, 6,00 + QT 5.2 Sup le™" " Ll b.n-
(10.4.16)

By (9.3.4), (9.3.11), (9.3.15) and (9.3.19),

127, m.1 < 2P§(90) 1K "7y, (5.2)- (10.4.17)

We apply Lemma 10.2.3 to bound the exponential, after making use of the comment
above Lemma 10.2.2 which permits it to be applied on a small block by choosing
t=L"9 Consequently, the product Pg((p)||e_V+SQ||T¢vy(h,;\) is bounded by O(1)
if = 0and h = ¢, and uniformly in ¢ by O¢™") = OL4) if h = h.
Therefore,

1K 7oy (1) = O(Ld)llK*llTw,y(h,x), 1K 17,00 < OIK M7y, (0.)-

(10.4.18)
This proves (10.4.11) and (10.4.12).
By (9.3.12), (9.3.13) and the definition (8.2.12) of D,
1K 7y, 0.0 < Cra?’3 + ik, (10.4.19)
IK* | 7oy h2) < CrGDVG* + kg% (10.4.20)

This implies (10.4.13) and (10.4.14) and completes the proof. |
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Proof of Lemma 10.4.1 Let J = E+9(670(B\X)I€X). By the product property
followed by Lemma 10.2.4 with t = 1,

e BTz, oy < 1€ BT, o i 11Ty 0 < 2210 17, (62 -
(10.4.21)

Therefore we are reduced to proving that ||/ |7, ,p,.2) = OL (é}r(f)) + ag (h)XI

for the two cases (¢, h1) = (00, h4) and (¢, 1) = (0, £4). We write ] = E,0F5
with F defined by

F(b) = ko) ®ex), (10.4.22)
eV®  (be B\ X).
Suppose first that (¢, h4+) = (o0, h4). By (10.4.7),
7y heny < ] WF® 2wy (10.4.23)

beB(B)

For b € B(X) we bound F(b) using (10.4.13); for b € B(B \ X) we bound F(b)
using Lemma 10.2.3 with = L™ and s = 1. The result is

OL(033 +1k)g %% beX)
IF @)y, < LL,S ¢ k)8 (10.4.24)
’ 2L (beB\X).
When (193§3 + AK)§’9/4 is rewritten in terms of Ag (h) defined in (10.4.2) and €
defined in (10.3.13), it becomes é}r(b) + Ak (h). Therefore, from (10.4.23), we have

117y g n) = OL(€3(h) + Ak ()X as desired.
Suppose now that (¢, h4+) = (0, £4). By (10.4.6),

11175,y 04 < OL(1) l—[ IED)Iw, 4 ) (10.4.25)
beB(B)

For b € B(X) we bound F (b) using (10.4.14); for b € B(B \ X) we bound F(b) =
¢~V ® using Lemma 10.2.3 with r = L~ and s = 1. In more detail, Lemma 10.2.3
bounds the T y(hy, ) norm of e~V ® and this is one of the two terms in
the definition (9.2.6) of the W,  (A)-norm. However, the Ty, y(hy, A)-seminorm
becomes the Ty, y (74, A)-seminorm by setting ¢ = 0, and the Ty y (h, A)-seminorm
is larger than the Ty, y (€4, A)-seminorm because iy > £, . Therefore Lemma 10.2.3
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also bounds the other term in the W, 1 (A)-norm. Thus we have

O0L(938° +2x)g™* (beX)

10.4.26
2LTUA(L + 9% (beB\X). ( )

IED)Iw, o) =

By (10.4.6), this implies ||/ |y, , ) < OL (€3.(h) + rk (h)!1X! as desired. [ ]

10.5 Crucial Contraction

Throughout this section, we work with the T, (h)-seminorm. In fact, the analysis
presented here also applies for the Ty , (b, A)-seminorm, but we do not require the
more detailed information that it encodes.

The crucial contraction is the (p,q) = (0, 1) case of (10.1.2), which asserts
that if (V, K) € D then |[Dxk®X| < « with « = O(L™?). This estimate is the
key fact used to prove that K does not grow from one scale to the next as long
as (V, K) remains in the renormalisation group domain D. It relies heavily on our
specific choice in (5.2.31) of the polynomial Uy = @p(V — Loc(eV K)) as part of
the definition of the renormalisation group map. This choice transfers the growing
contributions from K into V where they are dominated by terms that are quadratic
in the coupling constants.

Proposition 10.5.1 Let L be sufficiently large, and let g be sufficiently small
depending on L. For (V,K) € D, the Fréchet derivative of QD_IE as a map from
W — Wy at K = 0 obeys

IDk DE(V, 0w, <« (10.5.1)

withk = O(L72) < 1.
As in (10.1.6), we write K = @ (V, K) and

K. (B) = So+ Si. (10.5.2)

The next lemma shows that the K -derivative of Sy is negligible.

Lemma 10.5.2 Under the hypotheses of Proposition 10.5.1,
IDk Sollyxw—w, < 0@183) < O(L™). (10.5.3)
Proof We apply Lemma 10.1.4 with .y = Ax = g, and obtain

ISollw,., 6y < OL@TE)). (10.5.4)
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The desired result then follows immediately from Lemma 9.2.1. ]

Thus the main work in proving the crucial contraction rests with estimation of
the K -derivative of S1. By the definition of S; in (10.1.8),

St =B ELo(e VBV (b)) + 1B S Eo(e T EWRY),

beB X C B(B)
1X]>2

(10.5.5)

For the first term, we write Q(b) = Loc(eV® K (b)) as in (9.1.3), and use the
definition of K in (10.1.3) to obtain

R=ec" (1 —eQ 4 eVK) — ¢ V(1 —Loo)(e" K) + A, (10.5.6)
with
Ab) = e VO (1 + Q(b) — e2?). (10.5.7)
This gives

Y E0(e "BVR®) =E0TK (D) + Y Epb(e " EVA®B),  (10538)
beB beB

with

Tk =Y (70 -Loo)" VK b)), (10.5.9)
beB(B)

We write ¢“+!Bl = ¢uptlBl 1 § with § = ¢“+!Bl — ¢plBl Then the above leads to

St = (@Bl £ HELOTK + ¢+ Y E (e VBV Ak))

beB
S E g(e ' B\ORX), (10.5.10)
X C B(B)
1X| =2

We will show in the proof of Proposition 10.5.1 that the linear term ¢*»/8IE, 0T K
on the right-hand side is the Fréchet derivative of Sj, and that the other terms are
error terms.

Before doing so, in Lemma 10.5.3 we obtain an estimate for the norm of the
linear operator 7. In T K (b) there are a dangerous number |B3(B)| = L* of terms in
the sum over b. Thus, naively, the operator norm of T is not obviously small. On the
other hand, the operator 1 — Loc has an important contractive property. According
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to Definition 5.2.2, Loc = Tay,. The contractive property of 1 — Loc is given by
Lemma 7.5.3, which asserts that if ' : R* — R is O(n)-invariant and if h < b,
then

b+

6
) PP (¢) sup [IFlI7,,qp)- (10.5.11)
b 0<r<l1

(1 —Loc)FliT,h,) < 2(

The hypothesis that F is O (n)-invariant has been used here to replace Loc = Tay,
by Tays, which is possible since F () = 0. (Since we have made the choice
PN = 00, the hypothesis concerning pas in Lemma 7.5.3 is certainly satisfied.) We
use (10.5.11) in Lemma 10.5.3 to obtain a factor (h+/h)6 = O(L_G), which more
than compensates for the entropic factor L*, resulting in an estimate of order L2
for the norm of T'.

Lemma 10.5.3 Let L be sufficiently large, and let g be sufficiently small depending
onL.ForV e Dand K € F,

ITK I, < OL™)IK Iw. (10.5.12)

Proof 1Tt suffices to prove that
IT K 7o gy < OL™DIK 70 (i) (10.5.13)
ITK 7)< OL™DIK 7y0)- (10.5.14)

By the definition of Loc, and by the O(n) symmetry of V and K, the Taylor
expansion of (1 — Loc) (ev(b)K (b)) starts at order 6. Therefore, the same is true for
e~V (1 = Loc)(e"® K (b)). Thus 1 — Loc acts on it as the identity, and

VB (1 —Loc) (" P K (b)) = e VEV eV (1 — Loc) (" P K (b))

= e "B (1 —Loc)e (1 — Loc) (" P K (b)). (10.5.15)

We insert this equality into the definition (10.5.9) of TK and write the result as
TK =T,K + T> K, where

T\K = Z e VB (1 _ Loc)K (b), (10.5.16)
beB(B)
DK =— Y e "®W 1 —Loc)(e VP 0b)), (10.5.17)
beB(B)

with Q(b) = Loc (ev(h)K (b)). The T} term comes from the 1 and the 75 term from
the — Loc in the inner 1 — Loc on the right-hand side of (10.5.15).
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Since b4 /h = O (L") for both h = ¢ and h = h, it follows from (10.5.11) that

1T K 7,0, < Le™ PN, 0, 0L PY (9) Sup 1K B) 17,y 1)-

=t=

(10.5.18)
For h = ¢4 and ¢ = 0, this simplifies to
1T K ey < OLIK B)I7p00), (10.5.19)
since the norm of e~V B\?) is O(1) by Proposition 10.2.1 at the next scale (with
t=1—|b|/|B| =1— L™%). For h, = h, we again apply Proposition 10.2.1 to
conclude that
le™ B iz ) PP (9) = O(1) (10.5.20)
uniformly in ¢. Therefore,
TV K |7y < OL™IK D)1 iy- (10.5.21)
For T» the method is the same once we have verified that e~V () Q (b) is bounded
in T, (k) and in Tp(£), which we now do. By (9.3.20) with Ay = Ax = 0 and
(9.3.4),
le™V P o)z, < 2lle™ Pz, 6 Py @) IK )l 750)- (10.5.22)

By Proposition 10.2.1, [~V ® ||T¢(b)P€ (¢) is bounded by a constant uniformly in
¢ for h = h, and when ¢ = 0 for h = £. Now the bounds

IT2K 760y = OL™HIK Ny o) (10.5.23)
IT2K 7y = OL™DIK 7y (10.5.24)
follow as in the analysis of 77. This completes the proof. |

Proof of Proposition 10.5.1 We use the decomposition ®X = Sy 4 S;. By (10.5.3),
the Fréchet derivative of S obeys

1Dk So(V, 0) 7y 0y x w—w, = O(F%) = O(L™2). (10.5.25)

Thus, it suffices to identify ¢“»t!BIE, O T as the Fréchet derivative of S and to prove
that it is bounded in norm by O (L72).
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We begin with the bound. By Lemma 10.2.4, etnlBl < 2 By Lemma 10.5.3,
together with (10.4.6)—(10.4.7),

< O(L7HIIK I, (10.5.26)

IE+0T K ll7ye5) < OITK I,
IELOT K I7hs) < IT K7ty < OL DK I70)- (10.5.27)

In particular, we have the desired bound

<O DK I|Iw. (10.5.28)

IELOTK [y,

It remains to identify e“r!BIE, 0T as the Fréchet derivative of S;. For this, it
suffices to prove that, for (V, K) € D,

I1S1(V, K) — e BIELOT K |1 7y0,) = OL(IK 1}, (10.5.29)

1S1(V, K) = e BIELOT K |7,y = OLUIK 750y | K Il (10.5.30)
To prove (10.5.29)—(10.5.30), we will show that the three terms on the right-hand
side of the formula (10.5.10) for S; involving 8, A, and | X| > 2 are bounded by the

right-hand sides of (10.5.29)-(10.5.30).
The § term is SEL 0T K, with

§ = e +IBl _omunlBl — o=l BlO (|l — uy|BI). (10.5.31)
By Lemma 10.2.4, the factor e ~*»t/8l is bounded by 2, and the factor |u_ — upt|| Bl is

bounded by Op (|| K[| 7(¢)), by Lemma 9.4.1. With (10.5.26)-(10.5.27), this shows
that the § term obeys the required estimate.

The term involving A is e*+/B1Y, E 0(c"VEDA®D)), with A(b) =
e VO 1 4 Q(b) — e2®). By Taylor’s formula,

1
14 Q(b) — 2 = —/ (1 —5)0(b)%* 2D gs. (10.5.32)
0
This gives
IAB) 7,0, < sup 1QDI7, g, lle™" PO l7, o). (10.5.33)
s€[0,

By (9.3.19) with A = 0 and (9.3.4) to bound Q, and Lemma 10.2.3 with t = L1t
bound the exponential term,

. 4
14Nz, 00 < 20K BB, PE, @™/ 51 < 0, (1K B3, ,))
(10.5.34)
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if by = hy org = 0. Also, =V BW |z ¢y < O(1) by Lemma 10.2.3, and
e"+1Bl < 2 by Lemma 10.2.4. Finally, we apply (10.4.6)-(10.4.7) to estimate the
expectation.

The remaining term in (10.5.10) is

H+1B] Z E+9(670(B\X>13X). (10.5.35)

X Cc B(B)
1X|>2

In the proof of Lemma 10.4.1, an estimate is given for Tp(£4+)- and Too(hg)-
seminorms of the terms in the above sum. These estimates show that the norm of the
sum is dominated by the terms with | X| = 2, and these are respectively O (|| K ”%/V)

and O(||K ||2TOo (h)). This completes the proof. |

10.6 Continuity in the Mass

In this section, we prove the continuity assertions of Theorems 8.2.4-8.2.5, which
we restate as the following proposition. With m? fixed, the continuity in (V, K)
follows from the differentiability in (V, K), so our main attention is on continuity
in the mass parameter m?.

In the proposition, the Fréchet derivatives Dy, D% RY and DY, D% ®X are mul-
tilinear maps defined on directions V € (Tp(£))”, K € W41 and taking values in

To(€4) for RY and in Wy for ®X.

Proposition 10.6.1 Let > > 0, let § be sufficiently small (depending on L), and
let p,g € Ng. Let 0 < j < N, and let p,q > 0. For ®X, we also assume that
L is sufficiently large. The maps R_li : D x I - Ut and @f D x Iy - Wy
and their Fréchet der.ivat_ives D€ Dtll( Rfr] and D{;D?( QD_IE are jointly continuous in
all arguments V, K, V, K, as well as in m? e L.

The proof of Proposition 10.6.1 uses the following lemma. We use the extended
norm in the proof as it controls the Fréchet derivatives as in Lemma 9.2.1.

Lemma 10.6.2 Let > > 0. Let B € B, and suppose that F : D x I, — N(B)
obeys || Fllt, ,(h.2) < CF Pé‘ (@) for some cp, k > 0. There exists a function n(m?),
2 2 such that

with n(m?) — 0 asm? — i

B, ()0 F = Ee, a0 F 7,0 < nm)cr Py (9). (10.6.1)

Proof Let C = C4(m?) and C = C4 (?). Note that C and C differ only in the
multiplicative factor y; in (4.1.10). Since j < N this factor y; is a continuous
function of m?, including at m?> = 0. According to the interpretation of Gaussian
integration with respect to a positive semi-definite matrix given in (2.1.3), there is a
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positive definite matrix C” and a subspace Z of R"4 such that

EcOF (p) =/ZF(<P+§)PC’(§)d§ (10.6.2)
with
per(¢) = det@r C)~V2e=2G(E710), (10.6.3)

Let C’ be the positive definite matrix that similarly represents Es.
Since Py (¢ + &) < Py (@) Py(¢), our assumption on F implies that

IECOF —E0F |z, ,v.2) < cF Py (9) fz |pc/ (@) = pe (OIPE (&) dE. (10.6.4)

We define n(m?) to be the integral in the above right-hand side. It goes to zero as
m? — im?* by dominated convergence, since vj is continuous. This completes the

proof. ]

Proof of Proposition 10.6.1 We write K = q)f (V, K) .By Theorems 8.2.4-8.2.5,
Ry and K and derivatives are smooth in (V, K), uniformly in m?> € I, and in
unit directions V, K. To show the desired joint continuity in (V, K, V, K , mz), it
therefore suffices to show that R, K and their derivatives are continuous in m?> €
It uniformly in (V, K) € D. To do so, we will show that R and K are continuous
inm? e I, uniformly in y = (V, K), where we use the Ty, y(£4, A)-norm for Ry
and the Wy, (A)-norm for K. We require that A satisfy (10.1.13)~(10.1.14). The
continuity of the derivatives then follows from Lemma 9.2.1. (Note that although
the inverse powers of A in the bounds of Lemma 9.2.1 may appear dangerous, they
do not create trouble because we are merely proving continuity and make no claim
on the modulus of continuity.)
We begin with R . By definition,

Ry =YV, K) — dV(V,0) = &p(V) — & (V), (10.6.5)

where V = V — Loc(e" K), and, as in (5.2.18),
1
Pp(V; B) =Ec,0V(B) = ,Ec, (0V(B); 0V (B)). (10.6.6)

The Loc in (5.2.18) plays no role here since, with the hypothesis j < N, we have
the ¢() = 0 hypothesis of Proposition 5.3.5, so Loc is omitted in (10.6.6). Thus to
prove the continuity in m? of R, it suffices to prove the continuity of Ppi(V) and

of @i (V). These are entirely analogous and we therefore only consider CDpt(V). By
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Lemma 9.3.4 and (7.5.8),
IV (B)II7, b,y < P (). (10.6.7)

The product property of the norm then implies that the norm of V(B)? is bounded
above by Pg (¢). By (10.6.6), the continuity of @ (V) in m? (in Ty, (¢4, A)-norm)
then follows from Lemma 10.6.2.

Next, we prove the continuity of K in m?, with Wy 1 (A)-norm. By definition,

B
K. (B) = ¢"+IPl (Emmz)e (e—V + K) - e—U+(B>) , (10.6.8)

where Uy = dﬁﬂ(V, K). We consider the two cases in the definition of the
Wy, 4 (A)-norm separately. That is, we consider the Too y(hy, A) norm and the
To,y(£+, A)-seminorm. Since both norms satisfy the product property, it suffices to
prove the continuity of e+/8l, e=U+(B) and of B¢, (,,2)0 (™" + K)? separately, in
both norms.

We first show that e~U+(B) is continuous; the continuity of e*+B! is analogous
and we do not enter into its details. We write Uy = U4 (B, m?) and U+ =
U, (B, %2). By the Fundamental Theorem of Calculus,

, 1 _ B
e Ut —e7Ur = / e U= U=DUs(y, — Uy)dt. (10.6.9)
0

We apply the product property of the norm, and use (10.2.11) to bound the norms
of the exponential factors. This gives

e~ U+ 2172, =2 gx [ hi|*

- e_U+||T<,,,y(h+,x) < U+ — 0+||T<,,,y(h+,)\)
)21/2=2 g /1

(10.6.10)

< Ut = Uslizg 0,0 Py, (9

For the Ty, y (€4, A)-norm, the ¢-dependent factors on the right-hand side are absent,
and the continuity then follows from the fact shown earlier in the proof that U, =
qﬁp[(V) is continuous in m? when considered as a map into Tp y(€4, A). For the
Too,y(hy, A)-norm, we have a uniform bound on the product of the exponential and
polynomial factors in the last line, and the norm on the right-hand side goes to zero
as m?> — m? as a consequence of the b = £, case and Lemma 7.1.5.

Finally, we prove the continuity of E¢:, ,2,0(e~" +K) inm? Let G = e7V+K
and F = G5B, By Lemma 10.6.2, it suffices to prove that there are constants cr, k
such that, for hy = €4 and hy = hy,

1F Iz, .00 < cr P (@). (10.6.11)
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By the product property, (10.6.11) will follow once we prove that there are constants
cG, m such that

1G 17, , (5,00 < cG Pi" (). (10.6.12)

By (9.3.12), (9.3.13), (10.2.10), and the assumption (V, K) € D,

le™ Blire o) <20 1K 7wy thyiy <20 IKF 7,000 < 4Pe(@)'°,
(10.6.13)

where for the last inequality we also used (7.5.17). Therefore, by the triangle
inequality,

IG N7y hey <4 Gz, s < 8Pe()". (10.6.14)

This gives (10.6.12) and completes the proof. |

10.7 Last Renormalisation Group Step: Proof
of Proposition 6.2.2

In this section, we prove Proposition 6.2.2, which accounts for the last renormali-
sation group step. This last step is given by the map defined in Definition 5.2.11.
It does not change scale, and it does not extract the growing contributions from
K as this is unnecessary because the map is not iterated. Until the last step,
we have relied on the vanishing of ¢(1), but the last covariance does not satisfy
cl(é) = 0. The last step therefore involves the additional perturbative contribution
Wy = —écg)g%vw (recall (5.3.24)).
At scale N there is only one block B = A € By(A), and

Cy =m0y (10.7.1)

with Qy defined by (4.1.2). Then, by definition, cl(é) =Y .5 Oniox =m 2, and
by (7.6.2) ¢, = m~ 1 L=4N/2,

According to Definition 5.2.11, the final renormalisation group map (V, K) —
(Uy, Kj) is defined by

Ug = Up(V) = ggt +vgt +uy, (10.7.2)

2
K5 (B) = e VaB® (é (LocVarCN (9V)) + IECNAg(B)> + e”N‘B|EcN9K(B).
(10.7.3)
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Here, as in (5.2.20) and (5.2.21),

SV =0V — Un(V), (10.7.4)
1

A3(B) = 21' / (=8V(B))2e VB (1 —1)2dr. (10.7.5)
- Jo

By Proposition 5.2.12, provided that the expectations on the right-hand side are
well-defined,

Ec, (e—WN“” + eKN(B)) — ¢ 1Bl (e_VN(B)(l + W (B)) + K];,(B)) .
(10.7.6)
The following proposition is a restatement of Proposition 6.2.2.

Proposition 10.7.1 Fix L sufficiently large and go > O sufficiently small, and
suppose that m2L?N > 1. Let (Vn, Kn) € Dy. Derivatives with respect to vy
are evaluated at (m?2, Vg (m?)).

(i) The perturbative part of the last map obeys

1
gy =sn(+00vgn). LM lvgl=0Wnen). Wy=— csilol’.

