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Abstract

This thesis explores two aspects of the renormalization group (RG) in quantum field theory
(QFT).

In the first part we study the structure of RG flows in general Poincaré-invariant, unitary
QFTs, and in particular the irreversibility properties and the relation between scale and
conformal invariance. Within the formalism of the local Callan—-Symanzik equation, we derive
a series of results in four and six-dimensional QFTs. Specifically, in the four dimensional case
we revisit and complete existing proofs of the a-theorem and of the equivalence between scale
and conformal invariance in perturbation theory. We then present an original derivation of
similar results in six-dimensional QF Ts.

In the second part we present the Hamiltonian Truncation method and study its applicability
to the numerical solution of non-perturbative RG flows. We test the method in the A¢* model
in two dimensions and show how it can be used to make quantitative predictions for the
low-energy observables. In particular, we calculate the numerical spectrum and estimate the
critical coupling at which the theory becomes conformal. We also compare our results to
previous estimates. The main original ingredient of our analysis is an analytic renormalization
procedure used to improve the numerical convergence.

We then adapt the method in order to treat the strongly-coupled regime of the model where
the Zo symmetry is spontaneously broken. We reproduce perturbative and non-perturbative
observables and compare our results with analytical predictions.

This thesis is based on the results presented in Refs. [1, 2, 3, 4].

Keywords: Quantum field theory, Renormalization group, a-theorem, Weyl anomaly, local

Callan—Symanzik equation, Hamiltonian truncation
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Riassunto

In questa tesi si esaminano due aspetti del gruppo di rinormalizzazione in teoria quantistica
di campo (QFT).

Nella prima parte si studia la struttura dei flussi di rinormalizzazione in generiche teorie
di campo unitarie e invarianti di Poincaré, e nello specifico le proprieta di irreversibilita
e la relazione tra invarianza di scala e conforme. Usando il formalismo dell’equazione di
Callan—Symanzik locale, si derivano una serie di risultati sulle teorie quantistiche di campo
in quattro e in sei dimensioni. In particolare, nel caso quadridimensionale si riesaminano e
completano delle dimostrazioni esistenti del teorema “a” e dell’equivalenza tra invarianza di
scala e conforme. Infine, viene presentata una dimostrazione originale di risultati analoghi in
teorie di campo quantistiche in sei dimensioni.

Nella seconda parte viene introdotto il metodo di Troncamento Hamiltoniano, e si studia la
sua applicabilita alla soluzione numerica di flussi di rinormalizzazione fortemente accoppiati.
Il metodo viene testato sul modello A¢* in due dimensioni e si dimostra la sua capacita di
fare predizioni accurate per le osservabili di bassa energia. In particolare, si calcola lo spettro
numerico e viene stimato l'accoppiamento critico tale che la teoria diventa conforme. Inoltre,
i risultati numerici ottenuti vengono confrontati con stime precedenti. La novita principale
della nostra analisi consiste in una procedura di rinormalizzazione analitica, che permette di
migliorare la convergenza numerica.

Infine, si adatta il metodo allo studio del regime fortemente accoppiato dello modello A¢?,
dove la simmetria Zs € rotta spontaneamente. Vengono riprodotte osservabili perturbative e
non perturbative, che si confrontano con predizioni analitiche.

Questa tesi si basa sui risultati ottenuti in [1, 2, 3, 4].

Parole chiavi: Teoria quantistica di campo, Gruppo di rinormalizzazione, teorema “a”,

anomalia di Weyl, equazione di Callan—Symanzik locale, Troncamento Hamiltoniano
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Introduction

Quantum field theory (QFT) is a framework describing a plethora of physical systems, ranging

from statistical mechanics and condensed matter physics to particle physics.

Typically, these contain an infinite or very large number of degrees of freedom. A simple
example is provided by the scalar theory with Zs symmetry in d dimensions, whose dynamics

is described by a Lagrangian for a field ¢,
1
L= 50,00"0 + Xod” + Mo + Xe" + ..., (1)

where the dots denote an infinite series of terms with increasing powers of ¢ and/or its
derivatives 0,,¢. This theory is used to model, among others, ferromagnets near the Curie
temperature and fluctuations of the Higgs field in the Standard Model (SM) of particle physics.
The field ¢ can fluctuate over a wide range of energy scales, from the ultraviolet (UV) cutoff
A (such as the Planck mass in the SM) down to the infrared (IR) observable scales. Therefore,
it would seem not feasible to make predictions using QFT, as there are an infinite number of

coupled degrees of freedom.

This difficulty can be tackled via the renormalization group (RG) approach.! The RG
originates from the fact that the effect of high-energy degrees of freedom on low-energy
observables can be accounted for by an effective theory. Concretely, from (1) one can write
an effective Lagrangian only for the field modes ¢’ with momenta k < A’, after the modes

with momenta A’ < k < A are integrated out in the path integral,
1
Legr=5 @' + Aa(A)§? + Aa(N) g™ + A6 (N)p" + ...,

where the “running” couplings \,, depend on the cutoff A’. The evolution of the running

couplings with the cutoff is called RG flow.