(10.7.7)
vy Y 8% 14
N = (gN> c+0Wvgn), .Y =0 (L”Vg%v (gN) )
o 80 dvo 80
(10.7.8)

with c = 1 4+ O(go) from Theorem 6.2.1.
(ii) At scale N, the expectations on the right-hand side of (10.7.6) exist, and

K0 +L*ND*Kg(0; 1, 1)| = 0(Wygy).  (10.7.9)

0 v\’
D*K . (0; 11,1)‘:0(193 2 < ) )
dvg N NEN\ g

(10.7.10)

L72N

3
KN(O)‘ + LN
12

a

Proof We again use the parameter €y defined in (10.3.13), which obeys

Ung (h=20
N 11"/4 (10.7.11)

ey =en(h) < {
UNgy (h =h).
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The formula for Wy, follows from (5.3.24).
By (10.7.2) and (5.2.18),

Ug(B) =Ec,0Vy(B) — ;LocVarcN OVy(B)). (10.7.12)

Fix Ay < gn.By Lemma9.3.4, | VN (B)ll 1, (hy,1) is atmost 1 for by = hy
and is at most O(gy) for hy = £y. Since N > Jm by assumption, we have
(mLN)~! < 9. Therefore, by Lemma 7.6.3 and ¢y = m~'L™N/2 there
exists ¢ > 0 such that

—17 —dN/2
U3 (B) = VNB)lIz, 0.0 < ™ £ IVNB) 7y, 5,00 Py (@)

< OEN)P(9). (10.7.13)

With hy = £ and ¢ = 0, this implies in particular that Ui = UN+ ODugn),
from which the estimate on vy in (10.7.7) holds because vy obeys that estimate.
For the bound g5 = gn(1 + O(Pngn)), we observe that gy is the only
contribution to g5 from ECNQVN(B), so the difference is contained in the
covariance term in (10.7.12), and this term obeys the quadratic upper bound
(7.6.3). This then gives g5 — gy = O(zﬁ‘Ngle)), and the proof of (10.7.7) is
complete.

The proof of (10.7.8) follows as in (8.4.24)—(8.4.25) with j replaced by N
and j + 1 replaced by N in fact it is easier here because there is no dependence
on Ky for g5 Vi-

Fix Ay < gy and let g (h) be given by (10.4.2) with Ax < gu . It suffices to
prove that for (¢, hy) equal to either (oo, hy) or (0, £y),

1Ky BT, , iy < OEN + 2k (1), 1K B)lI7,mx) < OORgRMN):
(10.7.14)

where K/ = 330 Ky. Indeed, this is more than is needed, the case (¢, h) =

(0, £x) suffices as it implies (10.7.9)-(10.7.10) because || 1||¢y ey) = O(LM)
by (8.4.6) (recall (8.4.7)).
According to (10.7.3),

2
KN(B) — ¢ ViB) <§1; (LOCVarCN () VN)) + ECNA_O,(B))

+e“v1PEc 0K (B). (10.7.15)



10.7 Last Renormalisation Group Step: Proof of Proposition 6.2.2 179

To estimate the terms in (10.7.15), we use the bounds, valid for (¢, h) equal to
either (oo, hy) or (0, £y),

el\UN(B)\|T¢,)r(hN.?»> <2, (10.7.16)

ILocVarc,, 0V (B))lI7,,, (hy.i) < OEX) Py, (@) (10.7.17)
IEc, A3(B)IT, by < OER), (10.7.18)

IEc, 0 KN (Bl oy 1) < OEx + 1x (). (10.7.19)

The first three inequalities follow as in the proof of Lemma 10.1.4 in
Sect. 10.3.2 (we also use Loc = Tay, and Lemma 7.5.1 for (10.7.17)), and
we omit the details. The inequality (10.7.19) follows as in Lemma 10.4.2
(though here the product over blocks has only one block), together with the
norm estimates on K given by (9.3.12)-(9.3.13) and our assumption that Ky
lies in the domain.

Finally, to prove the bound (10.7.14) on K ]’V we first use the chain rule to
obtain

KI/V(VN’ Kn) = Dy Ky (Vy, KNV + Dk Kg(Vn, Kn)Ky. (10.7.20)
By Lemma 9.2.1 with Ay = gy and Agx = 819\//4’ this gives

1K 00 = (A0 VR zen + 25 K Iy ) 1K g Ty
- —9/4
= (gNlllV/vllrowN) +gy IIKI’VIIWN) oWyey). (10.7.21)

The norms of the derivatives on the right-hand side are respectively bounded in
(6.2.10) and (8.4.9), and using these bounds we obtain

— —9/4
K00 = (i + 85 ived ) O3gl) = 00X g,
(10.7.22)

This completes the proof.
]

Remark 10.7.2 We emphasise that the first inequality of (10.7.14) proves a stronger
result than is required for (10.7.9). Indeed, for the standard norm it implies that, for
(¢, b) equal to either (oo, hy) or (0, £x),

1K 5 (B)I7, () < OER). (10.7.23)

In particular, (10.7.9) is a consequence of this Ty(€ ) estimate.
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Chapter 11 )
Self-Avoiding Walk and Supersymmetry s

A strength of the renormalisation group method presented in this book is that
it applies with little modification to models which incorporate fermion fields.
This allows, in particular, for a rigorous analysis of a version of the continuous-
time weakly self-avoiding walk (also known as the lattice Edwards model). The
continuous-time weakly self-avoiding walk is predicted to lie in the same univer-
sality class as the standard self-avoiding walk. In this chapter, whose results are not
used elsewhere in the book, we give an introduction to the continuous-time weakly
self-avoiding walk and its representation as a supersymmetric spin system.

We begin in Sect.11.1 with a brief discussion of the critical behaviour of
the standard self-avoiding walk model, and then introduce the continuous-time
weakly self-avoiding walk. Spin systems have been studied for many decades via
their random walk representations, and in Sect. 11.2 we prove the BFS—Dynkin
isomorphism theorem that implements this representation. In Sect. 11.3, we prove
that a certain supersymmetric spin system has a representation in terms of the
continuous-time weakly self-avoiding walk. In contrast to the usual application
of the results of Sect.11.2, in which the random walk representation is used
to study the spin system, the results of Sect.11.3 have been used in reverse.
Namely, starting with the continuous-time weakly self-avoiding walk, we use the
supersymmetric representation to convert the walk problem to a spin problem. Then
the renormalisation group method in this book can be applied to analyse the spin
system and thereby yield results about the weakly self-avoiding walk. Finally, in
Sect. 11.4 we expand on the concept of supersymmetry.
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11.1 Critical Behaviour of Self-Avoiding Walk

Our study of the continuous-time weakly self-avoiding walk is motivated by the
standard model of self-avoiding walk, which is a model of discrete-time strictly self-
avoiding walk. In Sect. 11.1.1, we provide some background on the self-avoiding
walk. In Sect. 11.1.2, we discuss continuous-time random walk on Z¢, and then
in Sect. 11.1.3 we define the continuous-time weakly self-avoiding walk and give
examples of results that have been obtained using the renormalisation group method
discussed in this book.

11.1.1 Self-Avoiding Walk

The self-avoiding walk on Z¢ is a well-known and notoriously difficult mathemati-
cal model of linear polymer molecules. Further background and details can be found
in [121].

Definition 11.1.1 An n-step self-avoiding walk is a sequence w : {0, 1,...,n} —
74 with: @(0) = 0, w(n) = x, 0@ + 1) — w@@)| = 1, and w(i) # w(j) for
all i # j. We write S,(x) for the set of n-step self-avoiding walks on Z¢ from 0
to x, and write S, = U, 745, (x) for the set of n-step self-avoiding walk starting
from the origin. We denote the cardinalities of these sets by ¢, (x) = |S,(x)| and

cn =Sl = erZd cn(x).

We define a probability measure on S, by declaring all walks in S, to be equally
likely, and we write E,, for expectation with respect to uniform measure on S,,. Then
each walk has probability ¢, !, Fig. 11.1 shows a random example.

It is easy to see that ¢4, < cpc,. From this, it follows from Fekete’s
subadditivity lemma (see, e.g., [121, Lemma 1.2.2]) that

/n 1/n

= inf c,;/". (11.1.1)

p=p = lim c,
n—oo n>1

In particular, the limit exists, and ¢, > " for all n > 1. Thus, roughly speaking, ¢,

grows exponentially with growth rate p. Crude bounds on the connective constant

W are given by the following exercise.

Exercise 11.1.2 For d > 1, show that u € [d, 2d — 1]. [Solution]

The two-point function is defined by Go,(z) = Ziio cn(x)z". Its radius of
convergence is z. = ! for all x [121, Corollary 3.2.6], and z. plays the role
of a critical point for a spin system. It is predicted that there are universal critical
exponents y, v, n such that

en ~ A"’ Eglom))? ~ Dn?’, Gox(ze) ~ Clx|79472t (11.1.2)
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Fig. 11.1 A random 108-step self-avoiding walk on Z2. Figure by Nathan Clisby (used with
permission)

with y, v, n related by Fisher’s relation y = (2 — n)v. Since |w(n)|] < n by
definition, it is always the case that E,lom)|* < n?%, sov < 1. Also, (11.1.1)
implies that ¢, > w for all n, so y > 1. For simple random walk, without the
self-avoidance constraint, the number of n-step walks is (2d)", the mean-square
displacement is equal to n, and the critical two-point function is the lattice Green
function which has decay |x|~@=2 (for d > 2). Thus the exponents for simple
random walk are y = 1, v = é, and n = 0.
The susceptibility and correlation length are defined by

o]

1 1
1@ =3 = 3 Go(a), £(z) = i, , 108 Goe, @),

n=0 xezd

(11.1.3)
and it is predicted that
A D’

~ , ~ as . 11.1.4
x(2) (2o — )7 £(2) (2o — 2)" 21 ze ( )

The fact that y appears both for ¢, and its generating function x (z) is an (in general
conjectural) Abelian/Tauberian relation. The fact that the same exponent v appears
both for the mean-square displacement and the correlation length is an example of
the general belief that a single critical exponent governs all natural critical length
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scales. For dimension d = 4, logarithmic corrections to simple random walk scaling
are predicted [61, 76] (but not for the critical two-point function):

A'llog(z, — 2)|1/4
cn ~ Ap" (logn)'/*, x@~ " gz(“ . L (11.1.5)
o

Enlw(n)|* ~ Dn(logn)'/*, Gox(ze) ~ Clx| 2. (11.1.6)

For d < 4, very little has been proved. For the end-to-end distance, the best
results are the following.

Theorem 11.1.3 ([120] (Lower Bound), [74] (Upper Bound)) Foralld > 2,
1
= Ealo () < o(n?). (11.1.7)

Theorem 11.1.3 can be paraphrased as 32(1 < v < 17. Inremains an open problem
in dimensions 2, 3, 4 even to prove that E, |a)(n)|2 > cn (i.e., that v > é), or that
E,lo®)|* < O®n*¢) for some € > 0 (i.e., that v < 1). This lack of proof is in
spite of the fact that it seems obvious that self-avoiding walk must move away from
the origin at least as rapidly as simple random walk, yet should not move away from
the origin with constant speed.

For dimensions d > 5, the lace expansion has been used to provide a thorough
understanding of the critical behaviour. Some principal results are summarised in
the following theorem.

Theorem 11.1.4 ([106, 107]) For d > 5, there are positive constants A, D, C
(depending on d) such that

e~ A", Eplom)|* ~ Dn,  Gox(ze) ~ Clx|7@72,

and (Jan w(|nt]))i=0 converges in distribution to Brownian motion (B;);>0.

The above theorem shows that self-avoiding walk behaves like simple random
walk when the dimension is above 4, in the sense that both models have y = 1,
v = ; and n = 0, and in both cases the scaling limit is Brownian motion. Some
indication of the special role of d = 4 is provided by Exercise 1.5.6, which shows
that the expected number of intersections of two independent simple random walks
is finite if and only if d > 4. This suggests that elimination of self intersections
may not play a big role in the global behaviour when d > 4. The proof of
Theorem 11.1.4 relies heavily on the fact that the bubble diagram (see Sect. 1.5.3)
is finite in dimensions d > 5, and indeed that it is not very large for d = 5.

For d = 2, there is a complete set of predictions: y = ‘3‘2, v = i, n= 254, and
that the scaling limit is the Schramm-Loewner Evolution SLEg,3 [115, 127], but
none of this has been rigorously proved. For d = 3 there are good numerical results,
e.g., v = 0.58759700(40) [62].
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11.1.2 Continuous-Time Random Walk

The definition of the continuous-time weakly self-avoiding walk is based on a
continuous-time random walk. We provide background on the latter here. For
simplicity, we first consider the case of random walk on a finite set A, which may
be but need not be a subset of Z<.

A continuous-time random walk X on A can be defined via specification of an
infinitesimal generator, also called a Q-matrix [128], namely a A x A matrix (Qxy)
with the properties that Qy, < 0, O,y > 0 for x # y, and ZyeA QOxy = 0. Such
a random walk takes independent steps from x at rate —Qy, and jumps to y with
probability — Q;i . The statement that steps from x occur at rate —Q,, means that
when the random walk is in state x, it waits a random time o before taking its next
step, where o has exponential distribution of rate —Qy, (i.e., with mean — lex ).
The waiting times for each visit to a state are independent of each other and are also
independent of all steps taken. The transition probabilities are given in terms of the
infinitesimal generator by

Po(X (@) = y) = Ex(Ix()=y) = (¢')y (t=0). (11.1.8)

Here P denotes the probability measure associated with X, and E is the corre-
sponding expectation. The subscripts on P, and E, specify that the initial state of
the random walk is X (0) = x.

Let B = (Byy) be a A x A symmetric matrix with non-negative entries. As in
(1.3.4), we define the Laplacian matrix Ag by

(Apfe =Y Buy(fy — fo). (11.1.9)

yeA

Equivalently,

Bxy v #x)

(11.1.10)
o ZzeA:z;éx Bxz (y=1x).

Apixy =

Thus Ag is a Q-matrix. We fix 8 and consider the random walk X with generator
Ag.

For example, if A is the nearest-neighbour Laplace operator on a finite discrete
d-dimensional torus A approximating Z¢, defined by Bxy = lLy~y, then X is the
continuous-time stochastic process X on A which takes steps uniformly to a nearest-
neighbour of its current position, at the times of the events of a rate-2d Poisson
process. This follows from the fact that the events of a rate-A Poisson process are
separated by independent exponential random variables with mean i . In fact, for this
choice of 8 the above definition of the continuous time random walk applies directly
also to the case where the state space of the walk is Z¢ rather than a finite torus: at
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the times of a rate-2d Poisson process the walk steps to a uniformly chosen one of

the 2d neighbours. We will use this infinite-volume random walk in Sect. 11.1.3.
For the continuous-time weakly self-avoiding walk, we need two random

variables. The first is the local time of X at u € A up to time T, defined by

T
L. =/ 1x(s)=uds. (11.1.11)
0

The second is the self-intersection local time of X up to time T, defined by

T T
I(r=>"1%, :/0 /0 Ly()=x(nds dt. (11.1.12)

ueA

As its name suggests, I (T) increases with the amount of time that the random walk
path spends intersecting itself.

11.1.3 Continuous-Time Weakly Self-Avoiding Walk

The continuous-time weakly self-avoiding walk is a modification of the self-
avoiding walk of Sect.11.1.1 in two respects. Firstly, an additional source of
randomness is introduced by basing the model on the continuous-time simple
random walk on Z¢ whose infinitesimal generator is the standard Laplacian A on
74, rather than on a discrete-time walk. Secondly, walks with self intersections are
not eliminated, but instead receive lower probability. Thus, given g > O and v € R,
we define the two-point function

o0
Gox(g,v) =[ Eo (e*g“T) ]lx(T):x) e Tdr. (11.1.13)
0

In comparison with the two-point function Y oo, ¢, (x)z" for the self-avoiding walk,
now the integral over T plays the role of the sum over n, the variable z is replaced
by e, and ¢, (x) is replaced by Eg(e 8/ 1x(ry=x). This expectation gives
positive weight to all walks X, but the factor e ~$/(T) assigns reduced weight for
self intersections.

The susceptibility is defined by

x(g.v) =Y Golg. ). (11.1.14)

xeZd
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A subadditivity argument [21, Lemma A.1] shows that there exists v.(g) €
(—o00, 0], depending on d, such that

x(g,v) <oo ifandonlyifv > v.(g). (11.1.15)

In particular, x (g, v.) = oo.

The continuous-time weakly self-avoiding walk is predicted to be in the same
universality class as the strictly self-avoiding walk, for all g > 0. In particular,
critical exponents and scaling limits are predicted to be the same for both models,
including the powers of logarithmic corrections for d = 4. The following theorem
is an example of this for small g > 0.

Theorem 11.1.5 ([20, 21]) Let d = 4, and consider the weakly self-avoiding walk
on Z* defined by the nearest-neighbour Laplacian. For small g > 0 and for v =
Ve +e€ ase |0,

1
x(g,v) ~ Ag6(10g6_1)1/4. (11.1.16)

As |x| = oo,

c 1
Gox(g, ve) = % <1+0< )) (11.1.17)
x| log |x|

As g | O, the amplitude A, and critical value obey Ag ~ (g/2n)Y* and v.(g) ~
~2Nag (with N = (—A)gg)-

The logarithmic factor for the susceptibility, and the absence of a logarithmic
correction for the critical two-point function, are consistent with the predictions
for self-avoiding walk in (11.1.5)—(11.1.6). Since the strictly self-avoiding walk
corresponds to g = oo [56], Theorem 11.1.5 shows that the weakly self-avoiding
walk demonstrates behaviour like the g = oo case, not the g = 0 case.

Theorem 11.1.5 is quantitatively similar to results for the 4-dimensional n-
component |¢|* model in Theorems 1.6.1 and 1.6.3. Indeed, (11.1.16) corresponds
exactly to (1.6.12) with n replaced by n = 0, and the situation is similar for the
asymptotic formulas for Ag , and v.(g,n) in Theorems 1.6.1: with n = 0 they
give the corresponding results for the continuous-time weakly self-avoiding walk in
Theorem 11.1.5. This is an instance of the observation of de Gennes [65] that spins
with “n = 0” components correspond to self-avoiding walk, which we discuss in
more detail in Sect. 11.3. The “n = 0” connection is an important element of the
proof of Theorem 11.1.5.

Several extensions of Theorem 11.1.5 have been proved. These include the
critical behaviour of the correlation length of order p in dimension 4 [24], the lack of
effect of a small contact self-attraction in dimension 4 [25], the construction of the
tricritical theta point for polymer collapse in dimension 3 [27], and the computation
of non-Gaussian critical exponents for a long-range model below the upper critical
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dimension [118, 143]. In particular, versions of Theorems 1.6.1-1.6.4 have all been
proved for the continuous-time weakly self-avoiding walk.

Related and stronger results have been proved for a 4-dimensional hierarchical
version of the continuous-time weakly self-avoiding walk [39, 40, 51], including
the predicted behaviour 7''/?|1og T'|!/% for the mean end-to-end distance. This
continuous-time weakly self-avoiding walk is defined in terms of the hierarchical
random walk of Exercise 4.1.8 via a penalisation of self intersections using the self-
interaction local time as in (11.1.13).

A model related to the 4-dimensional weakly self-avoiding walk is studied in
[111] via a different renormalisation group approach.

11.2 Random Walk Representation of Spin Systems

Random walk representations of integrals arising in mathematical physics have
been used for about half a century. Early references include the work of Symanzik
[147] in quantum field theory and the work of Fisher on statistical mechanics [87].
Random walk representations have been used extensively in classical statistical
mechanics, e.g., in [11, 48, 50, 77, 86]. In this section, we present an important
example: the BFS-Dynkin isomorphism [48, 77]. The BFS-Dynkin isomorphism
is the foundation upon which a supersymmetric version can be built. The super-
symmetric version and its relation to the weakly self-avoiding walk are the topic of
Sect. 11.3.

11.2.1 Continuous-Time Random Walk and the Laplacian

This section is devoted to a special case of the BFS—Dynkin isomorphism, in
Lemma 11.2.2. This special case is also a version of the Feynman—Kac formula.

Lemma 1.5.3 indicates that the Laplacian and simple random walk are closely
related. The next exercise extends Lemma 1.5.3 to more general random walks on a
finite set A.

Exercise 11.2.1 Let A be a finite set. Let 8 = (By) be a symmetric A x A matrix
with non-negative entries. Let V be a complex diagonal matrix V with Re vy > ¢ >
Oforallx € A. Let 8, = ZyeA:y#x Bxy, and assume that B, > O for all x. Then

|| ||

a5+ = > Jln]] 5 Jlrvy_, (11.2.1)

YeW* (x,y) i=1 j=0

where W*(x, y) consists of the union, over non-negative integers n, of n-step walks
Y = (Yo, Y1,...,Yy) with Yo = x, Y, = y,and Y41 # Y; for each j. For the
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special case where A is a discrete d-dimensional torus and Ag;yy = ly~y, the
right-hand side of (11.2.1) gives a finite-volume version of (1.5.17). [Solution]

The following lemma provides a version of the relationship expressed by
Exercise 11.2.1, but now in terms of the continuous-time random walk X with
generator Ag. We denote expectation for X with X(0) = x by E,. Recall that
the local time of X atu € A up totime T > 0 is the random variable L, given by
(11.1.11). Since ), 4 LT, = T, a special case of (11.2.3) is

o0
_ 2
(—Ag +m?)y) =/0 Ex (Lx(ry=y) e ™ 1dT. (11.2.2)

Lemma 11.2.2 Let A be a finite set, and let V be a complex diagonal matrix with
rows and columns indexed by A, whose elements obey Revy > ¢ > 0 for some
positive c. Then

o
(—Ap + V)3, =f0 E. (e* Yuvul T 11X(T):y) dT. (11.2.3)

Proof Let By = > y#x Bxy- We can and do regard X as a discrete-time random walk

Y whose steps have transition probabilities pyy = Byy/ By (for x # ), which are
taken at rate By, as discussed in Sect. 11.1.2. Thus, at each visit to x, the time o,
spent at x until the next step is an independent Exponential random variable with

mean 1/fx. Given an n-step walk ¥ and j < n, we set y; = Y /_,oy,. We also
write

p(¥)=]]priv (11.2.4)
i=1

Then the right-hand side of (11.2.3) is equal to

00 00
_ ".:(l)vy-dy- —vy, (t—Vn—1)
> X | mle Zj=0 v g=vn Lynr<t<y,

n=0YeW,(x,y)

Y} dt.
(11.2.5)

We use Fubini’s theorem to interchange the expectation and integral. Since the
holding times o, are independent of Y, given Y the integral in (11.2.5) is equal to

-1 Vi
e[S [ o]
Vn—1

—E [([ZH ”Yﬂn) <_ ! )(evw — 1)] (11.2.6)
vy,



192 11 Self-Avoiding Walk and Supersymmetry

Since the random variables o, are independent, the expectation factors to become

n—1 1
l—[ E I:e—vyjtfyj:l < ) E [1 B e*UYn“Yn]
j=0

vy,
(i) (60
=0 PY; + vy; | \vy, By, + vy,
_ H <_1 ), (11.2.7)
i=0 PY; + vy; | \ By, + vy,

When we substitute this into (11.2.5), and use the definition of p(Y), we find that

00 ) || || 1
/ E, (e* 2 vl T ]1X(T)=y) ar =% > [[Boe ]l x :
0 n=0 Y €Wy (x,y) i=1 =0 Poj T Vo,
(11.2.8)
The above right-hand side is (—Ag + )zl xy» by Exercise 11.2.1, and the proof is
complete. |

11.2.2 BFS-Dynkin Isomorphism

We now prove the BFS-Dynkin isomorphism [48, 77], which relates the local
time of the continuous-time random walk X = (X(¢)) with generator Ag to
the n-component GFF specified in terms of the same coupling constants B (see
Sect. 1.5.1).

For an n-component field (¢x)yea, we define (ty)xea by

1
uzg% M% Q). (11.2.9)

We again write E, for the expectation when the initial condition is X (0) = x, and
write LT = (L1,u)uca for the local time field.

The term “isomorphism” is commonly used as an expression of (11.2.12) as the
statement that

7 under the signed measure (pi(p;]P’GFp (11.2.10)
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and
L + 7 under the positive measure Py, PGrr (11.2.11)

have the same distribution, where Py, is the random walk measure (integrated over
T) and Pggr is the GFF measure. For a systematic development of the isomorphism
theorem and its applications, see [148].

Theorem 11.2.3 Letn > 1. Let F : Rﬂ — R be such that there exists an € > 0
such that e 2wea = F (t) is a bounded Borel function. Then

ey —
/Rme 2 (e Aﬁ“’)F(t)go;(p;dq)
_ —3(@.—App)
= RAe 294 A Ex(F(t+ L7)lx(r)=y)dT dg. (11.2.12)

Proof We first consider the special case F(f) = e~ " with Rev, > 0 for all
z € A. Inthis case, by Lemma 11.2.2, the right-hand side of (11.2.12) is

(—Ag + V);;/ "2 =450 g (11.2.13)
RnA

On the other hand, except for a missing normalisation, the left-hand side of (11.2.12)
is a Gaussian correlation. By (2.1.12), it is also equal to (11.2.13). This proves
(11.2.12) for the special case F(t) = e~ In the rest of the proof, we reduce
the general case to this special case by writing F as a superposition of exponentials
using the Fourier inversion theorem.

By hypothesis, |F(t)] < Ce™¢ 2ea®: for some constant C. Therefore the
integrands in the left- and right-hand sides of (11.2.12) are integrable by the previous
paragraph. Integrability is all that the rest of the proof requires.

By considering the positive and negative parts of F it suffices to consider F > 0,
and by replacing F by its product with a compactly supported characteristic function
and using the monotone convergence theorem, we may assume that F has compact
support in the quadrant Rﬂ. By extending F by zero outside the quadrant we
regard it as a function of compact support in R4. By convolving F by a smooth
approximate identity of compact support and using dominated convergence, we can
further assume that F is smooth and compactly supported in R4 Finally, we define
a smooth compactly supported function G by G(t) = F (t)ezz 2,

Since G € Cgo, it is a Schwartz function. Let G(r) denote its Fourier transform.
By applying the Fourier inversion theorem to G,

F(t) = G(e™ Tet = 2m)~ A / o Seea=e G (dr. (11.2.14)
RA
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and the integral converges absolutely because G is a Schwartz function. By inserting
this formula into the left- and right-hand sides of (11.2.12) and bringing the integral
over r outside all other integrals, (11.2.12) is reduced to the exponential case
established in the first paragraph. The proof is complete. ]

Letg > 0and v € R. With the choice F(f) = e~ Xxea®%+V%)  the left-hand
side of (11.2.12) becomes the (unnormalised) two-point function of the l¢|* model.
Thus the right-hand side provides a random walk representation for the |¢|* two-
point function. This random walk representation can be a point of departure for the
analysis of the |<,o|4 model and is used, e.g., in [49, 57, 92].

11.3 Supersymmetric Representation

In this section, we derive a supersymmetric integral representation of the two-
point function (11.1.13) for the continuous-time weakly self-avoiding walk in finite
volume. The representation is given in (11.3.34). It involves the introduction of an
anti-commuting fermion field, which we present as the differential of the boson
field. We provide here a self-contained introduction to the fermion field.

11.3.1 The Casen =0

In 1972, de Gennes [65] argued that the self-avoiding walk corresponds to the
case “n = 0” of an n-component spin model. De Gennes’s observation has been
very productive in physics, and leads to predictions for critical exponents for self-
avoiding walk by setting n = 0 in the n-dependent formulas for the critical
exponents of the n-component |¢|*. However, it has been much less productive in
mathematics, where the notion of a zero-component field raises obvious concerns,
and a rigorous link between the critical behaviour of the self-avoiding walk and -
component spins has been elusive. An exception is Theorem 11.1.5 and its related
results, where the n = 0 connection plays a central role.

As noted already above, the results of Theorem 11.1.5 agree with the result
of setting n = 0 in Theorem 1.6.1, consistent with de Gennes’s prediction. In
fact, the renormalisation group method used to prove Theorems 11.1.5 and 1.6.1 is
mainly the same and the proofs are largely simultaneous. Here the correspondence
between the self-avoiding walk and n = 0 arises from another mechanism. Roughly
speaking, this mechanism is based on the observation that an n-component boson
field contributes a factor n for every loop, but an n-component fermion (anti-
commuting) field contributes —n. Combined, all loops cancel. This observation was
first made in the physics literature [119, 123, 130], and mathematically rigorous
versions are developed in [41, 51, 55, 116]. Applications in this spirit can be found
in [19, 21, 126, 144].
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Supersymmetric representations have had wider application than just to self-
avoiding walks. Linearly reinforced walks are related to spin systems with hyper-
bolic symmetry. In particular, a relation between supersymmetric hyperbolic sigma
models and reinforced walks was found in [136] and a hyperbolic analogue of
the BFS—Dynkin isomorphism theorem in [26]. Supersymmetric hyperbolic sigma
models have been studied in particular in [70-72]. For further references, see [26].

In the remainder of this chapter, we provide an introduction to supersymmetry
and demonstrate the n = 0 correspondence, by obtaining a functional integral
representation for the continuous-time weakly self-avoiding walk that is a supersym-
metric version of the 2-component |¢|* model. The supersymmetric representation
places the weakly self-avoiding walk within a similar framework as the |¢|* model,
with the important new ingredient that a fermion (anti-commuting) field appears. It
is via this framework that we are able to treat the self-avoiding walk as the n = 0
version of the |¢|* model.

11.3.2 Integration of Differential Forms

For our treatment of the fermion field, we require some minimal background on the
integration of differential forms, which we discuss now. An elementary introduction
to differential forms can be found in [134].

Let A be a finite set. For x € A, let (uy, vy) be real coordinates. The 1-forms
duy, dvy, for x € A, generate the Grassmann algebra of differential forms on RZA,
with multiplication given by the anti-commuting wedge product. In particular,

duy Nduy = —duy N duy, duy Advy = —dvy Aduy, dvy Advy = —dvy A dvy.
(11.3.1)

It follows that, e.g., duy A duy = 0.

For p > 0, a p-form is a function of u, v times a product of p differentials, or
any sum of such terms. A form K is a sum of p-forms with terms possibly having
different values of p. The largest such p is called the degree of K, and the p-form
contribution to K is called its degree-p part. A form which is a sum of p-forms for
even p only is called even. The wedge product of any form with itself is zero, by
anti-commutativity of the product. The standard volume form on R>4 is

duy Advy A -+ duja Advg, (11.3.2)

where 1, ..., |A] is any fixed enumeration of A. Any 2|A|-form K can be written
as

K:f(u,v)dul/\dvl/\-uduw/\dv|A|. (11.3.3)
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There is no non-zero form of degree greater than 2| A[, so degree 2| A| is naturally
referred to as top degree.
We define the integral as a linear map from forms to R, with

/K _ {o (deg K < 2|A) (1134

fRZA S, v)duidvy - - -dujadvia (K is a 2| A|-form),

where the integral on the right-hand side is the Lebesgue integral of f over R*4. It
is natural to define the integral to be zero when deg K < 2| A|, just as we do not give
a significance to [ f(u1, vi)duy, but rather require [, f(u1, vi)duidvy instead.
We define a form f(u, v) duy; A --- Aduy, A dvy, A---dvy, to be integrable if f
is Lebesgue integrable on R?4. Any form K is a sum of such forms and we define
K to be integrable if all terms in this sum are integrable. In particular, the integral
(11.3.4) exists.

The above formalism leads to attractive formulas when translated into complex
variables. For this, we define

Ox = uy +ivy, ¢_5x =uy —ivy, d¢x =duy +idvy, d&x:dux_idvx-

(11.3.5)
We call (¢, ¢) the complex boson field. By definition,
do. Adpy = 2iduy, A dvy. (11.3.6)
The product
/\ @y A doy) = 2i)Nduy Advi A+ Adupa) Adopg (11.3.7)
x€A

defines a top degree form, which we abbreviate as dgd¢. Thus dpd¢ is (2i)!4] times
the standard volume form, which becomes the Lebesgue measure under an integral
over R*M | The order of the product on the left-hand side of (11.3.7) is unimportant,
since each factor is an even form. However a change in the order of the product on
the right-hand side may introduce a sign change.

We write (with any fixed choice of the square root)

‘/fx ,dd))m ‘/_fx = ! ,dd_))m (11.3.3)
1

1
B V2ri V2

and call (i, ¥) the fermion field. Then

_ 1 - 1
Yy Ay = Aoy Ndpy = duy Advy. (11.3.9)
2mi T
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Givena A x A complex matrix A, we define

Sa = QAP+ VAV = D ($xAndy + ¥ A Aniy). (11.3.10)

X, yeA

For J € N, consider a C*® function F : R/ — C.Let K = (Kj)j<s bea
collection of even forms, and assume that the degree-zero part K? of each K is
real. We define a form denoted F(K) by Taylor series about the degree-zero part of
K, ie.,

F(K)=Y_ ;, FKO)/(K — K. (11.3.11)

Here @« = (a)j<y is a multi-index, with a! = ]_[jj.zlaj! and (K — K% =
/\J!=1 (Kj — K?)“f. The order of the product does not matter since each K; — Kj.)
is even by assumption. Also, the summation terminates as soon as Z]J‘=1 aj =M
since each non-zero K; — K;.) has degree at least 2, so (K — K%)% is a sum of p-

forms with p > 2M when Z/J':I aj > M, and forms beyond top degree vanish.
Thus all forms F(K) defined in this way are polynomials in the fermion field. For
example,

o~ @ePx Ve AVx) _ p=xr =V AV

o]

=08 3 O e a0 = eI g A T,
n=0 (11.3.12)
o=Sh — p—bA f: D% gy (11.3.13)
— n!

Example 11.3.1 Let |A| = 1. By definition of the integral and (11.3.9),

/e_a¢¢3—m/fm/} _ /e—a¢¢3a(_¢ A

1 2
=/e*“<“2+”2>“dudv =< /etzdt) =1. (113.14)
7 T
1

The factors Joni A€ included in (11.3.8) precisely in order to normalise the above
integral.
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The scaling of the constant a in (11.3.14) could also have been done earlier, by
scaling ¢ and v simultaneously:

/e—aw—awv} _ /E—M—x/fm/’f_ (11.3.15)

This properly accounts for the change of variables in the Lebesgue integral, since
is proportional to d¢. This principle generalises to higher dimensional integrals and
is used in the proof of the next lemma. Its hypothesis that A is an M x M matrix with
positive definite Hermitian part means that é(A + A*) is a strictly positive definite
matrix, or, more explicitly, that ) x,yeA Ox(Ayy + A y x)d_)y > 0 for all nonzero ¢.

Lemma 11.3.2 Let ¢ have components ¢y for x € A, and let A be a A x A matrix
with positive definite Hermitian part. Then

/e*SA =1. (11.3.16)

Proof Consider first the case where A is Hermitian, so tl_lere is a unitary matriyg U
and a diagonal matrix D such that A = U’IZ_)U, s0 9A¢ = wDw withw = U¢.
Then the change of variables which replaces U¢ by ¢ and U by v leads to

/e—sA _ /e—¢DqS—va?_ (11.3.17)

The integral on the right-hand side factors into a product of |A| 1-dimensional
integrals which are all equal to 1 by Example 11.3.1. This proves the result in the
Hermitian case.

For the general case, we write A(z) = G + izH with G = é(A + A*), H =
211' (A — A*) and z = 1. Since ¢ (i H)¢ is imaginary, when G is positive definite the
integral of e~54 converges and defines an analytic function of z in a neighborhood
of the real axis. Furthermore, for z small and purely imaginary, A(z) is Hermitian
and positive definite, and hence (11.3.17) holds in this case. Therefore (11.3.17)
hold for all real z (in particular for z = 1) by uniqueness of analytic extension. H

The following exercise gives an instructive alternate proof of Lemma 11.3.2, via
an argument involving cancellation of determinants.

Exercise 11.3.3 Let A be an A x A matrix with positive definite Hermitian part,
and let ¢ be a complex field indexed by A.

(i) Show that

Qri)Al

~0A¢ 4ddp = . 11.3.18
/RZAe PdP =" fera ( )
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Since dgd¢ is a multiple of the standard volume form, the integral in (11.3.18)
is the Lebesgue integral of a complex function.

(ii) Show that the degree-2| A| part of e ~VAV is (det A)Yri AV A~ AYia| AVia)s
and use this with (11.3.13) to show that the degree-2| A| part of e ~54 is

Ag dd)_dd)
PAP
(detA)e Qi (11.3.19)
and hence that
/e*SA =1. (11.3.20)

[Solution]

The following exercise makes a connection between integration of 0-forms and
Gaussian integration as discussed in Chap. 2.

Exercise 11.3.4 Let C be a positive definite real symmetric A x A matrix, and let
A =C7!.Let¢ = u + iv be a complex field indexed by A. We write u, = jzwi

and v, = \/lz(p)%, and regard ¢ = ((pl, (pz) as a 2-component real field. Let E¢ be

the Gaussian measure with respect to which ¢ is a 2-component Gaussian field with
covariance C as in Example 2.1.4. Show that if f is a O-form (function) then

/e—SAf =Ecf. (11.3.21)

In particular,

/E_SAd)xd_’y = Cyy. (11.3.22)

[Solution]

Theorem 11.2.3 is a representation for the two-point function of an n-component
boson field. The next proposition extends this representation to include the fermion
field. Let

Ty = Guby + Y A V. (11.3.23)

Proposition 11.3.5 Ler A = —Ag. Let F : R — R be such that € 2:¢a = F (1) is
a Schwartz function for some € > 0. Then

/e_SAF(t)d)xd_)y =/e—SA /OO Ex(F(t + L)1x(1)=y) dT. (11.3.24)
0
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Proof We follow the same strategy as in the proof of Theorem 11.2.3, and first
consider the special case F(t) = e~ @1 with Rev, > 0 for all z € A. In this case,
the right-hand side of (11.3.24) is

o0
/e_SA/ E(F(t + L7)lx(r)=y) dT :/e_SAWEX(e_Z" T )=y) AT
0

=@A+V)) /e—SM

=(A+ V), (11.3.25)
where we used Lemma 11.2.2 and then Lemma 11.3.2 for the last two equalities.
On the other hand, by (11.3.22) the left-hand side of (11.3.24) is now

/675A+V¢x(5y =(A+ V);yl. (11.3.26)

This proves (11.3.24) for F (1) = e~®:1.

For the general case, let G be the Schwartz function given by F(t) =
G(t)e ¢ 2o As in the proof of Theorem 11.2.3, we again write F in terms of
the Fourier transform of G, as

F(t) = G(t)e™ Xefs = (2) M / e~ LeeaU=Ir G (rydr., (11.3.27)
RA

This equation remains valid with 7 in place of ¢ because equality for all ¢ implies
both sides have the same Taylor expansions about ¢, and we can again interchange
the order of integration to conclude the general case from the special case already
verified. ]

Since the left-hand side of (11.3.24) depends only on the restriction of F to
the quadrant R4, it is more natural to formulate Proposition 11.3.5 for a smooth
function F defined on Rﬂ; such a formulation can be found in [55, Proposition 4.4].

Proposition 11.3.5 generalises to models with n-component boson fields and
m-component fermion fields with m even, but we do not make this claim precise
because we are in the special situation where the fermions have been identified with
differential forms. The more general concept of Grassmann integration is needed
for the case where m # n. In the present case Proposition 11.3.5 has a surprising
simplification (see Corollary 11.3.7), via the localisation theorem discussed below.

11.3.3 Localisation Theorem and Weakly Self-Avoiding Walk

The following theorem is the localisation theorem. A more general theorem is
proved in Sect. 11.4, with a different and revealing proof.
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Theorem 11.3.6 For F as in Proposition 11.3.5 and any A with non-negative real
part,

/e*SAF(r) = F(0). (11.3.28)

Proof The proof again follows by checking the case F(1) = e~ ("), as in the proof
of Proposition 11.3.5. Instead of Lemma 11.2.2, the special case is handled using
(11.3.16). ]

Corollary 11.3.7 With A = —Ag and F as in Proposition 11.3.5,

/e—SAF(r)q'sxqsy =/0 Ey(F(L1)1x(r)=y) dT. (11.3.29)

Proof The left-hand side of (11.3.29) is equal to the right-hand side of (11.3.24),
and the latter is equal to fooo E, (F(O + LT)IX(T):y) dT by Theorem 11.3.6. W

The right-hand side of (11.3.29) arises precisely because the outer integral
on the right-hand side of (11.3.24) simply evaluates the inner integral at T =
0. This is a rigorous implementation of the idea that the case of “n = 07
components corresponds to self-avoiding walk. As with (11.2.10)-(11.2.11), the
identity (11.3.29) is commonly expressed as an “isomorphism,” in the sense that
T on the left-hand side can be loosely interpreted as having the same distribution
under ¢ =54 as does L under E, on the right-hand side.

Corollary 11.3.7 provides the supersymmetric representation for the weakly self-
avoiding walk two-point function. The supersymmetric representation is actually a
representation for a finite-volume version of the two-point function. The conver-
gence of the finite-volume two-point function to its infinite-volume counterpart is
not difficult, and can be found in [21]. Here we restrict attention to the finite-volume
two-point function.

We fix N,let A = Ay = 74 / LN Zd, and let E(I)V denote the expectation for
the continuous-time simple random walk on the discrete torus Ay. For g > 0 and
v € R, as in (11.1.13), the finite-volume two-point function is defined by

o
GY(g.v) 2/0 EY (efgl(“]lxm:x) eTdT. (11.3.30)

Exercise 11.3.8 Show that Ggi (g, v) is finite for all v € R, provided g > 0. This
is clearly not the case when g = 0. Hint: use the Cauchy—Schwarz for ), 4 L7 4.
[Solution]

Our analysis of the |¢|* model relies on its formulation as a perturbation of a
Gaussian free field, and on the convolution property of the corresponding Gaussian
expectation. The extension to the supersymmetric setting relies on analogous
properties of the Gaussian super-expectation.
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Definition 11.3.9 Let C be a real symmetric positive definite A x A matrix. Let
A = C~!. The Gaussian super-expectation with covariance C, of a form K, is
defined by

EcK =/Ke—SA, (11.3.31)

where the integral on the right-hand side is defined by (11.3.4).

According to Exercise 11.3.4, the super-expectation of a O-form f is equal to the
usual Gaussian expectation, i.e.,

Ecf =Ecf. (11.3.32)

However, the super-expectation can also be applied to an arbitrary differential
form. Particular cases of (11.3.32), seen already in Lemma 11.3.2, are the self-
normalising property Ec1 = 1 and the identity EC¢_’x¢y = Cyy. In many ways,
the properties of the Gaussian super-expectation parallel those of the ordinary
Gaussian expectation. In particular, it satisfies a version of the convolution property.
A systematic introduction is provided in [42].

Given any m? > 0, let

Vo =v —m>, C=(—A+m>"". (11.3.33)
Then Corollary 11.3.7 can be restated in terms of the super-expectation as

GV (g.v) = Ec (e* Zys“é?**”ﬂ’»’h%@) . (11.3.34)

This gives a supersymmetric representation for Gé\{ ,(x). Its origins include [116,
119, 123, 130] and, in the form presented here, [40, 55].

Note that there is no dependence on m? in (11.3.34), and its introduction is
simply to regularise the Laplacian so that C is well-defined. The right-hand side of
(11.3.34) is the two-point function of a supersymmetric field theory with boson field
(¢, ¢) and fermion field (¥, /). The supersymmetric representation allows a unified
treatment of both weakly self-avoiding walk and n-component |¢|*, with the former
behaving as the n = 0 version of the latter. It bears a strong resemblance to the
corresponding identity (4.3.3) for |¢|*, with the simplification that the denominator
(partition function) in (4.3.3) is replaced here by 1.

11.3.4 Localisation Theorem and Strictly Self-Avoiding Walk

Other models of self-avoiding walk also have integral representations. In this
section, we use the localisation theorem to obtain integral representations for the
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strictly self-avoiding walk, from [55]. We also present a representation for the edge
self-avoiding walks known as self-avoiding trails, from [131]. The proofs use the
integration by parts formula given in the following exercise.

Exercise 11.3.10 Let A be a finite set. Extend Exercise 2.1.3 to the super-
expectation defined in Definition 11.3.9, i.e., verify the Gaussian integration by parts
formula

- 0K
Ec(¢.K) =) CuEc <a¢ ) (11.3.35)
y

yeA

for any form K such that both sides converge absolutely. [Solution]

We define the two-point function of weighted strictly self-avoiding walk on an
arbitrary finite set A, as follows. Forn > 1, let S, (x, y) denote the set of sequences
o= (w(0),w(),...,on)) withw() € Aforalli,w(0) = x,w(n) = y, and with
w(i) # w(j) foralli # j. Let So(x, y) be empty if x # y, and let Sp(x, x) consist
of the zero-step walk w(0) = x. Let S(x, y) = Uy S, (x, y). Given a symmetric
Ax A matrix W of edge weights, forw € S, (x, y) weset W = [1'_; Wui—1).06)-
As usual, the empty product equals 1 when n = 0. We define the weighted two-point
function to be

Z we. (11.3.36)

weS(x,y)

The following proposition gives a representation for the two-point function
(11.3.36) with weights given by positive definite matrix W = C.