A particularly interesting case is encountered when %/\n(A) = 0, i.e. when the running
couplings are constant. In this case, the theory sits at a scale-invariant fixed point, where
the observables are independent of the momentum scale and fluctuations are correlated at

any distance.? This scenario is relevant for systems close to phase transitions, such as water

!See [5] for a classic review on the renormalization group.
2See [6] for a pedagogic exposition on the renormalization group approach to critical phenomena.
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Y

Figure 1: Example of RG flows in the abstract space of coupling constants A. The solid
trajectory starts close the original fixed point and ends towards another infrared fixed point.
The dashed trajectory instead goes to a gapped phase.

at the liquid-vapor critical point. As it turns out, in most cases of interest, scale invariance
at the fixed points is enhanced to a larger symmetry represented by the conformal group.?
We will henceforth assume that the fixed points are described by conformally invariant field
theories (CFTs). [7]

In this thesis we will be concerned with deformations of CFTs. The general problem we are
interested in is the following. What can we say about the RG flow and the low-energy phase
of a QFT, based on its microscopic description? As an example, in the UV, QCD is a theory
of weakly-interacting quarks and gluons, whose parameters are known from measurements
performed at high-energy experiments. However, at energies of order Aqcp ~ 1GeV the
physics changes completely and in the IR we have an effective description in terms of pions and

hadrons. Is it possible to match quantitatively the low-energy and high-energy observables?

Formally, the general framework we will be working with entails a UV CFT, whose dynamics
is usually encoded in a conformally invariant action Scpr, deformed by a set of local scalar

operators Oy,
S = Scrr + /ddx)\lol(l"),

which at large distances can drive the system away from the original fixed point, towards

another fixed point or to a gapped phase. This situation is illustrated pictorially in figure 1.

We would like to stress that in this setup, the UV CFT need not necessarily be a fundamental
description of the system under study up to arbitrarily high energy. Whenever there is a large
separation of mass scales in a theory, say A1 < Ao, at intermediate energies A} < E < Ag
the system is approximately scale-invariant. For instance, in a model of particle physics, Ag
can be the mass of a weakly-interacting heavy particle, while A; can represent the mass of

another light particle or a non-perturbatively generated scale, such as Aqcp.

It is in general difficult to solve renormalization group flows exactly. However, when the

3This important aspect will be discussed in more depth in Part I of this thesis.



dynamics is weakly-coupled, it is possible to solve perturbatively for the running couplings,
d
AN =T,
dA g

where the ! are expressed as a power expansion in the A!. This is the situation we will

mostly consider in Part I of this thesis.

On the contrary, if the interactions are strong, a perturbative approach is not available and it
is sometimes necessary to resort to non-analytic, numerical methods to predict the IR physics
from the UV data. The lattice Monte Carlo method [8] has set the standard for numerical
approaches to QFT in the last decades. However, it has some drawbacks as it is affected by
statistical errors and requires a significant amount of computational resources. In Part II of

this thesis we will explore an alternative approach to solve the RG flow of QFTs numerically.

I. The structure of RG flows

In the first part we study model-independent properties of RG flows which apply to a broad
class of theories, given by Poincaré-invariant QFTs in even space-time dimensions. One of the
questions we want to address is under what conditions the scale invariance at the fixed point is
enhanced to full conformal invariance. Additionally, we are interested in studying monotonicity
constraints on the RG flow. In particular an important results, named “a-theorem”, states
that there exists a function of the energy scale which decreases monotonically along the RG

flow from the UV to the IR, and which is unambiguously defined at the fixed points.

We refer the reader to Chapter 1 for a more detailed and technical introduction to the subject.

There, we also review a series of exact results in two space-time dimensions.

In Chapters 2,3,4 we will discuss renormalization in curved space time, using the formalism
of the local Callan—Symanzik equation, with the goal to derive constraints on RG flows in

higher dimensions.

Some important definitions and auxiliary results are contained in appendices A, B.

II. Exact diagonalization methods

In Part IT we explore the Hamiltonian Truncation (HT) method, a representative of exact
diagonalization techniques in QFT, which can be used to solve numerically strongly-coupled

RG flows in any dimensions.

The HT method can be considered as a generalization of the Rayleigh—-Ritz method in quantum

mechanics. Take for instance the simple anharmonic oscillator.

1 1
H=Hy+V, H0:§p2+§w2x2, V=,
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We can choose as a basis of the Hilbert space the set of eigenstates of the free part of the

Hamiltonian Hy,
H0|n>:w(n+%)|n>, n=0,1,....

We can then compute the matrix element of H over a finite subspace of states |0), |1}, ..., [max)
and diagonalize the full, non-perturbative Hamiltonian over this subspace. The low-energy

spectrum of eigenvalues will converge as the cutoff ny .y is taken to infinity.

The procedure used in the HT method is similar. The QFT is regulated both in the IR and in
the UV, by putting it in finite volume and by imposing a cutoff on the space of states. This
prescription results in a finite-dimensional, discrete Hamiltonian which can be diagonalized
exactly on a computer to find the low-energy spectrum of excitations. In this way, the
non-perturbative IR dynamics is solved numerically, while the high-energy degrees of freedom
decouple from the low-energy spectrum as the UV cutoff is taken to infinity. The main original
ingredient of our study will be an analytic renormalization procedure used to “integrate out”

the high-energy states and improve the predictions of the low-energy Hamiltonian.

In Chapter 5, after a more detailed introduction on the HT method, we will apply it to the
study of the ¢* theory in two dimensions, focusing on the region where the Zy symmetry of
the model, ¢ — —¢, is preserved. Furthermore, we will discuss the renormalization procedure

and show how it improves the numerical convergence.

In Chapter 6, we will adapt the method to analyze the regime where the Zs symmetry of
the model is spontaneously broken, and study both the topologically-trivial and non-trivial

spectra of excitations.

Technical details are relegated to appendices C, D, E.
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The structure of RG flows






Chapter 1
Preliminaries

In the first part of this thesis we discuss the physical consequences of Poincaré invariance,
unitarity and locality' for general even-dimensional QFTs, without reference to the UV details
of the theory.

One of the most prominent results is concerned with the irreversibility of RG flows. According
to the Wilsonian picture of renormalization, which involves a coarse-graining of degrees of
freedom, it is expected that at low energies there should be less excitations with respect to

high energies. Let us provide a simple perturbative example.

Suppose we have a U(1)-invariant theory for a complex scalar field ® in d = 3 dimensions,

with a negative mass squared term and a small quartic interaction,
L=3,0°0"D —m?®*® + A\ (0*D)*, N < m?. (1.1)

Since both the quadratic and quartic operators in (1.1) are relevant,? in the UV the spectrum

is composed by two weakly-interacting scalar degrees of freedom (the real and imaginary parts
of ).

Below energy scales of order v = mT2, the U(1) symmetry is spontaneously broken, and we

end up with an effective theory for the U(1) Goldstone boson T,
1 m Cy w2
Eeﬁ:§ 0 7T+U—4(8M7r8 )+ (1.2)
where the omitted terms are suppressed by increasing powers of E/v.

We just showed a perturbative example of a UV-complete QFT where the number of degrees of
freedom decreases along the RG flow. This picture was borne out in general two-dimensional

QFTs in the seminal paper by Zamolodchikov [9], who specified a positive-definite function

!By locality we mean the existence of the energy-momentum tensor T}, i.e. a local primary spin-2 tensor
generating the space-time symmetries.

2CFT operators are classified into relevant, marginal or irrelevant according to whether their scaling
dimension is smaller, equal to or larger than d respectively.
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of the energy scale which monotonically decreases along the RG flow, thereby providing an

effective “counting” of degrees of freedom.

Let us review Zamolodchikov’s argument.® Working in the Euclidean signature, we define the

functions

F(|a]?) 2T (2, 2)T(0),
G(lz) = 2*2(6(2,2)T(0),
H(|j2]?) = 2*2%(6(z,2)0(0)),

where z,z are the complex coordinates z = x1 + ix2, Z = 1 — ix9, while T and O are defined
as the components of the energy-momentum (EM) tensor: T = T,, and © = 1%,. The

conservation of the EM tensor reads

0:T 4+ 40,0 =0. (1.3)
Next, let us define the C-function,
1 3
C_2<F—§G—EH>, (1.4)

which depends explicitly on the length scale |z| via log(u|x|), where p is a typical mass scale

of the problem.* By using the conservation equation (1.3) it is possible to prove that

dcC 3

——==—H <0 1.5
dlog|x|? 47 = (15)

where the positivity of H in Euclidean signature is enforced by unitarity. This is the celebrated

c-theorem.

Now, suppose that the UV and IR fixed points are described by CFTs, in which © = 0.
When log|z| — £o0, corresponding to the IR and UV asymptotics respectively, C' is simply
proportional to the central charge ¢, as in a two-dimensional CFT?

(T'(z,2)T(0)) = = (1.6)

Therefore, a straightforward corollary of (1.5) is that cyy > ¢rr for any two CFTs connected
by an RG flow.

Another very important issue regards the nature of the fixed points at the ends of RG flows.
By construction, fixed points are scale invariant (or trivial) theories, and it is usually assumed
their space-time symmetry group is enhanced to the full conformal group. This assumption is

crucial in many physical applications, as conformal invariance imposes many more constraints

3Here we follow the exposition given in [10].