Proposition 11.3.11 Ler A be positive definite and C = A=, Then for x # y

> cw=/q3x¢y [ a+ze s (11.3.37)

weS(x,y) z€A\{x,y}

Proof The right-hand side of (11.3.37) is equal to Ec¢, F with F given by F =
¢y [1;¢ (1 + 72). Computation of the derivative gives

oF

T Sy [T A+ + Ligydyds [ 0472 (11.3.38)

ZF#X,Y ZFX, Y,V

Substitution of (11.3.38) into the integration by parts formula (11.3.35), followed
by application of the localisation theorem (11.3.28), gives

EcgeF =Cry+ . CuBeduey [ (147 (11.3.39)
v#X,y ZF#X,Y,V
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After iteration, the right-hand side gives the left-hand side of (11.3.37). ]

The strictly self-avoiding walk requires that no vertex be visited more than once.
An alternate model allows vertices to be revisited but prohibits edges from being
visited more than once. These edge self-avoiding walks are commonly called self-
avoiding trails [110]. A precise definition is as follows.

Let A be a finite set and let E denote the set of all unordered pairs of distinct
points in A. Then (A, E) is the complete graph on |A| vertices. For n > 1, let
Tn(x, y) denote the set of sequences w = (w(0), w(1),...,w(n)) with w(i) € A,
w(0) = x, w(n) = y, and with the undirected edges {w (i), w(i 4+ 1)} distinct for
all i < n. Let To(x, y) be empty if x # y, and let Tp(x, x) consist of the zero-
step walk. Let 7(x, y) = U2 T, (x, y). Given a A x A matrix W, the weighted
two-point function of self-avoiding trails is defined by

Z we. (11.3.40)
weT (x,y)

The following exercise provides an integral representation for this weighted
two-point function when the weights are given by a symmetric matrix W = p
(not necessarily positive definite). The representation is analogous to Proposi-
tion 11.3.11, and essentially appears in [131]. A similar formula holds for walks
which do not revisit directed edges.

The representation is stated in terms of the form

1 _ _ - _
Txy = 2 (¢x¢y + Y Ay + Gy + Yy A 1/fx) . (11.3.41)

The solution to the exercise uses the extension of the localisation theorem given in
Theorem 11.4.5 below, which implies in particular that the identity (11.3.28), i.e.,
f e SAF (1) = F(0), holds also when F is a function of (Txy) rather than just a
function of (z,) as in Theorem 11.3.6.

Exercise 11.3.12 Let 8 be a symmetric matrix. Show that

Z B /¢x¢y l—[ (1 + 2BuvTuv) l_[ e, (11.3.42)

weT (x,y) {u,v}eE weA

where E is the set of edges in the complete graph (A, E). [Solution]

11.4 Supersymmetry and the Localisation Theorem

Integrals such as f e SAF(t) are unchanged if we formally interchange the
pairs ¢, ¢ and V¥, V. By (11.3.28), it is also true that fe’SAF(r)qsaqﬁb =
[ e SAF(t) ¥, (the difference is [ e 54t F(r) = 0). This is a manifestation



11.4  Supersymmetry and the Localisation Theorem 205

of a symmetry between bosons and fermions, called supersymmetry. In this section,
we use methods of supersymmetry to provide an alternate proof of the localisation
theorem, Theorem 11.3.6. Ideas of this nature are discussed in much more generality
in [157, Section 2]. The localisation theorem is related to the Duistermaat—Heckman
formula and equivariant cohomology; see, e.g., [12, 73, 140, 157].

11.4.1 The Localisation Theorem

We start with some definitions. An anti-derivation I is a linear map from the space
of forms to itself which obeys

F(Ki AK2) = (TK) AKs+ (—DP'K| A (T K2) (11.4.1)

when K is a pj-form.
For x € A, we define

a1/ a .0 3 1/a .0
= _i .0 = +i . (11.4.2)
a3y 2 \Ouy  9vy 9de 2 \duy | v

The following definition provides a notion of differentiation of a form with respect
to the fermion field. This is a standard notion in Grassmann calculus (see, e.g.,

[33, 85, 139]). For x € A, the derivatives azy and a% are defined as the anti-

derivations which obey the conditions:

0y _ 0%y _ o 0y _ 0%y _ o of _ Of

=Y =5, =T, = " =y, (11.4.3)
OUx Iy Mx Oy OV Oy

for any O-form f. It follows from the definition that the derivatives anti-commute,
i.e.,

a 90 g 0 a 9 g 0 a 9 g 0
0V 0y DYy 0 0y dYy  dYy dYx OV Yy Yy OV
(11.4.4)
Example 11.4.1 For notational simplicity, let 9y, = 33fx and B&X = 3% , and let

dy d;; denote the product [ [, ¢ 4 dy, 9 . Forany x € A,

K =v,0y K = &xwxal,,xa%K. (11.4.5)
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In particular,

1 dode
/K = 7[|A| /I;ZA a¢a‘/}K(2i)|A| ’ (1146)

so [ K is the Lebesgue integral over R?4 of the function (0-form) 7 ~14! Oy B&K .
The supersymmetry generator Q is the anti-derivation defined by

G I
Q==;§;<¢ua¢w—+¢uaé&-—¢ua¢%-+¢u8¢k>. (11.4.7)

In particular,

0y = VY, 0y = VY, QYx = — ¢y, Qv = ¢x. (11.4.8)

An form K is said to be supersymmetric or Q-closed if QK = 0. A form K that
is in the image of Q is called Q-exact. Note that the integral of any Q-exact form
is zero (assuming that the form decays appropriately at infinity), since integration
acts only on forms of top degree 2N and the -derivatives in (11.4.7) reduce
the degree to at most 2N — 1, while the integral of the ¢-derivatives is zero by
the Fundamental Theorem of Calculus (recall (11.4.2) and the fact that integrals
ultimately are evaluated as Lebesgue integrals).

Example 11.4.2 The form

1 - _ _ _
Toy = 5 (Bby + ¥ AUy + Gybi + Yy A V) (11.4.9)

is both Q-exact and Q-closed. (Note that the degree-zero part of y is real.) In fact,
it follows from (11.4.8) that O (¢xV¥y) = @x¢y + ¥ A ¥y and hence

1 _ _
Ty = QAyy, Where Ay = 2(¢x1/fy + Pyry). (11.4.10)

Similarly, it is easily verified that Q 7y, = 0.

Exercise 11.4.3 Prove that Q obeys the chain rule for even forms, in the sense that
if K = (Kj)j<y is a finite collection of even forms, and if F : R/ — Cis C™,
then

J
Q(F(K) =Y Fi(K)QKi, (11.4.11)

i=1

where F; denotes the partial derivative. [Solution]
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Example 11.4.4 Let F : RA*4 — C be a smooth function, and let T = (7). Then
Q(F (1)) = 0. In particular, Qe 54 = 0 for any symmetric A x A matrix A.

Proof This follows from Exercise 11.4.3 and Qtxy, = 0. For e~5A, it can
alternatively be seen by expanding ¢34 and applying Q term by term using
Oty = 0. |

The following version of the localisation theorem generalises Theorem 11.3.6
and provides an alternative proof.

Theorem 11.4.5 Let K be a smooth integrable Q-closed form, so QK = 0. Then
/K = K%0), (11.4.12)

where K°(0) is the evaluation of the degree-zero part K of K at ¢ = 0.

Proof Any integrable form K can be written as K = ), K*y*, where ¢ is a
monomial in ¥, ¥, x € A,and K“ is an integrable function of ¢, ¢. To emphasise

this, we write K = K (¢, d, ¥, ¥). Let S = 3 4 (¢xhx + ¥x Arx). Thus § = Sy
with A = Id.

Step 1 We prove the following version of Laplace’s Principle:

lim | e Sk = K%0). (11.4.13)

—00

Let + > 0. We make the change of variables ¢y = \}t ¢, and ¢, = \}t Y since

Yy is proportional to d¢, this correctly implements the change of variables. Let
® = —) .ca ¥x A Y. After dropping the primes, we obtain

/e_tsK =/E—zx¢x¢3x+w,((¢1t¢, L L L. (11.4.14)

To evaluate the right-hand side, we expand e® and and obtain

||

-1 _ _
fe*’SK = Zfefzxq’x%n'w"K(jtqs, jtqﬁ, Jﬁ”’ j,W)- (11.4.15)
n=0 :

We write K = K% 4+ G, where G = K — K contains no degree-zero part. The
contribution of K° to (11.4.15) involves only the n = | A| term and equals

- 1 -
/eftsKo _ /efzxmx |A|z“’|A|K0(¢1t¢’ ) (11.4.16)
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s0 by the continuity of K©,

t—0o0

-]
lim [ e Sk" = KO(O)/e’Zx $xde Al = KO(O)/e’S. (11.4.17)

[Al!

By Lemma 11.3.2 (with A = Id), this proves that

lim | e "SKk° = K%0). (11.4.18)

t—0o0

To complete the proof of (11.4.13), it remains to show that lim;_, » | e 5G =0.
As above,

|4

- 1 _ _
—tS Y e Lo 1 1 1 1
/e 56 = /e PN @ G(Wp, 1 L, w/f). (11.4.19)
n=0

Since G has no degree-zero part, the term with n = | A| is zero. Terms with smaller n
require factors ¥y from G, which carry inverse powers of 7. They therefore vanish
in the limit, and the proof of (11.4.13) is complete.

Step 2 The Laplace approximation is exact:
/e*’SK is independent of > 0. (11.4.20)

To prove this, recall from Example 11.4.2 that 7y, = QA, where A, = A,x. Let
A=7",ca*rx. Then

S = Z T = Z OXry = OA. (11.4.21)

xeA xeA
Also, Qe~5 = 0 by Example 11.4.4, and QK = 0 by assumption. Therefore,

Z /e*’SK - —/e*’SSK - —/e*’S(QA)K - —/ 0 (e*’SAK) -0,

(11.4.22)

since the integral of any Q-exact form is zero.

Step 3 Finally, we combine Laplace’s Principle (11.4.13) and the exactness of the
Laplace approximation (11.4.20), to obtain the desired result

/K = lim e Sk = K%0). (11.4.23)
—> 00

This completes the proof. |
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Alternate Proof of Theorem 11.3.6 By Example 11.4.4, Q(F(r)) = 0 and
Qe =54 = 0. Since Q is an anti-derivation, this gives Qe 34F) = (Qe SA)F +
e SAQF = 0. Also, ¢ SAF is integrable by the decay assumption in
Theorem 11.3.6. The claim therefore follows from Theorem 11.4.5. |

11.4.2 Supersymmetry and Exterior Calculus

As a final observation, we indicate how the supersymmetry generator Q can be
expressed in terms of standard operations in differential geometry, namely the
exterior derivative, the interior product, and the Lie derivative.

The exterior derivative d is the anti-derivation that maps a form of degree p to a
form of degree p + 1, defined by d> = 0 and, for a zero form f,

df =Y ( o 4g. + 88;: dq_ﬁx>. (11.4.24)

xeA a¢x x

Consider the flow acting on C4 defined by ¢, +— e 2"%,. _This flow is
generated by the vector field X defined by X (¢x) = —2mwi¢,, and X (¢,) = 2mwi¢y.
The action by pullback of the flow on forms is

dpy v+ de 7)) =e 0 dgp,,  dp, > "0 dg,. (11.4.25)

The interior product i = iy with the vector field X is the anti-derivation that maps
forms of degree p to forms of degree p — 1 (and maps forms of degree zero to zero),
given by

idpy = —2migy, idp, = 2midy. (11.4.26)

The interior product obeys i> = 0.
The Lie derivative L = Ly is the infinitesimal flow obtained by differentiating
with respect to the flow at & = 0. Thus, for example,

d

Ldp, = s e 0dg|,_ = —2midx. (11.4.27)

A form K is defined to be invariant under the flow of X if LK = 0. For example,
the form

Uxy = ¢xdq_5y (11.4.28)

is invariant since it is constant under the flow of X.
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Proposition 11.4.6 The supersymmetry generator is given by Q = \/2177_ d+1i),

1
and Q* = 271”. L. In particular, a supersymmetric form is invariant under the flow of
X.

Proof By the definitions of d and i, and of , 1/},

M
3 - 9
d=~2mi (wx + U - ) (11.4.29)
2 \Vag, *Veag,
M
3 - 9
i =~2mi <—¢x + e - ) (11.4.30)
2y, TPy,

The identity Q = \/217“, (d + i) then follows immediately from the definition of Q
in (11.4.7).

Cartan’s formula asserts that £ = di + i d (see, e.g., [150, Prop. 2.25] or [104,
p. 146)). Since d> = 0 and i> = 0, it follows that £ = 27i Q. [ ]
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Chapter 12 )
Appendix A: Extension to Euclidean Shethie
Models

In this book, we have applied the renormalisation group method to analyse the 4-
dimensional hierarchical model. We now briefly describe some of the modifications
needed to extend the method from the hierarchical to the Euclidean setting, and also
point out where in the literature these extensions are carried out in detail.

The Euclidean setting refers to models defined on 74 . As usual, we work first
with finite volume, followed by an infinite volume limit. (The renormalisation
group map can however be defined directly in infinite volume, as explained in
[45, Section 1.8.3].) To preserve translation invariance in finite volume, we use
the d-dimensional discrete torus A of period LY. The decomposition (4.1.15) of
the covariance in the hierarchical setting is supplied directly by the definition of
the hierarchical Laplacian. In the Euclidean setting, we instead use the the finite-
range decomposition of the Laplacian on the Euclidean torus (3.4.4). As discussed
in Sect. 4.1.1, the finite-range decomposition bears similarities to the decomposition
of the hierarchical Laplacian, but it is less simple and details differ.

The main issues discussed below are:

» Unlike the hierarchical expectation at a given scale, the finite-range expectation
does not factorise over blocks. A more general version of local coordinates is
needed.

* Unlike the hierarchical fields at a given scale, the finite-range fields are not
constant within blocks, but only approximately so. This requires careful control
not only of large fields but also of large gradients.

» Unlike the hierarchical fields at a given scale, the covariances do not have the
zero-sum property (4.1.13). This necessitates an analogue of the term W as in
(5.2.22) not only in the last step, but throughout all renormalisation group steps.

In particular, the above points require the following generalisations:

* The generalisations of the T,-seminorms must account for the fact that fields are
only approximately constant.
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* The generalisation of the JV-norm must account for the fact that the analogue of
K does not factorise over blocks.

* In addition to the coupling constants (g, v), the marginal monomial ¢ (A¢) with
coupling constant denoted by z must be tracked carefully. This coupling constant
z is associated to the field strength or stiffness of the field.

12.1 Perturbative Renormalisation Group Coordinate

For the hierarchical model, the interaction I : B — A is defined in Sect. 5.2.1 as

1 1
1) =e V®, V(b)=2<4g|90|4+ 2v|<p|2). (12.1.1)

xeb

This requires two generalisations: field-strength renormalisation and the second-
order irrelevant contribution to the interaction.

Field-Strength Renormalisation

For the Euclidean model, the n-component field ¢ = (@x)rea is an element of
(R™)4. Since fields are not constant on blocks, the polynomial V acquires a marginal
monomial ¢ - (—Ag), and a corresponding coupling constant z called the field-
strength renormalisation. There are three coupling constants (g, v, z), and V has
the form

1 1 1
Vo)=Y (sloxl + el + Jzox - (~Ap0). (12.12)

xeb

Now there are two marginal monomials: |¢|* and ¢ - (—Ag). As a consequence,
the clever Bleher—Sinai argument applied in Sect. 8.3 to construct the critical point
is replaced by a more robust dynamical systems argument [23].

Second-Order Irrelevant Contribution

For the hierarchical model, the second-order irrelevant term W arises from the
expectation in (5.2.22), but it vanishes at all scales except the last scale due to the
zero-sum condition (4.1.13) on the covariance. For the finite-range decomposition,
the zero-sum condition does not hold, and the term W occurs at all nonzero scales
and must be incorporated into the interaction /. Thus we set

[;(V,b) =IO + W;(V, b)). (12.1.3)

The term W is an explicit quadratic polynomial in V and is defined by

Wi(V,b) = ;(1 — Locy) Fu, (V (b), V(A)) (12.1.4)
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where F¢ is given by (2.2.9) and
w;j=Ci+---+C;j (12.1.5)

is the total covariance that has been integrated so far. The above formula for W
involves the Euclidean localisation operator Locy, which is defined for arbitrary
subsets X C A on smooth functions of the field ¢. Its output is a local polynomial
summed over X, of the form ) cex V(gx), with V in a class of local polynomials
which includes the ¢ - (—Ag) term. See [19, Section 2.4] for more details, and [43]
for the general theory.

The definition (5.2.17) of the renormalised polynomial V},x must be generalised.
For the Euclidean model, it is given by

Voo = E40V — P, (12.1.6)

where P is the local polynomial defined for B € B by
1
P(B) = Locg <E+9W(V, B) + 2]E+(9V(B); 9V(A))) ) (12.1.7)

The formulas (12.1.6)-(12.1.7) reduce to (5.2.17) when the field is hierarchical
because there W = 0 except for the last step and also V(A \ B) is independent
of V(B) and hence drops out of the covariance term. The definition (12.1.6) of Vi,
is discussed at length in [22] (see also [19, Section 3.2]). In particular, the equation
for Py in [22, (2.12)] is equivalent to (12.1.7) because of the relation between Fc
and E; given in Exercise 2.2.4, and because of the fact that ) _pLoc, can be
replaced here by Locp due to [43, Proposition 1.8].

The main achievement of (12.1.6) and (12.1.7) is the following lemma, which is
an extension of Lemma 5.2.6. It differs from (5.2.22) in the sense that the left-hand
side of (5.2.22) is of the form e~V (B) rather than e~V () (14 W (B)). In the statement
of the lemma, O (U?) denotes an error of pth order in the coupling constants U,
which need not be uniform in the field ¢ or the volume A. A proof of the lemma (in
the supersymmetric case) is given in [22, Proposition 2.1].

Lemma 12.1.1 For any polynomial V as in (12.1.2) such that the expectation
exists, and for B € By,

E01(A) = Iy (Vpr, A) + O(V3). (12.1.8)

12.2 Approximate Factorisation

The conceptually most significant generalisation that is required is that of only
approximate factorisation.
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12.2.1 Factorisation of Expectation

From Definition 4.1.1, recall that 3 denotes the set of blocks at scale j.

Definition 12.2.1 A polymer is a union of blocks from B. We define P to be the
set of polymers. We write B(X) and P(X) for the sets of blocks and polymers
contained in the polymer X. We say that X and Y are disjoint if X N Y = & and
that X and Y are disconnected if there is no pair of blocks B € X and B’ € Y
that touch (as in Definition 4.1.1). A polymer is connected if it is not the union of
two disconnected polymers; this gives a partition Comp(X) of a polymer X into its
connected components.

Let NV denote the algebra of sufficiently smooth functions of the field ¢ =
(@x)xea, i.e., maps from (R")4 to R. We say that F : P — N is strictly local if
F(X) depends only on ¢|x. Let F, G be strictly local. The hierarchical expectation
has the factorisation property:

EL(F(X)GY)) =EL(F(X)EL(G(Y)) ifX,Y € Py aredisjoint.  (12.2.1)
The finite-range expectation has the weaker factorisation property:

E. (F(X)G(Y)) = EL(F(X)EL(G(Y)) if X,Y e P. are disconnected.
(12.2.2)

In fact, for (12.2.2), the condition that ' and G be strictly local can be weakened
and at times needs to be weakened.

12.2.2 Circle Product

The hierarchical model is written in the factorised form (see (5.1.14), (5.2.2))

[[e " am) + kb)) =N [U®) + K®)), (12.2.3)

beB beB

and this form is preserved by the hierarchical expectation due to (12.2.1) (see
(5.2.6)). The expectation with finite-range covariance does not preserve this strong
factorisation and a generalisation is required.

Definition 12.2.2 For F, G : P — N we define the circle product FoG : P — N
by

(FoG)(X)= Y FIMGX\Y) (XeP). (12.2.4)
YeP(X)
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Let F : P — N. We say that:

* F factorises over blocks if F(X) = []pepx, F(b) holds for any X € P;
e F factorises over connected components if F(X) = nYeComp( x) F(Y).

When F factorises over blocks we write FX = F(X). The circle product has the
following properties which we use below (see [45]), namely:

e Commutativity: FoG =G o F.
* Associativity: (FoG)o H = F o (G o H).
* Suppose that F and G factorise over blocks. Then

(FoG)X)= ) F'¢"'= ] FO)+G60)=(F+6)"
YeP(X) beB(X)
(12.2.5)

By (12.2.5), the representation (12.2.3) equals e AT o K)(A) when I and
K both factorise over blocks, as they do in the hierarchical setting. In the
Euclidean setting, I does factorise over blocks, but K only factorises over connected
components. Hence we work with (I o K)(A), and we must maintain this form
after taking the expectation. More precisely, in the Euclidean setting the hierarchical
formula (5.2.6) becomes

Zy=e (L o K )(A) = e AEL0(1 0 K)(A) =EL0Z. (12.2.6)

The circle product is scale dependent: in (12.2.6) I o K is a scale-j product whereas
I, o K4 is at scale-(j + 1).

12.3 Change of Coordinates

The hierarchical representation Z = [[,({(b) + K (b)) is not unique because it
permits division of I (b) + K (b) into terms / and K in different ways. The circle
product representation Z = (I o K)(A) of a given Z € A in terms of the coordinates
I and K is further from being unique under the constraints that / factors over blocks
and K over connected components, as it allows parts of K (X) to be redistributed
over different polymers.