4For instance, u can correspond to the mass M in the Lagrangian (1.1). At this energy scale the heavy field
decouples from the spectrum.

®See [7] for a comprehensive review on two-dimensional conformal field theory



on the dynamics of the fixed points. For instance, the conformal bootstrap approach, which
has recently been used to determine the critical exponents of the three-dimensional critical
Ising model to unprecedented precision [11, 12, 13|, heavily relies on the conformal symmetry

of the correlators of the theory.

In two space-time dimensions, the equivalence SEFT=CFT was proved by Polchinsky [14]
by extending Zamolodchikov’s proof. Let us sketch the argument. Suppose that T, has
canonical scaling, i.e.

i[S, Tyw) = *0a Ty + dT (1.7)

where d is the space-time dimension and S is the generator of scale transformations. In
this case the C' function defined in (1.4) does not depend on |z|. Therefore, from (1.5),
the two-point function of © vanishes. In d > 2 this implies that the theory is conformally
invariant [14]. Thus, the only step to complete the argument is to prove (1.7). In general, in

a scale-invariant field theory, T}, obeys the following scaling law
i[S, Tyw) = 200 Ty + AT + 070 Yyupror (1.8)

where Y is an operator with the symmetries of the Riemann tensor.5 It is then possible to
show that the additional term in (1.8) can be eliminated by improving the EM tensor, under
the assumption that the spectrum of operators above the identity is discrete and their scaling

dimensions are strictly greater than 0.

Given the importance of the c-theorem and of the relation between scale and conformal
invariance for quantum field theories, it is of great interest to generalize these studies to higher
dimensions. In Part I of this thesis we discuss constraints on the RG flows in even dimensions

greater than two, in particular four and six.”

What prevents a simple generalization of Zamolodchikov’s argument to higher dimensions is
that in d > 2 there are multiple tensor structures in the two-point function of 7},,, and it is
impossible to directly derive an equation like (1.5). Nevertheless, Cardy [20] conjectured that
a version of the c-theorem should hold in four dimensions as well. Let us review his proposal.
In d = 2, the central charge ¢ appears in the Weyl anomaly [21], which represents the Weyl

variation of the effective action of the CFT in curved background:

2gM

“R, (1.9)

W[gl“’] = 12

gt

5Tt corresponds to an additive logarithmic renormalization of the EM tensor, which can be seen as adding a
counterterm of the form R®%#VY, suv to the effective action in curved background.

"In odd dimensions d there is evidence for the “F-theorem”, stating that the logarithm of the Euclidean
partition function on the sphere Sy is monotonically decreasing [15, 16, 17]. In [18] it was shown that this
quantity is proportional to the universal term of the entanglement entropy across the sphere S;_2, for which
independent arguments for its monotonicity exist [19]. We won’t have anything more to say about constraints
on odd-dimensional RG flows in this thesis.
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where R is the Ricci scalar. In four dimensions, the Weyl anomaly reads

291" W(gu| = —aEy + cW?, (1.10)

oghv
where W2 is the Weyl tensor squared and E is the Euler density, whose integral is a topological
invariant (like R in two dimensions). We are going to introduce and discuss the Weyl anomaly

extensively in Chapter 2.

Cardy’s conjecture (named a-theorem) states that a decreases monotonically along the RG

flow.

It is instructive to give an example application of the a-theorem, as presented in [20]. Consider
an asymptotically-free SU(N.) gauge theory with Ny flavors. The degrees of freedom of this
theory in the UV are represented by Ny x NN, free fermions and N, 2 — 1 free bosons. Rescaling
the anomaly so that a = 1 for a massless scalar, we find a = 62 for a massless boson and
a = 11 for a free fermion. We then have
. 2

lim a(g) ~ 62 (N2 =1) + 11NNy (1.11)
Conversely, in the IR we have a strongly-coupled theory and we expect the chiral symmetry
to be spontaneously broken, resulting in NJ? — 1 Goldstone bosons. Therefore

lim a(g) = N7 — 1. (1.12)

g—0o0

Thus, the a-theorem corresponds to the following constraint in this class of theories
62 (N2 = 1) + 11NNy > N7 — 1, (1.13)

which is violated for N; sufficiently large. However, in this particular example there is no
contradiction because asymptotic freedom is lost for Ny smaller than the bound given by
(1.13) [22]. Nevertheless, a similar logic could be used to constrain scenarios of dynamical

symmetry breaking in strongly coupled theories beyond the Standard Model.

Recently, a non-perturbative proof of the a-theorem in d = 4 has been presented by Ko-
margodski and Schwimmer in [23], using dispersion relations for certain dilaton scattering
amplitudes, which are related to correlators of the trace of the EM tensor T'. The technique
behind this proof is reminiscent of the 't Hooft anomaly matching condition [24], stating that
the anomaly of an internal symmetry should be the same both at low and high energy. Even
though the Weyl symmetry is explicitly broken by the RG flow, the change in the anomaly
can be accounted for by the introduction of a spurion (the dilaton) restoring the symmetry.
The ideas presented in [23] laid the foundation for demonstrating the equivalence SEFT=CFT

in four dimensions [25] within perturbation theory.