The essential difficulty is to obtain a representation Z = (I o K)(A) with
the property that K does not grow with the scale. This requires the transfer of
dangerous parts of K into 7, via exploitation of the nonuniqueness of the circle
product representation. This is done via two mechanisms of change of coordinates,
which we now demonstrate.
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12.3.1 Block Cancellation

A change of coordinates for the hierarchical model is performed in (10.1.4), where,
given V, K, V, we find K such that

67V(B) 4 K(B) — e*V(B) + [%(B) (1231)

Indeed K (B) is simply given in (10.1.5) as the solution to this equation. For the
Euclidean model, the corresponding step would be easy to perform if we only
wished to alter K on blocks and not on larger polymers. Indeed, by the associative
property of the circle product and the identity (12.2.5), given any /, I, K, we can
set 8] =1 — I and K = 81 o K and obtain

IoK=(U+8)oK=Uo08)oK=10K. (12.3.2)
In particular,
K(B) =81(B) + K(B). (12.3.3)

By choosing é1 appropriately, we can cancel the relevant and marginal parts from
K (B) by transferring them into /. This is what we did in the hierarchical setting in
(10.1.4), and it was sufficient.

12.3.2 Small Set Cancellation

The procedure used in (12.3.2) does not cancel the relevant parts from K (X) when
X is not a single block. It turns out to be necessary to cancel the relevant parts
from K (X) only for the restricted class of small sets X € S, where S is the set of
connected polymers which consist of at most 2¢ blocks. Indeed, K (X) contracts
for geometric reasons when the polymer X is not a small set, making it unnecessary
to extract relevant parts (see Lemma 12.4.3 below).

The small set cancellation lies at the heart of the non-hierarchical problem, and
is achieved by a different mechanism than (12.3.2). Instead, given any I, K, we
produce K’ so that

(I o K)(A) = (I o K')(A). (12.3.4)

Note that the same I appears on both sides of (12.3.4). (Unlike (12.3.2), we do
not have equality of (I o K)(X) and (I o K’)(X) for every polymer X.) The new
coordinate K’ will effectively move the unwanted part of K (X) when X is a small
set that is not a block into K (B); in particular K (B) will not undergo a cancellation.
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However, we can subsequently apply a version of (12.3.2) to deal with K(B). A
precursor of (12.3.4) appears in [47, Theorem A].

For simplicity, we illustrate (12.3.4) for the case / = 1. For a small set X that is
not a block, let J(X) be the portion of K (X) that we wish to cancel. A key example
is to have J (X) equal to Locx K (X). This is a local polynomial in the field, summed
over the polymer X. It can therefore be written as J (X) = Y 5. Bx) J (X, B) where
J(X, B) is the restriction of J(X) to summation over the block B. Now we define
J(B, B) by

J(B,B) = — Z J(X, B). (12.3.5)
XDOB:X#B

Thus we assume that we are given f(X) = ZBEB(X) J(X, B) with

JX,B)=0 ifX¢SorB ¢ X, > J(X.B)=0. (12.3.6)
XDB

A change of coordinates in this situation is given in [45, Proposition D.1],
whose conclusion is that, given (12.3.6), the identity (12.3.4) holds with K’ obeying
component factorisation, good estimates, and the desirable property

K'(X) = K(X) — J(X) + remainder (X € S). (12.3.7)

Thus, for X € S\ B, K'(X) is approximately equal to K (X) with its relevant and
marginal parts subtracted. The price to be paid for this is that

K'(B) = K(B) — f(B) + remainder = K (B) + Z J(X, B) + remainder.
XDB:X#B
(12.3.8)

Thus K’(B) not only fails to make a cancellation in K (B), but it also receives the
dangerous parts of K (X) from small sets X that contain but do not equal B.

To fix this defect in K’(B), as mentioned already above, we can use (12.3.2).
Moreover, that repair does not do harm to K’(X) for polymers that are not a single
block.

12.3.3 Application

In Sects. 12.4-12.5, we will apply each of the changes of coordinates (12.3.2)—
(12.3.4) twice, as follows.
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Perturbation Theory

In Sect. 12.4, we choose I suggested by perturbation theory, apply (12.3.2) and take
the expectation to obtain (12.2.6) in the form E;0(] o K)(A) = (I o K)(A). The
resulting K is unsatisfactory, as it contains second-order contributions. When I = 1
these bad contributions are called 2(U). Because of our choice of Vj, to second
order we can find A (U, B) such that 2(U) equals hU) = ZBEB(U) h(U, B) with
> v~ h(U, B) = 0. From (12.3.7) with J = h, we obtain now

h'(X) = h(X) — h(X) 4 remainder = remainder (X €9). (12.3.9)

(This holds also for X = B.) Now /' is third order. This is carried out in Sect. 12.5.1.
There we indicate why (12.3.4) holds with (12.3.9) for this easier special case which
has h =~ h.

Relevant and Marginal Parts

After the above has been carried out, we have a third-order K, but it contains
relevant and marginal parts which would grow uncontrollably as the scale advances.
For X a small set that is not a block, we transfer these parts from K (X) to I using
the mechanism described in Sect. 12.3.2 with J = Loc K. The details are given in
Sect. 12.5.2, where we indicate why (12.3.4) holds with (12.3.7) in the general case.
Finally, the unwanted parts of K (B) for blocks B are removed by an application of
(12.3.2).

12.4 Expectation, Change of Scale, and Reblocking

For the hierarchical model (see (5.2.4)), we showed that for any choice of U, (in
fact any choice of 1) we could choose K as in (5.2.5) to obtain the representation

B, TTUa®) + K@) =14 TT (14(B) + K+(B)) (12.4.1)
beB BeBy

where £ is the hierarchical expectation. A Euclidean version of this is given in
the following proposition. The proposition shows that given any choice of I, we
can find an appropriate I?+, in the more general setting of the circle product. The
scale of the circle product becomes increased in this operation, and this requires a
reblocking step. Proposition 12.4.2 provides the defining element of Map 3 in [45,
Section 5.1]. For its statement and proof, we need the following definition.

Definition 12.4.1 The closure of a polymer X € P is the smallest polymer X € P
such that X C X.
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Proposition 12.4.2 Let I, f+ factorise over blocks b € B; and let 51(b) = 61(b) —
L (b). Let K factorise over connected components at scale j. Then

E 6(I o K)(A) = (I3 0 I€+)(A) (12.4.2)
with

Keay= Y IPVYE (100K (X1, (U ePy), (12.4.3)
XeP(U)

and I€+ factorises over connected components at scale j + 1.

Proof Let P =681 0 0K. By (12.3.2) at scale j,
OI)o (OK) =10 P. (12.4.4)

Since i+ does not depend on the fluctuation field,

E0(1 0 K)(A) = (I 0 B4 P)(A) = > IV EL(P(X))

XeP

=y v > IPYEL(POO) 1,y (12.4.5)
UePs XeP

The right-hand side is (12.4.2) with K, given by (12.4.3), and the proof of the
identity is complete.

It is not difficult to verify that K factorises over connected components. The
geometry of the identity (12.4.3) defining K (U) is illustrated in Fig. 12.1, which
is helpful for the verification of factorisation. ]

For X € P, let |B(X)| denote the number of scale-j blocks in X. Similarly, we
write | B4 (U)| for the number of scale-(j + 1) blocksin U € P;.LetC C P denote
the set of connected polymers. In the formula (12.4.3) for I€+(U ), it is helpful if
|B(X)| is large, as this brings small factors from (81 o K)(X). The following lemma
shows that for large connected sets X € C \ S, the constraint X = U in (12.4.3)

Fig. 12.1 The five large
shaded blocks represent U,
which is the closure of the
union of the four small dark
blocks (the support of §7) and
the small shaded polymer (the
support of K)
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forces |B(X)| to be strictly larger than |B4 (U)|; for small sets |B(X)| = |B4+(U)| is
possible and the choice of 2¢ in the definition of S is precisely due to this possibility.
It is this geometric fact—the excess of |B(X)| over |B4(U)| for large connected
sets—that allows the main focus to be placed on the control of small sets. Large sets
are irrelevant. A proof of Lemma 12.4.3 is given in [45, Lemma C.3], and an earlier
statement is [69, Lemma 2]. Its application in the Euclidean setting occurs in [45,
Lemma 5.6].

Lemma 12.4.3 Letd > 1. There is an n = n(d) > 1 such that for all L > 2% + 1
andforall X € C\ S,

IB(X)| = nIB+(X)]. (12.4.6)
The following example indicates a mechanism in which Lemma 12.4.3 is applied.
It illustrates why the focus can be restricted to small sets.
Example 12.4.4 Let A > 1 and define anormon F : C — A by

IF|| = sup ABXONE(X)). (12.47)
XeC

We extend F : C — N to F : P — N by component factorisation, and define
F:Cy — N by

F(U) = Z F(X). (12.4.8)

X=U

The map F +— F is a prototype for the map K — K that captures the reblocking
aspect. Suppose that F'(X) = 0if X € S. We claim that

ABONE@)| < [ AP Y= A-BOI s LIFI < oWIF,  (12.4.9)
X=U

with the second inequality valid as A — oo. Therefore, with A sufficiently large,
there exists k < 1 such that

IFl+ < «lIFll (12.4.10)

for all F with F(X) = 0 for X € S. The inequality (12.4.10) shows that large sets
are not important for the simple prototype F' +— F for the map K — K.
It remains to prove (12.4.9). The first inequality holds by definition of the norm.

For the second, we bound the number of terms X in the sum by 2/8()I = 2LABLW),
and apply Lemma 12.4.3 to obtain A~B™!1y g < A=11B+UI This gives

AlB+U)I Z A—\B(X)\1X¢S < (AZL‘IA—H)IB+(U)I < 2LdA1—77’ (12.4.11)
X=U
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with the last inequality valid assuming A7~ > ot (which does hold for large A
since n > 1). The right-hand side becomes arbitrarily small for A sufficiently large.

12.5 Cancellation via Change of Coordinates

12.5.1 Local Cancellation: Perturbative

The formula for K, in (12.4.3) is not adequate even when i+ is well chosen as
I, (Vpt), due to the presence of perturbative contributions to K + that are manifestly
second order in V. In this section, we sketch an argument to explain how the change
of coordinates (12.3.4) can be used to correct this problem. We also sketch a proof of
(12.3.4) in this special case. This discussion reveals what lies at the heart of Map 4
in [45, Section 5.3].

Second-Order Contribution to K |
Let U be a connected polymer in C;. There is a contribution to the right-hand side
of (12.4.3) of the form

HU) =1Yh), h(U) = Z [[XEL81% 1, (12.5.1)
XePU):|X|=1,2

with the closure X of X defined in Definition 12.4.1. For the terms in (12.5.1) where
X consists of a single block, 2(U) = 0 unless U is a single block, and when X
consists of two blocks then 2(U) = 0 unless U consists of one or two blocks. We
extend the definition of H and 4 to disconnected polymers by imposing component
factorisation. The contribution of H to (i+ o I€+)(A) is

(I o H)(A) = I2(1 0 h)(A). (12.5.2)

The terms in the formula for K that are first or second order in 81 are isolated
in &. Naively, we expect each factor of §1(b) to provide a factor O (V), so that three
or more factors of 81 (b) will ensure an estimate O (V?3). In h(U) there are only one
or two such factors when U € C... The apparently first-order terms with | X| = 1 are
in fact second orderin V, because in E §1 (b) = [E; 01 — I there is cancellation of
the first-order term in (12.1.6) due to our use of Vj, to define i+. Thus & is O(V?).

As we will argue at the end of Sect. 12.5.1, the second-order part of 42 (U) has the
form

h(U) = Z h(U, B), (12.5.3)

BeB. (U)
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with (U, B) second order and obeying the local cancellation

Z h(U,B) =0, (12.5.4)
UeC;+:UDB
where F = G denotes that F = G 4+ O(V?).

Local Cancellation in K ;.

We now apply (12.5.3)~(12.5.4) and exploit the non-uniqueness of the circle
product representation, to show that it is possible to reapportion the second-order
contributions to % in such a way that there is a third-order 4 such that

(1oh)(A) = (10 hy)(A), (12.5.5)

with 44 (U) = 0 when U € C;.. This gives a version of (12.3.4) at scale j + 1, with
J and K both given by A on small sets and with / = 1.

We use the component factorisation property of 4 and (12.5.3) to obtain

Yorm =Y ] r

YePy YePy YieComp(Y)

> 11 > k(Y. By). (12.5.6)

YeP4 YieComp(Y) BieB+(Y;)

(1oh)(A)

Given a block B, let B® denote the polymer which is the union of B and all two-
block connected polymers that contain B. For example, when the dimension is d =
2 then B® is the union of B with the eight blocks that touch B. We partition the

summation on the right-hand side according to the polymer U; Bl.(z), to obtain

Z Z l—[ Z h(¥i, Bi)ﬂu,ﬂf”:U

UeP; YePy YieComp(Y) B;eB(Y;)
Y. i)
UEP+

(1o hy)(A), (12.5.7)

(1oh)(A)

where the second equality defines the terms s (U). It can be checked that & has
the component factorisation property.

A second-order contribution to 44 (U) can occur only when U is connected
(otherwise hy(U) factors into contributions from each connected component of
U, each of which is second order). Therefore the only possible second-order
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contribution to h4 (U) is

o> kY. B)ge_y. (12.5.8)

YePy BeBi(Y)

Given U, the condition B’ = U uniquely determines B (or there is no such B).
With that particular B = B(U), the above is equal to

> h(Y.B), (12.5.9)
YeP

which vanishes by (12.5.4). Thus we have achieved the goal (12.5.5) with third-
order h.. The calculations here illustrate part of what occurs in the proof of [45,
Proposition D.1], in a simplified setting.

Verification of (12.5.3)-(12.5.4)
We now verify (12.5.3)-(12.5.4). That is, we will identify second-order quantities
h(U, B), for U a two-block polymer containing B, with the properties that

h(U) = Z h(U, B), (12.5.10)
BeBy(U)
and that, due to our choice of Vjy, there is the local cancellation
Z h(U, B) =0 (12.5.11)
UeC;+:UDB

(a version of (12.5.11) with equality appears in [44, (2.22)]).

To keep the focus on the main ideas, let us simplify the problem and assume that
1L (U) = e~V With §V =0V — Vpt, we can then rewrite i as

= Y (] V- 1)]1X:U. (12.5.12)

XePU):|X|=1,2 beB(X)

To uncover the lower-order terms in £(U), we expand the exponential in a Taylor
series and obtain (12.5.10) with

1 1
WB. B = > E+<6V(b)+2(6V(b))2)+ > E+<5V(b)8V(b/)>,
beB(B) b,b'eB(B):b#b’
(12.5.13)

h(U,B):; D E+(5V(b)ava/)). (12.5.14)

beB(B) b'eB(B')
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The §V (b) term in h(B, B) is actually second order, not first order, because Vj
is equal to E; 6V minus quadratic terms in V, and the linear term in V therefore
cancels in E; 6V (b). Thus all terms in (B, B) and h(U, B) are second order.

To derive (12.5.11), we continue to neglect W, and recast Lemma 12.1.1 as
E+9e’V(A) =e 0@ je.,

e_VPt(A)E+< 1_[ e V) _ 1) = 0. (12.5.15)
beB(A)

Again only the case where the product is over one or two small blocks can lead to a
second-order contribution, and these small blocks must either lie in the same large
block or in adjacent large blocks, because otherwise the finite-range property of
the expectation produces a product of two second-order factors and hence is fourth
order. The same Taylor expansion used above then leads to

IE+< I1 e*”(’”—l)E DA

beB(A) UeCy(A)

Z Z h(U, B)

UeCi(A) BeBL(U)

> > hU.B). (12.5.16)

BeB4(A)UeCy:UDB

It is natural that the right-hand side would be third order because each term in the
sum over B is, and this indeed turns out to be the case and gives (12.5.11).

12.5.2 Local Cancellation: Nonperturbative

For the hierarchical model, the marginal and relevant directions in K are absorbed
into U4 via the term Loc(e¥ K) in (5.2.31). In the Euclidean setting, the analogous
manoeuvre is more delicate because I has only one degree of freedom for each
block B (it factorises over blocks), while now K is a function of arbitrary polymers
X. Two steps are used: (1) we apply the change of coordinates (12.3.4) to move
the contributions from small sets into blocks, and (2) we use the simpler change of
coordinates (12.3.2) for single blocks, as done in (10.1.4) in the hierarchical setting.

To explain how the cancellation on small sets is arranged, we first write Locy F
as Locy F =) ..y Px and use P to define Locy g F = ) P, forU D B.In
particular, for U € P and B € B,

x€eB

Z Locy g F = Locy F. (12.5.17)
BeB(U)



12.5 Cancellation via Change of Coordinates 227

Then we define J (U, B) = 0 if U is not a small set containing B, and otherwise

J(U, B) = Locy,pl "VK(U) forU e SwithU 2 B, (12.5.18)
J(B,B) = — Z J(U, B). (12.5.19)
UeS:UgB

By construction,

> JW.B)=0. (12.5.20)
U:.UDB

The local cancellation in (12.5.20), which holds by definition of J, is as in (12.3.6).
ForU € S, let

J_(U)= Z IUJ(U,B), M(U):K(U)—f(U). (12.5.21)
BeB. (U)

The new feature compared to our analysis of / in Sect. 12.5.1 is that here for small
sets U the role of h(U) is played by I"YK(U) = I"YM@U) + 17V J(U); the
analysis for & corresponds to M = 0 which we no longer have. This requires more
sophisticated combinatorics.

Cancellation on Small Sets Other than Blocks
To illustrate the main idea we make the following simplifications:

* We assume that / = 1.
* We assume that among connected polymers K is supported on small sets only.

Then, with V the union of the components of ‘7,

oKy =) ] WMwWn+JIwWw

UeP U;eComp(U)

ZZ Z MU\VH Z J(U, B). (12.5.22)

U€P Y cComp(U) UeV BeBU)
Given X € P, let By, ..., B, be alist of the blocks in B(X), and let
M(X) Z{{(UBla Bl)a MR (UBna Bn)} :

Up, € S, Up, D B;, Up, does not touch UBj fori # j}. (12.5.23)

Given an element of U (X), we write Y; = Upcpx)Up, and write P~ (Y) for the
set of polymers that do not touch Y. The small-set neighbourhood X Uofa polymer
X is the union of all small sets that contain a block in X. By interchanging the sums
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over blocks B and polymers Up, we obtain

aoxym=> > (] vwsm) > M

XeP {(Ug,B)}eU(X) BeB(X) YeP—(Y))
=Y > X (] /wen) X M'iou_y.
WeP XeP {(Up,B)}eld(X) BeB(X) YeP—(Y))

(12.5.24)

where the last equality is just a conditioning of the sums over X and Y according to
the constraint X2 U Y = W. Then we define K’ (W) to be the summand in the sum
over W. It can be verified that K’ has the component factorisation property, and it is
proved in [45, Proposition D.1] that K’ obeys good estimates.

We examine two special cases:

e If W is a small set S then we must have X = & (because otherwise X U cannot
be contained in S, as X U is not a small set even if X is a single block) and also
Y =S5, s0

K'(S) = M(S). (12.5.25)
Therefore, for S =U & By or S = B € By,

K'(U)y=KU) - Z JWU,B)=KU) —LocyK(U) (U ¢By),
BeB4(U)
(12.5.26)

K'(B) = K(B) + Z J(U,B)=K(B)+ Z Locy sK(U) (B € By).
U2B U2B
(12.5.27)

In (12.5.26), the subtracted term is simply Locy K (U) by (12.5.17). Thus the
relevant and marginal parts of K (U) are subtracted on small sets that are not a
single block. The price to pay is that those subtractions have been transferred into
K'(B), which additionally fails to have the relevant and marginal parts of K (B)
subtracted.

« If X = Band Y = @ then we must have W = X" and X is uniquely determined
by W, and the contribution from this case to K(W) = K (BD) is

Z J(U, B) =0. (12.5.28)
UDB

This cancellation has the good consequence that there is no contribution to
K'(W), for any polymer W that is not a single block, that consists solely of



12.6 Norms 229

J terms. The net effect of this is that there is no connected polymer W such that
K’(W) is a linear function of J without any compensating K factors.

The details of the above analysis can be found in the proof of [44, Proposi-
tion D.1]. It leads to a representation

(IoK)(A)=(IoK")A) (12.5.29)

where in K'(X) the relevant and marginal parts of K (X) have been removed from
all small sets X except single blocks. This is carried out in detail in Map 1 of [45,
Section 4.2].

Cancellation on Blocks

It remains to remove the relevant and marginal parts of K'(B) (which incorporate
the relevant and marginal parts of K (X) for all small sets X), and to transfer them
into V.. This is achieved by replacing Vj,(V) by th(V), where

V=vV- Y Locysl VK(U). (12.5.30)
UeS:UDB

Let/ =1(V),8] =1—1,K =8I 0K’ By (12.3.2),
(I o K')(A) = o K)(A). (12.5.31)

The relevant and marginal parts of K " are thereby transferred to V and removed
from K. The details of this operation are outlined in Map 2 of [45, Section 4.3]. The
corresponding step for the hierarchical model is performed at (10.1.3).

12.6 Norms

The norms applied in this book for the hierarchical model require modification
and extension in the Euclidean setting. We discuss some aspects of this here. Full
details can be found in [45], and a general development of properties of the norms
is presented in [42].

12.6.1 Ty-Seminorms

For the Euclidean model, a counterpart of the hierarchical 7;-seminorm of (7.1.9) is
defined in [42]. For simplicity, we consider the 1-component Euclidean ¢* model,
and do not include an auxiliary space ). The field ¢ = (¢x)xrec4 is a pointin R4, and
we will define the Euclidean T,,-seminorm on the space of functions F : R4 — R.
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An example of such an F is the nonperturbative coordinate K (X) evaluated on a
polymer X; in this case the dependence is only on ¢, for x in or near X.

Given a function F : R4 — R, the derivative F(P)(¢) is a p-linear function on
the space R4 of directions. Let @ be a normed vector subspace of R4. We denote
a direction in @ by ¢ and a p-tuple of directions by ¢”. Let @ (1) be the unit ball
in @. Then | FP) ()|l = supgpceiyr |F P (¢; ¢F)|. The Euclidean T,,-seminorm
is defined by

PN

IFllz, = pIEP @), (12.6.1)
p=0

where pns € [0, oo] is a parameter at our disposal. The example @ = RQ with

norm ||¢|| = ! max{|¢y| : x € A} gives a Ty-seminorm with the product property

I1FGlir, < IFl7,IIGlIT, of (7.1.10). Restrictions on the spaces of directions that
are consistent with the product property are discussed in [42].