In Part I of this thesis we employ instead the approach pioneered by Osborn [26] to discuss
constraints on RG flows in even-dimensional QFTs. This approach, named local Callan—

10



Symanzik (CS) equation, treats the couplings and background metric as sources for the
local operators of the theory and generalizes the CS equation in the presence of space-time

dependent sources. It will be discussed extensively in Chapter 2.

In Chapter 3, we use the local CS equation to calculate systematically the dilaton effective
action around a fixed point. This will be used to fill in some gaps in the proof of the equivalence
SFT=CFT of [25]. Also, we will show the connection between the proof of the a-theorem
using the dilaton scattering amplitudes and the constraints on the RG flow derived from the

local CS equation.

In Chapter 4, we apply the local CS equation to study constraints on RG flows in six-
dimensional unitary QFTs. Under some assumptions, we establish the a-theorem in this class

of theories and prove the equivalence SFT=CFT.

11






Chapter 2

The local Callan—Symanzik

equation

2.1 Introduction

The source method is a well established tool for probing the structure of Quantum Field
Theory (QFT). The basic idea is to promote the Lagrangian parameters (coupling constants
and masses) to local background fields and to exploit the resulting (possibly local) symmetries
to constrain the form of the effective action. Moreover, the use of local sources allows to control
the correlators of the associated composite operators, and, in particular, allows to map the
behavior of some operators across strongly coupled regimes. Prominent examples of the use of
the source method are given by the chiral Lagrangian of low-energy hadrodynamics [27] and
by exact results for holomorphic quantities in supersymmetric gauge theories [28]. Another
playground where to usefully apply the method is given by softly broken supersymmetry, in
perturbation theory [29] and beyond [30].

A crucial aspect of any given QFT is its behavior under renormalization group (RG) evolution.
Technically, RG evolution corresponds to the change of the dynamics under a dilation. In view
of that, it seems natural, in order to try and explore the structure of the RG flow, to formally
promote the explicitly broken dilation invariance to an exact Weyl symmetry. Of course, in
order to be able to do that, one must promote the Lagrangian parameters to local fields with
definite transformation property under Weyl symmetry. In particular the flat Minkowski
metric 7, must be upgraded to a generic curved metric g,,,,. This program was carried out to
a very significant extent about two decades ago in a series of interesting papers by Jack and
Osborn [31, 32, 26]. One first basic result is that the Weyl variation of the quantum effective

action W in the presence of sources is given by an anomaly equation’

<29uyag#i(x) - BI()\) 5)\15(7)) + .. > W[97 )‘7 R ] = A(.’E) (2.1>

! An earlier version of this equation was introduced already in 1979 by Drummond and Shore [33].

13



Chapter 2. The local Callan-Symanzik equation

where M\ are the external sources, and A is a local scalar function of these sources and the
metric. In the case of a conformal field theory (CFT), by turning off all the sources apart
from the metric, A reduces to the well known expression for the Weyl anomaly [34]. On
the other hand, away from criticality, where § # 0, this equation can be interpreted as a
local generalization of the Callan-Symanzik (CS) equation. Now, a second, perhaps more
interesting set of results follows from the request of integrability of A. This request can be
enforced along two equivalent routes. One is to directly derive A from the bare Lagrangian
in a given renormalization scheme, for instance dimensional regularization [32]. The other is
to require A satisfies a Wess-Zumino consistency condition, regardless of details concerning
the renormalization scheme [26]. The result is a set of non-trivial constraints involving the
[-functions and the anomaly coefficients. The latter can also be interpreted as the short
distance singularities in different correlators involving the energy momentum tensor and
composite scalars and vectors. It is indeed according to that interpretation that some of
these results had earlier been derived in works by Brown and Collins [35] and by Hathrell
[36]. However, concerning 4D QFT, the most remarkable result of refs. [32, 26] is a relation
involving the pg-function and a quantity & that coincides with the anomaly coefficient a at

critical points®

oa

N T (x1s +€r)B7 (2.2)

where x and & are respectively symmetric and antisymmetric covariant tensors over the space
of couplings. Indeed, in the ’70’s, a relation of this form had been proved at finite loop order,
and for specific models, through a laborious diagrammatic analysis [37]. However the use
of the local CS equation offers both a deeper viewpoint and a more systematic approach.
Moreover, as a only depends on the RG scale via its dependence on the running couplings, a
corollary of the Eq. (2.2) is

da ; 0a

Y

o = x1B’B". (2.3)

This equation is fully analogous to the perturbative incarnation of Zamolodchikov’s c-theorem
[9] for 2D QFT, with ;s interpreted as a metric in the space of couplings. Indeed the c-
theorem itself can be shown to coincide with the Wess-Zumino consistency condition associated
with the 2D anomaly off-criticality. More precisely, in the 2D case, as proved in ref. [26],
there exists a choice of scheme where a quantity ¢, coinciding with ¢ at criticality, evolves
according to the analogue of Eq. (2.3), with a positive definite metric. Concerning the 4D
case, although in ref. [32, 26] the positivity of x7s could be established at leading order in
perturbation theory, a robust non perturbative picture was missing. Perhaps because of this
obstacle, no attempt to draw conclusions on the structure of 4D flows, in particular on their

irreversibility, was made in those works.