The freedom to choose allows us to take into account the properties that are
imposed on typical fields by their probability distribution. For example, hierarchical
fields are constant on blocks. Suppose that F(¢) depends only on fields in a block
B. Let @ be the subspace of directions in R4 such that ¢ is constant on B, i.e.,
¢x = @y for all x, y in B. For ¢ constant on B the Euclidean T,-seminorm with
this choice of @ equals the T,-seminorm of Definition 7.1.2. This is true by virtue
of chain rule formulas like

Yo F@ =)0 F@) =g, f@w) (12.6.2)

xeA xeB

which is valid when the left-hand side is evaluated at ¢ such that ¢, = u for all
X € B and, by definition, f(u) = F(p).

In the Euclidean setting, we use @ which takes into account the spatial variation
of fields. After j renormalisation group steps, the remaining field to be integrated
is ¢ = ¢jy1 + -+ + ¢y, with increments as in Corollary 3.4.1. The scaling
estimates (3.3.7) indicate that the variance of V¥¢ typically scales down with j
like L=7/(@=2 [ =2jleli Fix a positive integer pe. Let the norm on @ be the lattice
CP?-norm

I6llo ) = max{h; 'L/ VG| x € A, lali < po). (12.6.3)

With the choice h = £; = EOL_/(d_z)/z, as in (8.1.4), the T,-seminorm of F tests
the response of F to typical fluctuations of the field, in particular fluctuations around
being constant on blocks. The choice h = h; = koL_/d/“g;lM, as in (8.1.7),
is used to test the response of F to typical large fields. This is all as it is for the
hierarchical model, apart from the fact that now spatial gradients of the field are
taken into account.
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Both parameters £ and & are combined in the hierarchical V-norm defined in
(8.2.9). A Euclidean counterpart of the VV-norm is defined in [45, (1.45)]. The latter
also involves regulators, which we discuss next.

12.6.2 Regulators

For the hierarchical model, the crucial Proposition 10.5.1 asserts that the renormal-
isation group map is contractive in Too-norm. The proof uses the following fact: if
the + scale field ¢ is large in a block b, then it is large on B \ b where B is the +
scale block that contains b, because ¢ is constant on B. This is used in (10.5.20)
where the factor P/16+ () arises from the growth of K (b) — LocK (b) as ¢ becomes
large in b. If ¢ is large in b then the exponential exp[—V (B \ b)] is small and more
than compensates for the growth of P/16+ (p).

For the Euclidean model the + field can be large in b without being large in B\ b.
We have to prove that typical fields do not do this. Let pp = |B|~! > iep ®x bethe
average of ¢ over the block B and let §p = §p(¢) be the supremum over x, y € B
of |¢x — @yl/hy. Then |py — @p|/hy < §p. In other words ¢,/ h4 is constant to
within 3. We will show that for typical ¢, 3 = O (g'/*). Thus typical fields are
very close to constants in this sense and it should be plausible that the hierarchical
bound (10.5.20) continues to hold for fields with §z = 07 (3'/%).

What does it mean for a field to be typical? For intuition, recall from (3.3.7) that
the standard deviation of Vg, is O (L’j£+), where £ is defined in (8.1.4). We say
a field ¢ is typical if the maximum over B of |Vg|is Op (L™/£.). Since |px — ®y|
is bounded by the length L/T! of a path joining x to y times the maximum gradient,
we find, using (8.1.7), that 8 is bounded by O (L€ /hy) = Or(§'/*) as claimed
above.

Although (10.5.20) does not hold for all Euclidean ¢, the inequality obtained
by including an extra factor exp[—Jp] might hold for all ¢ because it holds for
typical ¢ by the arguments above and the decay of exp[—4&p] might compensate
for atypical fields with large §p. This example leads to the idea that the Txo-norm
for the hierarchical model should be replaced by a weighted Tx,-norm where the
weight will allow the hierarchical proofs that work for § = 0 to extend to the
Euclidean model. The T-norm of a function F(g) tests F(¢) on all possible ¢
but a weighted T,-norm focuses on the fields that F'(¢) actually encounters when
taking its expectation.

Given w(X, ¢) > 0, a general weighted Ti-norm is defined by

K(X
KGOl = sup 1 OONIT

. 12.6.4
perr WX, 9) (1264

For the Euclidean |¢|* model, we use two choices of weight function, or regulators,
corresponding to the two choices h = ¢ and h = h of the parameter f in
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the definition of the T,-seminorm. The specific choices are discussed in [44,
Section 1.1.6]. The systematic use of such regulators originated in [47]; in [96, p.
216, (1)] the breakdown of estimates for fields with large gradients is instead put
into inductive assumptions.

We discuss here the most important case: the large-field regulator w = G.
Desirable properties of the regulator are:

() G(XUY,p) =G(X,9)G(Y, ) if X, Y are disjoint.
(i) G(X,9+¢) < G*(X,9)G*(X, ¢).
(i) E4+G'(X) < 2/BXI for bounded powers 7.
(v) G' < G 4 for bounded powers f.

Property (i) extends the product property of the T,,-seminorm to the norm (12.6.4)
when X, Y are disjoint. Properties (ii)—(iv) allow estimates to be advanced from one
scale to the next, as in the following lemma. The proof of the lemma uses the general
inequality

IE+0F 7,y < E+IF 7,00 ) (12.6.5)

which follows from [42, Proposition 3.19] (see also [44, (7.2)—(7.3)]). The inequal-
ity (12.6.5) is reminiscent of Proposition 7.3.1 for the hierarchical case.

Lemma 12.6.1 Suppose that G obeys (ii), (iii) and (iv) above. Then
IELOK (X, < 2PMNK X6 (12.6.6)
Proof We first apply (12.6.5), and then the definition of the weighted norm, to obtain

IE+0K (X1, () < E4IK X7, 1)
<KXl E+G(X, 9 + ). (12.6.7)

Using properties (ii)—(iv), we find that

IE+0K (XOl7, ) = IKX) g (X, 0B, G2(X. 0)
= ||K(X)|I(;GZ(X, 0)2/BX)]

< IKX)5G+(X, ¢)2BDL, (12.6.8)

This proves (12.6.6). |

To implement the above, we require a regulator G which obeys properties (i)—
(iv). A trivial choice is of course given by G = 1. However, for the weight to be
helpful, G should be as large as possible. Other authors have used regulators based
on lattice Sobolev norms, e.g., [69, (47)]. Our choice is the regulator G given in
[44, (1.41)]. We conclude by presenting its definition. Further details, including a
discussion of the fluctuation-field regulator, can be found in [44, Section 1.1.6].
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First, for X C A with diameter less than the period of the torus, we define
||cp||qg(X) = inf{|j¢ — flle : f restricted to X is a linear polynomial }.  (12.6.9)

The restriction on the diameter of X is present so that it makes sense to consider f
as a linear polynomial in (12.6.9). The large-field regulator is then given by

G 0) = [Texp (LNl o)) - (12.6.10)

xeX

where b, € B is the unique block which contains the point x.

The above construction of G factors out linear polynomials. This is a way to
examine the size of |V2¢|, and in that sense is related to a Sobolev norm. Thus the
regulator can bound szp, but not ¢. In our motivation of the weighted T,-norm,
we estimated how close ¢ is to being constant in a block B. However, the regulator
(12.6.10) only enables us to estimate how close ¢ is to being a linear function. Of
course linear functions include constants and in fact we expect that fields are close
to being constants, but it is easier to prove the weaker statement that they are close
to linear. Also it is sufficient: if ¢ is linear on B and it is large on b then it is large
on roughly half of B so the factor ||e~" (B\?) 7, in (10.5.20) is still exponentially
small and bounds the polynomial that depends on the field in b.

An advantage of the regulator (12.6.10) is that its weighted norm leads to a
complete Banach space after an additional weighted supremum over polymers X
is taken in (12.6.4). This is discussed in detail in [45, Appendix A]. The Sobolev
regulator was erroneously claimed to produce a complete space, e.g., in [53]; this
error was pointed out and corrected in [1] in a manner than maintained the Sobolev
regulator.

Finally, we note that properties (i)—(iv) hold for (12.6.10). Property (i) holds by
definition, and property (ii) is a consequence of the elementary inequality (a+b)? <
2a® + 2b>. Property (iii) is a consequence of [42, Proposition 3.20] together with
the fact that the large-field regulator is less than or equal to the fluctuation-field
regulator. According to [44, Lemma 1.2], property (iv) holds if L is large enough.
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Appendix B: Solutions to Exercises Shethie

13.1 Chapter 1 Exercises

Solution to Exercise 1.4.5 By replacing V (¢) by V(¢) — V(¢0), g(¢) — g(¢o) by
g(p), and ¢ by ¢ + ¢o, we can assume that g = 0, V (¢9) = 0 and g(¢9) = 0. For
E C R", let

Iy(E, f) =/ f@)e N @Pdg. (13.1.1)
E

With the above assumptions, we must prove that

Iy (R,
im &L (13.1.2)
N—oo Iy(R?, 1)
Givent € (0, 1), let
M, = {p: V(p) <1). (13.1.3)

By assumption, M, is compact, and it clearly contains the set {¢ : V(p) < ¢}
which is open by continuity of V. This set is not empty because it contains O.
Therefore the integral I1(M;, 1) = er eV de is nonzero. On M/, we have

NV = o~ (N=D)V =V < =(N=D)t,,

e =V, With this and a similar but reversed

inequality on M, 2, we obtain

1IN @) < llglloce™ M MR, D, (13.1.4)
INR", 1) = In(Myj2,1) = e N2 (M, 1), (13.1.5)
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Thus, for a t-dependent constant c;,

C
|IN(Mt , 9| <

—N1/2 13.1.6
Iv@®e, 1)~ (13.1.0

Given € > 0, choose § > 0 small enough that |g(¢)| < € if |¢| < §. Since
Ni=oM; = {0} we have N;woM; N {|p| > §} = @. By M; C M, fort > ¢’ and the
finite intersection property for compact sets, there exists #s such that M;; N {|¢| >
8} = @. Therefore M;; C {|¢| < §}. Then, with t = 1,

lIN(My, 8)] < €In(M;, 1) < ely(R", 1), (13.1.7)

and hence

Iv@R™, 9 _ 1IN(M;, 8l

Nz < Ve 13.1.8
VR D) S py@e,1y ¢ =etac (13.18)

Consequently the lim sup,,_, o, of the left-hand side is at most €. Since € is arbitrary,
the limit must exist and equal zero.

Solution to Exercise 1.4.7 By definition and since |o| = 1,

V(g) = —log /S e R0 do)

B B

— 2
2|</>I +2

—log/ eBetho  (do). (13.1.9)
S2
In spherical coordinates,
1 b4
/ Pt (do) = / elPethicosd ging do
$2 2 Jo

X .
_ 1/ olBothlu g, S‘“Tg'ﬁ‘i:'h'). (13.1.10)
" ¢

Solution to Exercise 1.4.8 Let 9 € R", h € R", ¢ € S~ Denote by ,u’(; the
measure from (1.4.15) with external field 7 € R". From (1.4.13) it follows that

e-HessV(go)e:ﬁ—ﬁzVarﬂg(e-a). (13.1.11)
(1) By [79, Theorem D.2],

1
Varﬂg(e c0) < Varﬂg(e c0) = . (13.1.12)
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Therefore, e - HessV (p)e > B — ,82/11. When g < n, the right-hand side is
indeed non-negative.
(ii) Note that

'g((p —o,9p—0)—(h,0) = 'g((p, ¢)— (Be+h,o)+constant.  (13.1.13)

Hence, for B¢ + h = 0, the measure ,u’(; on $"~! is uniform and thus
1
Varﬂg(e L0) = i (13.1.14)

For ¢ = —h/p and any e € §"~!, this implies that ¢ - HessV (p)e = 8 — 8%/n.
The right-hand side is negative if 8 > n, so V is non-convex.

Solution to Exercise 1.5.2 For f € R/ define (f, g) = > 4 fegx and (V f)yy =
fx— fy-By(1.3.4)

Caf == S (X B ) fi == 2 BV P — i)

xeA yeA x,yeA

1
=, > Buy(VHI = 0. (13.1.15)

x,yeA

The second equality is obtained by interchanging x, y, (V f)yx = —(V f)xy and
recalling that Bxy = Byx. Also, (=AgL)y = — 3 c 4 Bxy(VL)yx = 0, and (1.5.3)
follows by applying the inverse operator to 1 = m™2(—A g+ m?)1.

Solution to Exercise 1.5.4 Since A(k) ~ |k|*> as k — 0, we see from (1.5.28) that
By is finite if and only if d > 4. So it remains to prove that

@A) (4 <4
Byo~byx 1" @<4) (13.1.16)

logm d=4),

withby = g, by = ) by=¢ ,ba= .,
Letd < 4. By (1.5.28),
2

1 dk
B, :/ . N . (13.1.17)

[l |43 5 sin’( 3) +m? (2m)
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Let U; be the ball of radius 1 in R4, Then, uniformly as m? 10,

2

1 dk
. = 0(), (13.1.18)
/IHJTId\Ul 4 Z?Zl sinz(kz") + m? 2m)d

and, uniformly in k € Uy,

1

_ = + o). (13.1.19)
4y sin?(Y) +m2 KP4 m?

Therefore,

1 2 dk
B > ~ . 13.1.20
e /U <|k|2 +m2) @) (13120

We use polar coordinates to obtain

= —d 13.1.21
/Ul<|k|2+m2) @) (Zﬂ)d/o <r2+m2) rodr 32D

where wy = 1, w; = 27, wy = 47, w3 = 272 arise from the area of the unit
(d — 1)-sphere. With the change of variables r = sm, this gives

Wd—1 44 ! 1 2 d—1
B, >~ R - —ds. 13.1.22
" ayd™ /o <s2+1> e (13122

If d < 4 then the integral converges to a finite limit as m |, 0, and if d = 4 then it is
asymptotic to logm ™. For d < 4, the value of the integral is given by [103, 3.241]
as

o0 1\ 4, 1T@/2re-d/p)
/0 (s2 N 1) sthds = re) . (13.1.23)
This leads to
00 1 \2 1 @d=1
/ < ) lgs =11 (@=2 (13.1.24)
0 S2+1 s 2
T d=3).

From this we obtain the constants b, reported below (13.1.16).
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Solution to Exercise 1.5.5

(i) Let Tp = 0and Ty = inf{n > Ty—1 : S, = 0}. Thenu = P(T1 < 00), and by
induction and the strong Markov property, P(T; < 00) = uF. Therefore,

m=EN = Z P(Ty <o0)=(1—u)". (13.1.25)
k>0

(i) Let S, denote simple random walk. The equality EN = ano pn(0) follows
from the identity N = Y00 15,—0. Let D(x) = ,. 15,=1. Then D(k) =
! 27:1 cosk; and 1 — D(k) = L A(k). Also,

P(S, —0)—[ D" d'k (13.1.26)
T Qm)d’ o

Some care is required to perform the sum over n since the best uniform bound
on D" is 1 which is not summable. By monotone convergence, and then by the
dominated convergence theorem,

1 d%k
m=1imY  P(S, = 0)¢" = lim . . (13.1.27)
mlz " /1 g 1 —tD(k) Qm)d

n>0

The function D is real valued, and

1

. < X fort € [1/2, 1]. (13.1.28)
1—tDk) ~ 1 - D)

If( - ﬁ)’l € L', the claim then follows by dominated convergence. If (1 —
[A))’1 4 L1, the claim follows from Fatou’s lemma.

(ili) This follows from the fact that A(k) = |k|?> as k — 0, and thus 1/A(k) is
integrable if and only if d > 2.

Solution to Exercise 1.5.6 By definition,
00 00
I'= Z ( Z jlsn',=x)(Z ﬂs,g:x>- (13.1.29)
xezd m=0 n=0

By Lemma 1.5.3 (with monotone convergence to take the limit m? | 0),

EY Ly, = 2dCoy(0). (13.1.30)

i=0
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Therefore, by using the independence, we have

EI = (2d)? Z (Cox (0)* = (2d)?By. (13.1.31)

xezZd

The sum is infinite if and only if both sides are infinite. The latter happens if and
only if d < 4, by Exercise 1.5.4.

13.2 Chapter 2 Exercises

Solution to Exercise 2.1.3 For notational convenience, we consider the case where
C is strictly positive definite. The semi-definite case can be handled by replacing C

by C’ as in (2.1.3). Let A = C~!, so that Pc(dg) is proportional to e’;(“”A“’)dgo.
Then standard integration by parts and the symmetry of the matrix C give

9F
/8¢ e—%(‘/*A@ng=/(A<p)yFe—%(‘/*A<ﬂ>d¢. (13.2.1)
Yy

Now we multiply by Cyy, sum over y, and use CA = I. This gives
oF
> Cu / by € 2O dg = / Foee 2 @49 dg, (13.2.2)
Py
y

as required.

Solution to Exercise 2.1.7 By definition,

Cove(@f. ¢l) =Ec(pfol) — Bcpd) Ecel). (13.2.3)

The estimate is obtained by bounding each expectation on the right-hand side
using (2.1.11), without any attention to cancellation between the two terms.
The operator e24¢ s defined by power series expansion, and in using (2.1.11)
nonzero contributions can arise only when all fields are differentiated. For the term
Ec(¢? (pf ,/), this differentiation leads to (p + p’)/2 factors of the covariance, which
can be factors Cyy, Cyy, or Cy,. The covariance is maximal on the diagonal
since it is positive definite, so these factors are all bounded by ||C|| and hence the

term Ec (¢f q)f ,/) obeys the desired estimate. The subtracted term (Ec¢? )(Ec(pf,/)
is similar.
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Solution to Exercise 2.1.10 This follows from (2.1.17), using (with A = C~1)

/ O Z0(@)e™ 2@ A0 g — ¢2(FCh) / Zo(@)e~ 2 @=CLAW=C) g

_ seh / Zolg + Ce @440 (13.2.4)

Solution to Exercise 2.1.13

@

(ii)

Let X = {(x,i):x € A,i =1,...,n}and é(x,i),(y,j) = §;jCxy. According
to Example 2.1.4 and Proposition 2.1.9, the n-component Gaussian field ¢ =
(@} )xen,i=1,...,n With covariance C is characterised by

Ec(ef9) = e2FCH  for f = (i) € RX. (13.2.5)
The form of C implies this is the same as

Ec(e/9) = [[e2V" ) for f = (fi)xea e R4 andi = 1,....n.
i

(13.2.6)

The factorisation on the right-hand side implies that the components ¢’ are
independent and by Proposition 2.1.9 applied to each component the compo-
nents are identically distributed Gaussian fields on A with covariance C, as
desired.

The set of functions F for which

Ec(F(9)) =Ec(F(Tg)) (13.2.7)

holds is a vector space closed under bounded convergence and under monotone
convergence. Exponential functions generate the Borel o-algebra in RX and
form a class closed under multiplication. Hence if (13.2.7) holds for exponential
functions then it holds for all bounded Borel functions F'. For exponential func-
tions we evaluate and compare both sides of (13.2.7) using Proposition 2.1.9.

Ec (e T9) = B (e T /9) = o2 T LT — 02(1.CH — g (o9,
(13.2.8)

The formula Ec6 o T = T o Ec6 is obtained from (13.2.7) by renaming the
random variable ¢ to ¢ followed by replacing F(¢) by F(¢ + ¢) where ¢ is a
fixed element of RX.

Solution to Exercise 2.1.15 We apply (e.g.) [90, Theorem 10.18] with A = Z<.
By Corollary 2.1.14, the finite-dimensional distributions are consistent, and the
permutation hypothesis of [90, Theorem 10.18] follows from the definition of the
Gaussian measure with covariance Cy x x for finite X.
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Solution to Exercise 2.2.2 Let / be a finite nonempty subset of natural numbers.
A partition  of [ is a collection of disjoint nonempty subsets of / whose union
is /. In particular, {/} is a partition of /. Let IT(I) be the set of all partitions of /.
Given a natural number n and coefficients w7 for all I of cardinality |/| < n, define
coefficients «; for all finite subsets J with |J| < n to be the unique solution of the
system of equations

wr= Yy []xs- (13.2.9)

well(l) Jer

where there is one equation for each I with || < n. To show that this system has a
unique solution, rewrite it as

kr=pr— . ]« (13.2.10)

rell(D\{I} Jer

For any finite 7, this defines k7 in terms of +; and recursively in terms of x 7, where
J runs over proper subsets of /. Thus we obtain a formula for «; in terms of w;
by inserting the recursion into itself. Since J is a proper subset of I, the recursion
terminates after a finite number of steps determined by the cardinality |/|. For I =
{i} the recursion reduces to «(;; = () because {/} has no proper subsets and empty
sums are by definition zero. By induction on |/|, the coefficient «; is a finite sum of
finite products of wu; with |J| < |I|. Conversely, given «; for |J| < n the formula
(13.2.9) constructs wj for |I]| < n.

We assume the existence of exponential moments as required by the definition of
cumulants in (2.2.1), and set u; = E(A;, - -+ A;,) forall I = {iy, ..., i,}. We claim
that «;,... i, = E(A;;---; A;,). This claim proves the desired result. In particular,
the cumulant of order n exists precisely when expectations up to order n exist.

To prove the claim, for arbitrary I = {iy, ..., i,} let

a}’l
o = ,
3t,'l - 0t
and define f7 by fi(tj,, ..., 1;,) = logE(e A1+ Tindin) By the chain rule and
induction on ||,

316f1= Z najfj ef’.

well(l) Jerm

Set t;,...,t, = 0. By the definition of f;, the left-hand side is u; =
E(A;, ---A;,). By comparing the above equation with (13.2.9), and noting that
el =1 at tiy, ..., ti, = 0, we have k; = 9; f; for all 1. By the definition of the
truncated expectation, 0; f; = E(A;;;--- ; A;,), so we have proved the claim that
E(A;; -5 A;,) = k7, as desired.
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Solution to Exercise 2.2.3 Suppose first that ¢ is Gaussian with covariance C. By
Proposition 2.1.9,

1 P g
B (eXict %) = ¢2 Zaj=t i1 Cux; (13.2.11)

By (2.2.1), the cumulants are derivatives of the right-hand side, and therefore (2.2.4)
holds, as desired.

Suppose next that forall p € Nand x1,...,x, € X,
c (p=2)
Epe: -0 =1 2 P (13.2.12)
0 (p #2).