Even in the absence of a proof, Eq. (2.3), Cardy’s conjecture [20] and direct evidence from

exact results in supersymmetric gauge theories [38] had led to the belief that an irreversibility

24 is the coefficient of the Euler density term in the Weyl anomaly in 4 dimensions.
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2.1. Introduction

argument for a, an a-theorem, should have existed in the 4D case as well. But a complete
proof only arrived in 2011, in the work of Komargodski and Schwimmer (KS) [23, 39], who
showed that, in any flow between two CFTs, the end points of the flow satisfy the inequality
ayy > argr, where ayy (arg) is the value of the a coefficient in the UV (IR) fixed point. With
the wisdom of hindsight, it is now rather clear why the 4D proof took so much longer: while for
the c-theorem in 2D it suffices to study the 2-point function of 7}, the 4D analogue requires
a study of higher point correlators. This necessity had already been noticed by Osborn [26],
but within the local CS methodology there was no concrete guideline onto how to proceed. KS
instead found a guideline in the form of an external background dilaton field, the component
of the background metric that couples to the trace T' of the energy momentum tensor. The
on-shell dilaton scattering amplitude just happens to package the right combination of 2-, 3-
and 4-point functions of T' that is directly sensitive to the RG flow of the anomaly coefficient
a. Using a dispersion relation for the scattering amplitude and using unitarity, KS could then

compare the value of a at the UV and IR asymptotics and prove ayy > arpg.

The a-theorem represents a non-perturbative constraints on the RG flow under the assumption
that the end points are described by conformal field theories. However the same methodology
introduced by KS gives a guideline to obtain further constraints on the structure of the
flow, very much like it happens in 2D. A further step in this direction was given in ref. [25],
where the finiteness of the amplitude was used to exclude anomalous asymptotic behaviors
for perturbative RG flows.® In a sense, the ingredients for this proof already existed in
[32, 26], but the usage of the dilaton amplitude and dispersion relations made the connection
to the asymptotics of the theory more transparent. Ref. [25] provided a synthetic derivation
relying on the minimal set of ingredients needed in a perturbative computation. In particular,
no detailed discussion of the structure and the role of multiple insertions of T was given.
Moreover, issues like scheme dependence, operator mixing and the role of explicitly broken
global symmetries were not analyzed in full detail. Similarly the connection between the

dilaton amplitude trick and Eq. (2.3) was not fully explored.

In this and in the following Chapter we illustrate all these details and we present a systematic
method for computing correlation functions of T off-criticality, by studying and applying the
local Callan-Symanzik equation. A by-product of this study is a new understanding of the
structure of the Weyl anomaly. In practice we have shown that the anomaly can be written

in a manifestly consistent manner up to the very few terms related to the a coefficient.

This Chapter consists of a detailed analysis of the local Callan-Symanzik equation and is
largely based on the original work by Osborn [26]. In particular, in section 2.2.1 we present
the equation and give a simple description of its derivation (a more detailed discussion based
on dimensional regularization is given in appendix A.2). Section 2.2.2 focuses on the generator
of Weyl transformations, and subtle issues involving its dependence on the scheme, choice of

improvement and ambiguities in the presence of global symmetries. We also introduce new

3That result was confirmed by an explicit study in weakly coupled gauge theories in ref. [40]. As concerns
ruling out anomalous asymptotics beyond perturbation theory, the specific case of scale invariant field theory
without conformal invariance was cornered in ref. [25] and even more significantly so in ref. [41, 42].
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Chapter 2. The local Callan-Symanzik equation

terminology and notations which are essential for the discussion in the following sections.
Next, in section 2.2.3 we study the anomaly, which is parameterized by 25 unknown tensor
coefficients related by ~ 10 differential consistency conditions. We show that most of these
conditions can be explicitly solved and that the anomaly can be reformulated in a manifestly
consistent form, with only 3 non-trivial consistency conditions remaining. One combination
of these is the famous equation (2.2), while two others, involve anomalies related to external
gauge fields. We then apply these results to the study of gradient flow formulas for the

[S-functions in section 2.3.