By Exercise 2.2.2, the truncated expectations up to order n determine the expecta-
tions up to order n. Therefore all moments are the same as those of a Gaussian with
covariance C. This implies that

o0

1
> B M (13.2.13)

nO

is equal to the sum over even n (because odd Gaussian moments are zero)
and therefore converges by monotone convergence to E(e!/*#)). However, since

. . 1
the moments are Gaussian, the above sum is equal to e2:CH 1t follows that

E(e/9) = 21N, By Proposition 2.1.9, this proves that the field is Gaussian
with covariance C, and the proof is complete.

Solution to Exercise 2.2.4 Let A, B be polynomials in ¢ degree at most p. By
definition,

Fo(A, B) = e24¢ ((e724¢ A)(e"24¢ B)) — AB. (13.2.14)

We must show that

Fc(A, B) = Z Z Z Criyy - Cony o A "B

. X1, Y1 Xn»>¥n Xn a(p)’l o ‘(pyn
(13.2.15)
Define
-
Le= AC = Z Cunp, g, Lo= Y Cundydy) (13.2.16)
u veA u,veA
1 1
=, 2 Cuvdy,dy E=y 2 Cundygdyy.  (13217)

u,veN u,veEA
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Then (13.2.14) becomes

Fc(A, B) = eFetEctle (e Fe A(g')) (e FC B(g"))) AB

o'=p"=¢
=L (A(@B(@")|, = —AB,
Y =¢"=¢

(13.2.18)

and (13.2.15) follows by expanding the exponential.

13.3 Chapter 3 Exercises

Solution to Exercise 3.1.2 Two random variables X and Y are independent if
their distribution is a product measure. Provided that both random variables have
exponential moments, this is equivalent to the factorisation of the Laplace transform:

E(e' XYy = B(e'*)E(e'Y), (13.3.1)

since the distribution of (X, Y) is characterised by the Laplace transform and the
Laplace transform of independent random variables factorises.

Consider now the special case X = ¢, and ¥ = ¢y, and let Cy, = E(py¢y). By
assumption, Cyy, = 0 for x # y. The above factorisation now follows from (2.1.16),
which implies that

E(EI%H%) — ei(TZC”+s2ny+2stCXy) — eé(lzCnJrSZny) — E(e”ﬂx)E(eS‘ﬂy).
(13.3.2)

This completes the proof.

Solution to Exercise 3.2.2 If 4 is even then & * & is even since
b h(x) = / W — yh(y)dy = / h(—x + V() dy
R4 R4

_ / h(—x — y)h(—y)dy = f h(—x — y)h(y)dy = h# h(—x).
R4 R4
(13.3.3)

Since h x h = ﬁz, and since / is real because / is even, we see that & x« h > 0. Thus
the positive definiteness of 4 x h follows from the more general statement about f.
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To prove the more general statement, suppose f has non-negative Fourier
transform. Then for v € R” we have

N dk
_ _ )k CEr—xm)
;m v f (X1 = Xm) U ;m Ul U /Rdf( )e (27
A , dk
= k)Y vt > 0. 13.3.4
/Rdf() : [ve'™ | amyd = ( )

Solution to Exercise 3.2.4 The Schwartz—Paley—Wiener Theorem states that a
Schwartz distribution g on R? has support in a ball of radius R if its Fourier
transform § is entire on C¢ and satisfies the growth estimate

18(k)| < C( + kN eRIm®I (k¢ ¢ (13.3.5)

for some constants C and N. Thus it suffices to prove that the function f(|k|) =

251 f—ll f(s) cos(|k|s) ds is entire in k and obeys an estimate of the form (13.3.5).
Let. §({c) = f(|k]). The function cos(|k|s) = Z;O:o (éyln);’ (szkz)’”. isa .conlvergent
series in powers of the components k = (kq, . .., kg) and therefore is entire in k. By

Morera’s theorem, with interchange of integrals over k and s, g is indeed entire. We
will prove below that

| cos(lk)| < eMm®I, (13.3.6)

Given this, it follows, as desired, that

18 ()|

1 1,
5 I/ f(s)cos(|k|s)ds]|
T J-

IA

1o ‘
5 f|ﬂmﬂwmwscwmt (133.7)
T J

It remains only to prove (13.3.6). We use the branch of the square root with
branch cut (—oo, 0) and with positive real numbers having positive square root.
This branch of the square root is analytic on the cut plane C \ (—oo, 0). It suffices
to prove that for & in the cut plane,

|cos(\/k% o k)] < MmO (13.3.8)
Letk? +---+k3=A+BiwithA,B e R.For j =1,....d,letk; = u; +iv;
withuj, v; € R,andletu = (u1,...,uq),v = (vi,...,vq).Since cosA/A+iB =

! (ei\/A"’iB + e_i‘/A"’iB), it suffices to prove that

Imv/A +iB| < |vl. (13.3.9)
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Fig. 13.1 Tllustration of
(13.3.10)

(R+A)>+B2

We use polar coordinates to write A +iB = Re'? with 6 € (=, ) and R =
VA2 + B2. From Fig. 13.1, we see that

R|B 1 B
Imv/A +iB| =R |sin(0/2)| = VRIB| = Bl
V(R+A2+B2 V2J/R+A
(13.3.10)
It therefore suffices to prove that
B2
<2v-v. (13.3.11)
R+ A
By construction,
A=u-u—v-v, B=2u-v), R>=A>+ B (13.3.12)

Thus (13.3.11) is equivalent to B> — 2v?A < 2v%R, which is implied by (B> —
2v2A)2 < 4(v2)2R2. The latter is equivalent to B? —4v%A < 4(v2)2, which in turn
is equivalent to 4(u - v)2 — 4v2(u2 — v2) < 4(v2)2. This last inequality follows from
the Cauchy—Schwarz inequality |u - v| < |u||v|. This proves (13.3.8) and completes
the proof.

Solution to Exercise 3.3.4 For p € Z,

2 2
ft*(x) cos(px)dx = Z/ fxt — Znnt)eil’x dx
0 0

nez
= fo b f(xn)eP* dx = 1f(p/r>,

and then (3.3.25) follows by Fourier series inversion for the even periodic func-
tion f*.
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Solution to Exercise 4.1.3 We assign a generation to each vertex in the tree as
follows: a vertex at distance k from the root has generation N — k. Thus each leaf
is at generation 0, a vertex adjacent to a leaf has generation 1, and the root has
generation N. Any edge in the tree joins two vertices at subsequent generations
j — l and j (say), and we say this edge has generation j. Given j € {1,..., N},
we assign to each edge at generation j an independent Gaussian random variable ¢
with a covariance C ;. Random variables from different generations are independent.
A leaf corresponds to a point x € Ay. Then we set ¢, = ¢1 + - -- + ¢w.

Solution to Exercise 4.1.6 We first show that the range of Q; is X;. Let ¢ € 0?
and let x € B for some j-block B. Then

(Qjo)x = Z OQjixypy = Z Lidj(/)y, (13.4.1)

yeA yeB

and since the right-hand side is the same for every x € B, we see that Q¢ € X;.
Also, if ¢ € X, so that for all x € B we have ¢, = cp for some constant cp, the
above calculation gives (Qj@)x = cp, so Qj¢ = ¢. This proves that the range of
Qj is Xj .

Next we show that the range of P; is orthogonal to X ;. Let € X, so there are
constants cp such that ¥, = cp,. Then

W, Pip) = (¥, Qj19) = (¥, Q@)

=D YED 3D V5 SIALEUSED 3 35 WAL

BeBj beBj_1(B) xeb yeb BeBj xeB yEB
= Z cp Z(py — Z cp Z(py =0. (13.4.2)
BEBJ‘ yeB BEBJ‘ yeB

Finally, we prove that the range of P; is X;_1 N X /l Clearly the range of P;
is contained in X;_1, since X;_; is the range of Q; 1 and the range of Q; is
Xj C X;_1. We have the direct sum decomposition

Xj=X;anX)e X, 1NX;y)=X;®X;1NX;), (13.4.3)
so @ € X ;_1 canbe written uniquely as ¢ = Y+n withyy € X; andn € Xj,lﬂXj-.

Then Q; 1 =¢¥ sincey € X; C Xj_1, Q¢ =vsincey € X, Qj_1n =1
sincen € Xj_1,and Q;n = 0sincen € Xj- Therefore,

Piop=0Q; v =0y +Qj-m—Qin=v—-4¥+n-0=n. (13.4.4)

This completes the proof.
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Solution to Exercise 4.1.8 By (4.1.7), (4.1.3), (4.1.2),

N
Am00=— ZLiz(jil)(Lidj _ L*d(jfl))
Jj=1

N 1—L4
1 _—d —@+2G-n _ _ '~ _ p—d+2)N
=—-(1-1L )2 I:L = 1—L—(d+2)(1 L ).
]:

(13.4.5)

Also, for x # 0,

N
Apox ==Y L2V D@01 o5 — L7152
j=1

N N
—— Y L0V O LY 20D )

J=ix+1 J=Jx

N
=—(1- Lid) Z L~@D0G=D 4y 27 —d+D)jq
J=ixt+l
e A TESY —d+2)N 2, —(d+2)j

=o't oL )+ L7L '

L> -1 . 1—L7
— —(d+2) jx —(d+2)N
=_ Li(d“)L + | — Lf(d+2)L . (13.4.6)
For x # 0, let nj be the cardinality of {x : j, = k}, namely n = L4 — L4¢=D =
L% (1 — L=9). Then

-1 ¢
S Ao = e S Ldk(1 — L2k
x7£0 a k=1
LaN —qy 1T L™ N
1 — L—d+2)
-1 N N =L 4
— N _ - )N
T 11— LW+ =L+ 1)1 — L—(d+2)L
—d —d
_ =L =L

T 1o L@+ ] [—@+2)
— Ao (13.4.7)
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A random walk with infinitesimal generator Q takes steps from a site x at rate
—Qx x, and when the step is taken it is a step to y with probability —Qy /Oy x.
Here Q = Ap n as in (4.1.8). The random walk can make a step to any site, and
the probability to step from x to y decays with a factor L~ +2Jx-y where Jx—y 18
the smallest scale such that x and y are in the same block at that scale.

Solution to Exercise 4.1.10 By (4.1.15), C = ZN_I Cj + Cg- By (4.1.10) and

(4.1.16) we have ), Cj.or = 0, and by (4.1.10) and 4.1. 2) we have > Cx
-2

NOx
m

Solution to Exercise 4.1.11 Let M; = (1 + m2L%)~1 Then

@ _ (Lf(d72)ij)2 (Ldj(l — L2 4 (LAU+D _ Ldj)(_Lfd)2>

=L Y ViMia - L. (13.4.8)

3 _ (L—(d—Z)ij)3 (Ldj(l — L3 4 (LaU+D _ Ldj)(_L—d)3>

— L_(Zd—f’)/M;.’(l — 3L~ 42172, (13.4.9)

P = @ DiMy* (L = L7 4 @A) - LA (L))
=L iyt (1 -4~ p oL~ 473 4 LM (1 - 1HL)
= LGOIyt (1 — 4L~y 6L7 —3L7%), (13.4.10)

Solution to Exercise 4.1.12 The infinite-volume hierarchical bubble diagram is
given by

2
00
B,I,;IZZZ ch-'rl;()x(mz)
X Jj=0
=2 ) D CistoxCryr; OX+ZZCJ+1 02 (13.4.11)
0<j<k x j=0 x

with the sum over all x € Z¢. The sum over x in the first sum on the right-hand side

is zero by (4.1.11). The second sum is Z o€ ;2), as required.
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By Exercise 4.1.11,

e S LéD
]X:(:)Cj = (=& )]2:(:) (1 + L2im2)2’ (13.4.12)

which converges for d > 4. For d < 4, the above is asymptotically (1 — L™¢) times
(use change of variables y = L% followed byz = ymz)

0o g @—d)x 1 o yE@-d2 g,
2, 202d% = 242
o (I14+L“*m?) logL Ji (14+ym?)*y
_ dd 1 /oo Z(4—d)/2 dZ

. 13.4.13
logL J,2 (1+2)? z ( )

The desired asymptotic behaviour then follows from the fact that the integral

converges with lower limit zero if d < 4, whereas it diverges logarithmically if
d=4.

Solution to Exercise 4.1.13

(i) By definition,

N N
Cm*) =) "yiPi+m20n =) yj(Qj-1— Q) +m >0y

j=1 j=1
N—1
— 100+ Y i1 —yNQ + 2 —yOn. (134.14)
j=1

(ii) The coalescence scale j, is the smallest j such that By = By. Since 0 is at the
corner of By by Definition 4.1.1, L* ™! < |x|s < L’x. Inparticular, L/* < |x|,
and also log; |x|eo < jx <log; [X|oo + 150 jy =log; |x|+ O(1). We use the
fact thatif j > jy, then Qj.0x = L9 and otherwise is it zero.

For d > 2, we are interested in the limit as N — oo and then m? J 0 of
(13.4.14). We take the limit of the right-hand side and obtain

o0
lim lim Cox(m?) = lim (yip1 — yj)) L™
lim lim_Co, mno]; Vit = Vi

o o0
— Z(sz _ L2(j—1))L—dj =(1- L—Z) Z L—d=2j
J=Jx J=Jx

= [~@Dix o |y |~@-D), (13.4.15)
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For d < 2, we have instead

Jx—1

llTO lim (Cox (m?) — Coo(m?)) = — llm Z()’/H vi)L™ 4
m *)

o0
Z (L2j _ L2(j*1))L*dj
j:jx_l
=1
=—(1-L"%) L&D (134.16)

For d = 1, the right-hand side is =< — L) < —|x|, whereas for d = 2 it is equal
to—(1 = L7 (jx — 1) = —(1 — L™2)log; |x| + O(1).

Solution to Exercise 4.3.1 By evaluation of the derivative, we see that

D*Zn(0; 1, 1) = Y Eclpip,Zo(9) = 1Al Y Ec(pgei Zo(@)),
X, yeA xXeA

(13.4.17)

which proves the first equality of (4.3.8). We may also compute the above derivative
using the identity (4.3.6), which states that

Sn(f) = e2FCN B0 Z0)(CS). (13.4.18)

In this way, since C1 = (m’2, 0,...,0)1 by Exercise 4.1.10, we obtain
2 1 1 2
D*Yy(0; 1, 1) = L[AIZNO)+ ,D7Zy(0; 1, 1). (13.4.19)
m m
For example, the factor m 2| A| in the first term on the right-hand side arises from

2 2
d erstLcenn — 4 2 m Al (13.4.20)
dsdt |s=t=0 dsdt |s=t=0

This proves the second equality of (4.3.8).
Solution to Exercise 4.3.2

(i) By definition,

1 D*Xy(0:1,1,1, 1)

13.4.21
x Y (@0epypn =4 . ( )
,Y,2€A
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We write A = |A|m™2,tj = sj +---ss, and uj = m~2t; (for j = 1,2,3,4).
We compute the numerator on the right-hand side using (4.3.6) with f = 11
and Cf = u1. This gives (with derivatives D/ having all j directions equal

to 1)

D*XyN(0;1,1,1,1)

d4
= e Z o (u1 1)
dsidsadszdss |
_ @ 2 ()LtZZA (ual) +m2D'Z; (u2]1)>
dsydsidss | N N
N (()\%2 T+ Z o usl) 4+ 203m 2D Z o (u31)
dszdsa | 3 N N

+m_4DZZN(u3Jl))

dS4 0

e%tﬁ%)‘(()\?’tf +33249) Z g (ua ) + 3023 + 0ym 2D Z (w3 1)

+3htam D2 Z o (ua1) + m_6D3ZA7(u4]l))

=302Z5(0) +6Aam *D*Z5(0; 1, 1) + mD*Z(0; 1, 1, 1, 1).

Therefore,

31A] 6 D*Zi(0;1,1)

Z (PoPx@y@)N = md T 6 Z4(0)

X,y,2€A

1 DY'Zy(0;1,1,1,1)

m8| Al Z(0)
Using Exercise 4.3.1, we subtract from this the quantity

1 2 D?*Z(0;1,1)
+
m*  mb|A| Z(0)

1 (D2Z40:1, 1)\
_l’_
m3| A2 Z5(0)

31Alxy =3|A|<

This gives the desired formula for it4.

(13.4.22)

(13.4.23)

(13.4.24)
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(ii) Direct calculation gives

DY~V (0:1,1,1,1) (Dze_VN(O; 1, 1))2

e~ Vv (0) e~V (0)
= [—6gn|A| +30n|AD] — 3 (—un|AD? = —6gn]Al. (13.4.25)
Therefore,
8ren,N = &N> (13.4.26)

as desired. The factor é accounts for the fact that the natural prefactor of ¢* in
this context is j! g rather than our convention }‘g.

13.5 Chapter S Exercises

Solution to Exercise 5.1.2 By Proposition 2.1.6,
EcOU = U + yAc(yglol* + jvlel) + §AZ selol*. (13.5.1)
The terms involving Aclo|? and A2C|c/)|4 produce constants. The remaining term

involves

n 2 n

2 .
Acll'=Ce )0 (0P) = > (8@)? +410P).  (1352)

i=1 i=1

which produces a |¢|? term. A complete calculation of Ec6U is given in the proof
of Lemma 5.3.6.

Solution to Exercise 5.2.7 Asin (2.1.2), we have

1 © 1,2
e 20 dx=1. (13.5.3)
\/27'[ —00
Since e’g"4 < 1 for g > 0 the first bound follows. On the other hand,
1 o0
/ et e= 2% gy = 0. (13.5.4)
«/27'[ —00

If the series (5.2.29) were to converge absolutely for some g # 0, then by dominated
convergence this also would imply the convergence of (13.5.4). Since (13.5.4) does
not converge, we conclude that neither does (5.2.29).
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Solution to Exercise 5.3.7 Since the field is constant, we drop subscripts x, y, and
for notational convenience use subscripts (rather than superscripts) for component
indices. To begin, we observe that

d
lo|* = 2¢;, (13.5.5)
i
82 2
% = 24;j, (13.5.6)
;i dg;
0
5 lpl* = 4lol*g;, (13.5.7)
Qi
ol >
= 8pip; +4 dij, 13.5.8
8(/),'3(,0/ i + 4ol 8i; ( )
VIR s+ g+ ) (13.5.9)
30109 0¢x = o\Qi0jk T QjOik T PkOij), J.
Mol
= 8(8i18jk + 818ix + Sridij). (13.5.10)

0909 ;0pkdy;

The two terms that were not computed in the proof of Lemma 5.3.6 are k|, =
1Aclpl* and k) = 3, AL|p|*. From (13.5.6), we have

r_ 1 9%l 1 1
K, = 4CZ o = ,2n = ,nc. (13.5.11)
i i
Similarly,
84 4
2""' , = 168 +8, (13.5.12)
0¢; B(pj
and hence

Ky = pAclelt = ¢ Y (168 +8)
ij

= 5 c2(16n +8n%) = jn(n +2)c*. (13.5.13)

Now we turn to the more difficult quadratic term. We first compute the sum over
y € B of (5.3.31), which is

& Fe(lol*; lol*)
+ i(g%’)2 +2gvn’ + vz)Fc(Igolz; lol?) (13.5.14)

+ i(gzn’ + gV) Fe(1ol; lol*);
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here subscripts x, y and } 5 are implicit in the notation. From (5.3.32) we obtain

Fe(lpl*; 1o = <”22¢,2¢ +, <2>Zzs,,2s,,
iJ
= 40(1)|q)|2 +2¢Pn, (13.5.15)
Fe(lgls lol*) = (”ZZ¢ 4Hel'gi + <2>Zzau<8¢,<p, + 4lpl*8))
i,Jj
= sc(1>|<p|4 +cPn + 8)|(p|2, (13.5.16)
Fellpl* lpih = | ¢V Z4I<pl il o + > " Bgip; + 4lp*8:)°

iJ

1
+ 3'c(3) Z 64(@idjk + @jdix + </)k3ij)2
T ik

1
+ 4'c(4) Z 64(8i18jk + 8j18ik + Sidij)?
T ikl

=16c¢Vg|® + 8¢@(n + 8)|g* +32¢P (n + 2) ¢
+8cPnmn +2). (13.5.17)

Substitution into (13.5.14) gives

g2 (16c(1)|(/)|6 + 8¢+ 8)p* +32¢P(n + 29 + 8cDn(n + 2))
+ i(gz(n’)2 +2gvn’ + vz) (4c’(”ls0|2 + 2c(2)n)
+ i(gzn’ + gV) (SC“)IwI4 +cP@n + 8)|</>I2)

=g%cWlp[®
+ (%gzc(z)(n +8) + 2(g2n/ + gv)c(l)) lpl*
+ (2g2c(3)(n +2)+ }‘(gzn’ + gv)c(z)(4n + 8)
+(g2) +2gvm +17)e V) g

+ (%gzc(“)n(n +2)+ é(gz(n’)2 +2gvn’ + vz)c(z)n)
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— 8g2c( 3
+4 (égzc(z)(n +38) + 2<g2n/ + gv)c(l)) 2
+2 (2g PDn+2) + ( 20 + gv)c(2>(n +2)
+ (g2(17/)2 +2gvn + v2>c(1)) T
+ (1 2e®Wnm +2) + (gz(n/)2 +2gvy + vz)c(z)n) . (13.5.18)
The variance term enters Up with factor — é, and with this factor the above becomes
— 4g2cg3
- (gzc(z) (n+8)+ 4<g2n/ + gv)c(1)> 7?
(2g P +2)+ ( '+ gv)c(z)(n +2)+ (gz(n/)2 +2gvn’ + vz)c(l)) T
= 3 (82¢“ne +2) + (8201 + 200 + 7)) (13.5.19)

According to our definitions (5.3.19)—(5.3.20) and (5.3.7)—(5.3.9) of the coefficients,
and by the identity ¢ (n + 2) = yp’, the above is equal to

4g2 1,3
_ (,B/g2 —l—s;2> )
- (éE/g2 +yB'gv + Si) T
— Kpe8% — K58V — K}, (13.5.20)

ggg vy

The 73 term is the one term that is not in the range of Loc, and hence it is equal
to W+.
13.6 Chapter 6 Exercises

Solution to Exercise 6.1.1 Lete = min{l,a/2M),1/2QA+2M)}.Let0 < gg <
€. We assume by induction that 0 < g; < €. Then

g —gjr1 =ajg; —ej = ag;(1—Ygp) > lagi, (13.6.1)
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$0 gj+1 < gj. Also, gj+1 > g;j(1 — Agj — ngz) and the second factor on the
right-hand side is greater than é, SO gj+1 > é gj- The induction is complete, the
strict monotonicity follows, as does the inequality 0 < é g < 8&j+1 < gj-

Let goo = lim, . g;, which is nonnegative. We take the limit j — oo in the
inequality
2 2 3
agj =a;jg; =8 —gj+1+tej =g —gj+1+Mg; (13.6.2)
to obtain atggO < Mggo. One solution is goo = 0. A positive solution requires
8o = a/M which is not possible because it exceeds go.

Solution to Exercise 6.1.2 Let m? > 0. For J < Jjm,

j—1 1 j—1 j—1 1
. = 1 . —1
Z (1 + L2’m2)2 Z + Z ((1 + L2’m2)2 )

i=0 i=0 i=0

J—1 dIm2L2 4 mAL4

T L 44 L2imeye
i=0
= j+ OL72Un=+), (13.6.3)
Therefore, for j > j,,
j-1 Jjm j—1
1 1 1
; (14 L%m2)? ; (14 L2m2)2 © ; (1+ L%m?)?
= (jm +O(1)) + 0(1). (13.6.4)
This proves the result for A ;.
Secondly, for large j,
80

t .
T 14 g0BYG A jm) + O(1)
_ £0 o)

1+ 20BYG A jm) 1+ 808G A jm)

= oo (13.6.5)
1+ g0By(J A Jjm)
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Finally, for the last inequality it suffices (by the previous result) to prove it for s; =

.. _ 20 . .
Linin©) = 1 L o0y 1 < Jm then
ZM =Zs,~ = 0(|logs; ), (13.6.6)
i=0

while if j > j,, then

i Jm i
Y visi=) s+ ) visi=O0(llogsj, )+ 0s;,) = O(logs; ).
= i i=jm+1
(13.6.7)

Solution to Exercise 6.1.4 By Proposition 6.1.3 it suffices to verify the claims for

the sequence ¢;. By definition, ; — fj+1 =t +18j+1, SO

tivl

1= 7" =181 = O(s0), (13.6.8)
J

which proves that ;11 = 1;(1 + O(go)).

Since Aj(mz) decreases as m? increases, tj (m?) < tj(0). This proves the first

inequality when j < j,. For j > j,, we note instead that
9 (m*)tj(m*) < 2771 (m?) < go0((1+ g0y ). (13.6.9)

For the remaining inequality, by (6.1.9) it suffices (as in the solution to
Exercise 6.1.2) to verify the inequality with #; (m?) replaced by ¢ injm(0). Let p > 1.
If j < ju then by comparison of the sum with an integral,

Zl?s Zs + Z Bisl < 0sh™ 1~|—s ') <0G 1)_0(19s" b,

i=j i=jm+1
(13.6.10)

while if j > j,, then

o0
> sl < O@;s"). (13.6.11)
i=j

Alternate Solution to Exercise 6.1.4 The following alternative solution is adapted
from [23, Lemma 2.1]. The identity (13.6.12) follows directly from the recursion
(6.1.3). The desired bounds, including the logarithmic bound for p = 1 are
corollaries. The useful identity (13.6.12) gives an alternative way to analyse the
recursion (6.1.3).
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We first show that if ¥ : Ry — R is absolutely continuous and the coefficients
aj in (6.1.3) are uniformly bounded, |a;| < A, then

8k+1

k gj g
z:(algz2 —e)v(g) = Y (1) dt + O </ 21y (1) dl) . (13.6.12)
l:j 8k+1

To prove (13.6.12), we apply (6.1.3) to obtain

k k
> (gl —env(g) =Y v(en(gr — gi1)- (13.6.13)

I=j I=j

We wish to replace the Riemann sum on the right-hand side by the corresponding
integral. For this we use

81 81 81

v(t)dt ~|—/ V' (s)ds dt, (13.6.14)

8l+1 J1

V(g (g — givr1) = /

8i+1

which follows by applying the fundamental theorem of calculus to the last term.
After inserting this into (13.6.13) we have

k gj ko ra ps
> (gl —env(g) =/ w(t) dt+Z/ / W (s)dids,  (13.6.15)
g

I=j 8k+1 I=j 8i+1 Y 8l+1

where we have inverted the order of integration. Upon evaluating the ¢ integral we
obtain a factor s — g/ 1 so (13.6.12) holds if |s — g/ 1| = O(s?). This is proved as
follows: by (6.1.1) and g; < go, for s in the domain of integration we have

Is — g1l < gt — gi41] = larlg? < (1+ O@o)larlgh, < O(s%),  (13.6.16)

where we used the hypothesis |a;| < A. This concludes the proof of (13.6.12).
Direct evaluation of the integrals in (13.6.12) with ¥ (t) = P2 and q; = B
gives

k

-2
> (Bigl — el gl < Cp
I=j

I =1
!' ogsrl P (13.6.17)

p—1

i p> 1.

We only deduce (6.1.17), as the proof of (6.1.18) is similar. Suppose first that j <
jm-Then I = O(B;) and |e;| < M; g}, therefore

k Jm k
Y tigl <> O0Bigl —egl )+ Y 27Tl (13.6.18)
I=j I=j I=jm+1



260 13 Appendix B: Solutions to Exercises

By (13.6.17), the first term is bounded by O (gjl.7 71). The second term (which is only
present when j,, < 00) obeys the same bound using monotonicity of g; in j. This
proves (6.1.17) for the case j < j,. On the other hand, if j > j,, then again using
the exponential decay of ¥%; and g;4+1 < g;, we obtain

k
> gl < Cvjgl < Cgoﬁjgf‘l. (13.6.19)
I=j
This completes the proof of (6.1.17).

Remark 13.6.1 By choosing ¥ (r) = t72, j = 0 and replacing k by k — 1 in
(13.6.12) we obtain

k—1

_ 11
da—eagH = —  +0(loggl). (13.6.20)
=0 8k 80

Leta; = B;. Recall from (6.1.6) that Ay = Z;:ol B; and insert |¢;| < Mlgl3 to obtain

k—1 1 1
Av=0 > )= - +0(loggb. (13.6.21)
=0 8k 80

Solving for g leads to (6.1.11).

Solution to Exercise 6.1.5 By Proposition 6.1.3 it suffices to verify the claim for
the sequence ¢;. Let m? > 0. Let tj = tj (m2) and fj =t (n~12), and similarly for
Aj, Aj. By the definition (6.1.6),

j—1 2 =Ny 2i 4 ~A\rdi
- . - 2(m* —m~)L* 4+ (m™ —m™)L
P — .7 (A AN —¢.7.R0

tj tj —l]l](A] A])—tjt]/g()z (1—|—n712L2i)2(1~|—m2L2i)2

i=0
(13.6.22)

For case m2 = 0, the condition m? € I j(0) implies that m2L% < 1 so the sum
is roughly geometric, dominated by its largest term, and therefore of order one.
Similarly, for case m? > 0 the condition m? € I | (m?) implies that m?> = O (n?)
and now the terms in the sum such that L? 7> > 1 are negligible and again the sum
is of order one. Therefore in both cases t; — 7; = O(tjij) = 0(512.) as desired.

Solution to Exercise 6.2.6 The desired conclusion is obtained by applying the
following lemma, which is [21, Lemma 4.3], to u(¢) = (Bx (v + 1))~ In fact,
(13.6.23) is the hypothesis (6.2.33), and (13.6.24) is the conclusion (6.2.34).
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Lemma Let y € R and 6 > 0. Suppose that u : [0,5) — [0, 00) is continuous,
differentiable on (0, §8), that u(0) = 0 and u(t) > 0 fort > 0, and that

u'(t) = (—logu(®)) ™ (14+o0(1)) (ast | 0). (13.6.23)
Then

u() =t(=logt)y V(1 +o0(1)) (ast | 0). (13.6.24)
Proof By hypothesis,
1 1
/ u'(t)(—logu(t))Y dt = / (1+4+o0(1))dt =t(140(1)). (13.6.25)
0 0

Since u(r) > 0 implies that u'(r) > 0 for small z, we see that u is monotone. By a
change of variables, followed by integration by parts,

t u(t)
/ u'(t)(—logu(t)) dt = / (—logv)Y dv
0 0

= u(t)(—logu(n)” (1 + O((—logu())™h).
(13.6.26)

Since the above two right-hand sides are equal,
u@)(—logu®))” =t(1+ o(1)). (13.6.27)
Let f(x) = x(—logx)Y and g(y) = y(—logy)~". Then f and g are approximate

inverses in the sense that f(g(y)) = y(1 + o(1)). Thus u(t) = t(—logt)"V (1 +
0(1)). This completes the proof. |

13.7 Chapter 7 Exercises

Solution to Exercise 7.1.4 There is no dependence on ) so we work with the T-
seminorm. By Example 7.1.1, for p <k,

= (k= p)! b

and F(P) is zero if p > k. We insert this bound into Definition 7.1.2 and obtain

k k*p k
1F 7y < ||M||zlz<p><|(g|> M5, (1+ "g") L 372

p<k

k! k=p
IFP (@) < M|z, ("”') : (13.7.1)

This proves (7.1.15).
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To prove [[(¢ - )P, < (lp| + h)2?, by the product property Lemma 7.1.3 it
suffices to consider the case p = 1. For this we apply (13.7.2) with F = ¢ - ¢
and M (¢, V) = ¢ - . By the definition (7.1.1) and the Cauchy-Schwarz inequality
lo-w| < lgll¥], wehave | M| z, < b?. Therefore, by (13.7.2), llg-¢lz, < (Ip|+h)*
as desired.

For the last part, which is [[(¢ - ¢)(¢ - @)’ ll7, < [¢](l@] + h)2PH1 | the product
property and the previous estimate reduce the desired bound to [[(¢ - @)1, <

[Z1(]¢| + b). This follows easily from (13.7.2) and the Cauchy-Schwarz inequality.

Solution to Exercise 7.5.2 This is an immediate corollary of Lemma 7.5.1, since
F = Tay; F and hence

IFlz,, = ITay,Fliz,, < IFln, PL@). (13.7.3)

Solution to Exercise 7.6.2 By Taylor’s Theorem, U (9+x)=_ <4 LU@ (g
and hence, since U@ = V@ for || > 1,

1
EQ(OU(B)—U(B)):Z Z a'V(“)((p)EC+§f‘. (13.7.4)

xeBl1<|a|<4

Therefore, by (7.6.5) and Exercise 2.1.7, and since b > ¢,

IEc, (0U(B) = U(B))l7, 009 < O1) > b7V (B)lIg,, Py ()l
lor|€{2,4}

C+

2
h) IV Bz, Py(e).  (13.7.5)

=0 (

as required.

13.8 Chapter 8 Exercises

Solution to Exercise 8.1.1 By the definition of U and completing the square,
Up) = gelol* + gglol* +v3lof* +u
2 2
= sglol* + 48 (Isz)l2 + 2;) — &8 (2;) +u

2

2
selol* = kg (%) +u=Lelol* = 1% +u. (138.1)

v
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The bounds on coupling constants due to U € D (defined in (8.1.8)) imply that

— 3wz = IRLTY — kL > 3L (13.8.2)
since ko < 1. Combining this with the previous bound and using g > kog gives the
desired bound,

U(p) = gkoglel* — 3k3L™Y, (13.8.3)

which, by the definition (8.1.7) of & is equivalent to the first inequality in (8.1.10).

Solution to Exercise 8.2.2 Let

Ugx) = 18(@x - 92)° + hvx - @ + 1. (13.8.4)

We write ¢ = ¢y, because ¢y is constant in the block that contains x. By Defini-
tion 7.1.2, the Tp-seminorm equals the sum of the seminorms of the monomials in
F, because they have different degrees. Applying the definition of the norm to the
monomial ig((p - )2, we have

13800 - ) Inon) = sup j.4 D 16iy - Girlldis - G, (13.8.5)

i1,.sig

where the supremum is over unit norm directions @i, ¢2, @3, ¢4, and i1, ..., i4 is
summed over permutations of 1,2, 3, 4. Note that the sum is normalised by j!.
By (7.1.7), unit norm in the space X means that the Euclidean norm is |¢;| = b.
Therefore

148 - @) limye) < 4gh’. (13.8.6)

This upper bound is actually equality because the right-hand side is also a lower
bound on the supremum by testing the case where ¢1, ¢2, ¢3, ¢4 all equal. By a
similar easier argument we find that the norm of évrp - 18 é |v|h? and obtain

IUx 7o) = 41g1b* + 51016 + [ul, (13.8.7)

as desired. Since derivatives are taken in directions ¢ that are constant on the block
b the norm of U (b) is |b| = L% times as large and (8.2.5) immediately follows
from (8.1.4).
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13.9 Chapter 9 Exercises

Solution to Exercise 9.4.2 We consider some examples; higher-order and mixed
derivatives can be handled similarly.

Let Q(b) = Loc(eV® K), and note that Dx Q(K; K) = Q since Loc is linear.
Recall from (9.1.5) that

RY(B) = —Ec,0Q(B) + Cov(8(V(B) — ) Q(B)), 6 O(B)). (13.9.1)
Since Cov is bilinear, differentiation gives

DgRY(B; K) = —E40Q + Cov,(8(V — Q),0Q(B)), (13.9.2)

D% RY(B; K, K) = —Cov4 (00,0 0(B)), (13.9.3)

and higher-order K -derivatives are zero. Similarly,

DyRY(B: V) = —E, 0V Q(B) + Cov,.(0V (1 — ) Q(B)), 0 Q(B))
+ Cov,(0(V(B) — 1 Q(B)), 0V (B)Q(B)). (13.9.4)

It is now straightforward to estimate the derivatives. For example,

IDk RY(B; K|+ < 1Q(B)|l+ + O V(B) — QB[+ Q(B) |+
< O(IIK), (13.9.5)

which gives an O (1) bound for Dg RK. Similarly, we obtain an O (|| K ||) bound for
Dy RH from the fact that each term on the right-hand side of (13.9.4) contains a
factor Q.

13.10 Chapter 11 Exercises

Solution to Exercise 11.1.2 There are d" n-step walks that take steps only in
positive coordinate directions, and such walks are self-avoiding. Also, every walk
that avoids reversing its previous step is self-avoiding, and there are (2d)(2d —1)"~!
such n-step walks. Therefore d" < ¢, < (2d)(2d — 1)1, and the result follows.

Solution to Exercise 11.2.1 We denote the right-hand side of (11.2.1) by Wy, and

write ry = 5 Jlrv . The condition on V guarantees that W, converges, since
X X

o] =1

o0
1 _
Wol =1 D2 iy [T mibriva| =30 maxrefo, (13.10.1)
n=0

weW*(x,y) i=0
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and the sum on the right-hand side converges because |7, Bx| < B¢/(Bx +¢) < 1,
and hence the maximum is strictly less than 1 since there are finitely many points x
in A.

We extract the term with |w| = 0, and condition on the first step for the remaining
terms, to get

Wiy = ridey + Y 1B Way. (13.10.2)
U#x

This can be rearranged to give

AgW ! Wyy =46 13.10.3
(- B )xy"‘ r _Z,Bxu xy = Oxy, (13.10.3)

* U#x
which is the same as
(=Ag + VIW)yy = byxy. (13.10.4)

Therefore W = (—Ag + V)~!. The special case follows from the fact that the first
product in (11.2.1) then selects the nearest-neighbour walks, and 8, = 2d for all x.

Solution to Exercise 11.3.3

(i) This is taken from [55, Lemma 2.1], and involves steps used in the proof of
Lemma 11.3.2. Let M = |A|. Consider first the case where A is Hermitian.
Then there is a unitary matrix U and a diagonal matrix D such that A =
U~'DU, so pAp = wDw withw = U, and

L 11‘-4[ 1/00 REIE 11‘—4[1 1
= e VT duvdv = = .
QriyM “¢ Az ) )T T deta
(13.10.5)

For the general case, we write A(z) = G + izH with G = %(A + A®),
H = 211 (A — A*) and z = 1. Since ¢(iH)q_5 is imaginary, when G is positive
definite the integral in (11.3.18) converges and defines an analytic function
of z in a neighborhood of the real axis. For z small and purely imaginary,
A(z) is Hermitian and positive definite, and hence (11.3.18) holds in this case.
Since (det A(z)) " 'is a meromorphic function of z, (11.3.18) follows from the
uniqueness of analytic extension.
(i1)) We expand the exponential and obtain

M

. _1)" 1M
e VAV Z ( nl‘) (vAY)" = ( A}I)' (1//A1/_/)M + (forms of degree < 2M).
i !

(13.10.6)
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Only the forms of top degree (2M) contribute to the integral. In the following,
for simplicity we drop the symbol A for the wedge product. By definition,

YAY =3 Ux(A¥)x = Y, | Axy¥x ¥y, and hence

’»”A’»” Z Z Axiyr = Axyyu wﬂ&yl Yy lpYM

X1,)1 AM>YM

Z Z Agyo () = Agno Y Yo (1) - -

UESM O'ESM

= M! Z Ato(ty - Ao ¥1¥s 1y - Y Vo)

oeSy

=M! ) sgn(0) Aoy Amoon Y1 -+

oeSy

Yy Vo ()

(13.10.7)

In the above the second equality follows from the fact that any product with two
identical i factors vanishes, the third follows by rearranging ¥y pairs (which
does not introduce signs), and the fourth follows by reordering the ¢ factors.

This proves that (IpAlﬁ)M = (—DMM! (detA) Yy ---
degree part of e V4V is equal to (det A) Y1y - - - Ypr Y. Finally,

/e_SA = (detA)/e_‘pAd;lﬁllﬁl YV,

and the right-hand side is 1 by (11.3.18).
Solution to Exercise 11.3.4 By Exercise 11.3.3,

/e*SAf = Jrom fe 4% dgdg
fRzM e=9A9 d$d¢ .

By the symmetry of A,
PAP 1( Au) + 1( Av)
= _(u, Au v, Av),
2 2
SO

1 1
— 5 (u,Au)+, (v,Av)
e 2 2 du dv
/efsAf — f]RZM ! 1 1
fRZM efz(u,Au)+2(U,Av) du dv

=Ecf.

V¥ and the top

(13.10.8)

(13.10.9)

(13.10.10)

(13.10.11)
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This proves (11.3.21), and (11.3.22) then follows from

- 1
/673A¢x y = IEC2 (txvy + vevy — iucvy + iviuy)

1
=, (Cxy + Cxy — 04 0) = Cx,. (13.10.12)
Solution to Exercise 11.3.8 It follows from the Cauchy—Schwarz inequality that
T =3 caLrx < (A|I(T))!/? and hence

o0
G (g.v) < / e=8T/1ANI=T 4T < 00 forallv € R. (13.10.13)
0

Solution to Exercise 11.3.10 By linearity of both sides, we may assume that K
is a p-form. It follows from the definition of the super-expectation that both sides
vanish unless K contains the same number of factors of ¥ and . We can therefore

assume that K = f(¢,<z_5)1ﬁxl¢y1 ""ﬁxplﬁy,,- Then

1Al W

GeKe Sh = =495 f Z - AN T Yy, - D, Wy, (13.10.14)
N=0

N!

Since only the top-degree part of this form contributes to its integral,

/&xKe*SA = Th 11,y ECO f (13.10.15)

for some constants Ta x,,y,,..., xp,yp DOt depending on the function f. Therefore, by
standard Gaussian integration by parts (Exercise 2.1.3),

o 9
/¢x1<e A= T iy ZCXyEC(a;; ) (13.10.16)
Yy

yeA

Since the constants Tz x,,y, XpoYp do not depend on f, it is also the case that

.....

0K g, of
= Ta iy E ( . 13.10.17
/a¢y€ AX1,Y15000,Xp, Yp i€ a¢y) ( )

Insertion of (13.10.17) into (13.10.16) gives

i K
/¢xKe*SA = Zcxy/ 9 e 3, (13.10.18)
Yy

yeA

as claimed.
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Solution to Exercise 11.3.12 Let C be the identity matrix and set

ny(ﬂ)=Ec(¢3x¢y ]_[ (1+2ﬂuvruv)). (13.10.19)

{u,v}eE

Then G, (pB) is the right-hand side of (11.3.42). By Gaussian integration by parts
(11.3.35),

Gy (B) = b Ec( [T +2B0m)) + Ec(cpy ﬂ (1 +2Bu7)).

{u,v} {u,v}

(13.10.20)

The first term involves the expectation of a function of (t,,) which evaluates to
1 by the localisation theorem (11.4.12). Given x, w € A, let ,B(xw) Buy for

{u, v} # {x, w} and B = BUY) = 0. The second expectation is
Ec <¢y Iy 1_[ 1+ 2,3uvfuv)>

{u,v}
- Z ‘waEC <¢w¢y l_[ (1 + ZIB(XW)TMU)) = Z :waGwy(,B(xw)).

weA {u,v} weA

(13.10.21)

Thus we have shown that

Gry(B) =81y + Y BewGuy(B™). (13.10.22)

weA

This recursion characterises the weighted two-point function ZweT(x, y) B appear-
ing on the left-hand side of (11.3.42).

Solution to Exercise 11.4.3 Suppose first that K is a collection of zero forms.
Then

J
QF(K)zZ[wxag(;K)+' aF(K)] Z (K)Z[wx 1.0 }

xeA j=1 xeA x 8¢X
(13.10.23)

where the second equality follows from the chain rule for zero-forms. The right-
hand side is Zj F;j(K)QK, so this proves (11.4.11) for zero-forms and we may
assume now that K is higher degree.
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Let €; be the multi-index that has jth component 1 and all other components 0.
Let KO = (K?)jej denote the zero-degree part of K. By (11.3.11), the fact that O
is an anti-derivation, and the chain rule applied to zero-forms,

1 1
QF(K) =3} [QFKIK —K)"+3  FOK)QIK - K]

o

J
=3 LY e (k00K K — KO
o

j=1

1
+ Z FOKMY0o1K — K99). (13.10.24)
o!
o
Since Q is an anti-derivation,

J
0K — K% = Zaj (K — K%*“/[QK; — QK?]. (13.10.25)
j=1

The first term on the right-hand side of (13.10.24) is cancelled by the contribution to
the second term of (13.10.24) due to the second term of (13.10.25). The remaining
contribution to the second term of (13.10.24) due to the first term of (13.10.25) then
gives

J J
1
QF(K)=)" (§ 1 PO KD (K = KO)“J') QK; =) Fj(K)QK;

j=1 o j=1

(13.10.26)

as required.
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