2.2 The local Callan—Symanzik equation

2.2.1 General set-up

Our main goal is to study the properties of the RG flow in the neighborhood of a conformally
invariant fixed point. The basic idea, as sketched in fig. 2.1, is to turn on all the possible
marginal deformations of the CFT, which we describe by a set of independent couplings A,
I=1,...,N, such that Al =0 corresponds to the unperturbed CFT. These couplings are
associated with scalar operators Oy, corresponding, at the fixed point, to primaries with
dimension equal to 4. We shall moreover assume the original fixed point is endowed with

an exact flavor symmetry G, which is in general explicitly broken at Al # 0. One relevant

[ B

I
187 <« 1 C/(‘;\

D

Y

Figure 2.1: Our discussion concerns RG flows in the vicinity of a conformal fixed point, where
the p-function and the anomalous dimensions can be treated as small perturbations.

question, originally addressed in ref. [25], is to ask which flows are possible and which are not,
under the assumption that the asymptotics lie perturbatively close to the original fixed point.
An example to which our assumption applies is given by weakly coupled renormalizable gauge
theories with scalars and fermions. In that case the original fixed point corresponds to free
field theory. In particular it can be applied to the study of the flows in large N theories where
one plays Banks-Zaks tricks [43, 44] to obtain novel fixed points or, possibly anomalous flows,
such as SFTs (theories with scale but not conformal invariance) or limit cycles*. However,
our analysis also applies to the case where the original CF'T represents a strongly coupled

non-perturbative fixed point endowed with its own marginal deformations, like they are known

4As we already mentioned these exotic possibilities are now ruled out by the analysis in ref. [25], which,
among other things, we will here reproduce with extra details.
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2.2. The local Callan-Symanzik equation

to exist in supersymmetry. Indeed, as we shall be able argue later on, our discussion applies
to the more general case in which there exists an extended region of A\ space, where, even
though the A’ may not be treated as small perturbations, the -function can still be treated
as small. Examples of this more general case can be found in QFTs with manifolds of fixed
points (see for instance [45]). While we do not know of any explicit examples in theories
without supersymmetry, we believe consideration of this possibility, even if merely conceptual,

better illustrates what are the necessary ingredients in our study.

In QFT the trace of the energy momentum tensor 7' = T J/ is known to correspond to the
divergence of the naive dilation current. The change of the dynamics under (naive) dilations is
thus controlled by correlators involving 7T'. In order to make the properties of these correlators
more explicit, we need to expand T in a complete basis of scalar operators of dimension 4.
This basis surely includes the scalar deformations O that generate the flow, but in principle
there could also appear divergences of the flavor currents 9,.J% and operators of the form
V20, where, at the fixed point, O,, are primary scalars of dimension 2. It is therefore crucial
to have a convenient method to control the properties of these operators. Now, the standard
methodology to define composite operators and their correlators is to introduce the associated
space-time dependent sources. For instance, the energy momentum tensor T*” will have as
its source a local background metric g,, (), while O; will have as its source a space-time
dependent coupling A/ (z). Along the same line, in order to source the currents .J ', we shall
turn on background vector fields Aﬁ(:r) gauging the flavor group G, while the dimension
2 operators O, will be sourced by scalar fields m®(z). We shall collectively indicate the set
of local sources by J = (g"*, !, Aﬁ, m?). The renormalized partition function in the source

background
Z|J] = eV = / D517 (2.4)

acts as the generator of the correlators for the associated renormalized composite operators.
The same information is more efficiently encapsulated in the quantum effective action W,
which generates the connected correlators. When acting on W the functional derivative with

respect to a source coincides with the insertion of the corresponding operator in a connected

correlator
Nl ZoOn [Ty ()] Nt [Or(2)]
1 1) 1 5
V=904 (z) ~ it @) T dme() = (Cal@)] - (2.5)

Time ordered n-point correlators are obtained by first taking n derivatives of W and then

setting the sources to “zero”,

g (z) = g, M(z) - M = const, Aﬁ =0, m%x)— m®=const. (2.6)
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Chapter 2. The local Callan-Symanzik equation

We will use the following convention:

(T{On (@1)... O () }) = D" W
! men V=9@1) .../ —g(@n) N (zn) "IN (zq)
(AT () o T}y = V2 g0 s s
Y e B e Y P Py 59 (ar)

(2.7)

where the symbol | denotes that the functional derivatives are evaluated in the background

(2.6). Notice that our definition of the n-point correlator of T' coincides with the standard

one

(—i)nton ) 5

V=) =g LI S () S ()
(2.8)

(TAT(z1) ... T(zn)})s =

up to contact terms.

A standard property of effective actions for sources is to formally respect extended symmetries,
up to anomalies. As concerns diffeomorphisms and Gg transformations, in this work we
shall make the simplifying assumptions that they are anomaly free. Indeed most of our
discussion shall focus on the case of parity invariant theories, for which diff x G are not
anomalous.” The other crucial symmetry is given by Weyl transformations under which the

metric transforms as
9" () — 27 g (x) 609" () = 20(z)g"" (2) (2.9)

and whose anomaly is the centerpiece of our study. The origin of the Weyl anomaly is
discussed in more detail in the appendix, focusing on dimensional regularization. Here we
shall limit ourselves to the basic story, which goes as follows. As a function of the sources

J = (g™, N, A;‘, m®) and of the dynamical fields the bare action can be in general split as
S =5W, 7]+ SP[T] (2.10)

where S(U) involves only terms that non-trivially depend on the dynamical fields, while S(2)
contains, instead, purely source dependent terms such as (VZA)%, R(VA)?, R, R*, etc..
The addition of S is necessary in order to obtain a finite quantum effective action after
renormalization. In dimensional regularization S can be chosen to be a series of pure poles
in 1/e. Now, given that J represent the complete set of sources for the operators that can
appear in the expansion of T, it is basically by definition that there must exist a choice of
Weyl transformation 6,7 such that S is invariant. Once again, as we show in the appendix,
in dimensionally regulated weakly coupled gauge theories, this fact is pretty obvious. On the
other end, once 8,7 is picked that way, it is clear that S® will in general not be invariant.’

Since S has no dependence on the dynamical fields, its variation will directly control the

®The effect of anomalies has been studied in Ref. [46].
5Unless new sources, coupling to pure functions of 7 are introduced, in such such a way that their variation
compensates for 5,53,
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2.2. The local Callan-Symanzik equation

variation of the quantum effective action. We thus have
/d4z5 g2 — /d4z5 725 = /d%A (2.11)
g 6J a 6j —_— (o .

where the locality of S®) dictates A, must be a local function of the sources. Notice moreover
that, even though S is a series of counterterms that diverge with the cut-off, by Eq. (2.11), its
variation [ A, equals the variation of the renormalized action with respect to the renormalized
sources, and must therefore be finite. A, represents an anomaly for the Weyl symmetry.
Eq. (2.11) is the local Callan-Symanzik equation we sketched in Eq. (2.1).

2.2.2 The structure of Weyl symmetry

In this section we analyze in detail the Weyl transformation of the sources. The discussion is
based mainly on [26], but we shall highlight properties which we repute relevant to the study

of the anomaly and to the computation of the dilaton effective action.”

Let us recall once more the role of our sources. The dimensionless sources A (z), associated
with quasi marginal operators Or(x), are local versions of the couplings A’ that produce the
RG flow we want to study. The CFT fixed point we are expanding around corresponds to
M = 0. This fixed point respects a flavor symmetry G, which is in general explicitly broken
at A # 0. The vectors Aﬁ, with the index A running in the adjoint of G, are background
fields gauging Gr. They act as sources for the currents J'. By the scalars m?(x), we indicate
the sources of scalar operators O, with dimension equaling 2 at the fixed point. Notice that
m® have mass dimension two, in spite of the perhaps misleading notation (which we adopted
from ref. [26]). The CFT may also possess relevant scalar deformations of dimension # 2.
For instance, in weakly coupled gauge theories these are given by fermion masses and scalar
trilinears, that are associated with dimension 3 operators. In the limit where the corresponding
mass deformations vanish the appearance of these operators in the expansion of T is forbidden
by Lorentz invariance. We shall thus neglect them in the course of our discussion. Finally
notice that, although we do not indicate it, the sources and the corresponding composite

operators in Eq. (2.5) are defined at some renormalization scale p.

The discussion in this section is not affected by the assumption of parity conservation. As
it will be clear from Eq. (2.14), that is simply because, by dimensional analysis, the Levi-
Civita tensor e*”P? cannot appear in the Weyl transformation of the sources. The situation
is however different for the Weyl anomaly discussed in section 2.3. Notice that for parity
invariant theories, G should be thought as a (maximal) vector subgroup of the full flavor
group.

The Weyl symmetry generator is the sum of the variations of the complete set of sources
T = (g™ N, Af me)

0
= — A9 _ AB
6”‘7§j =A,=A - A} (2.12)

" As further reading material we recommend [47, 48].
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where
A = / d*z 20¢M o
o (Sg“y

A7

—/d4x (5(,» % LA, - 5% +6,m - 52) . (2.13)
m

The Weyl variation of the sources will have the most general form compatible with dimensional

analysis (power counting) and symmetry (diffeomorphisms and Gp). That is:

SN = —op!
5014;:‘ = —op’;‘VH/\] + 9,084
1
som® = o (mb (265 — ) + C*R+ DFVAN + §E‘}JVH)\IV“)\J) — 9,007VI N + Vion®
(2.14)
where V denotes the G covariant derivative
VN = 9,0 + AN TuN)! (2.15)
and Ty is a generator of Gp. By dimensional analysis, the various coefficients 57, p‘f‘, ce,n®

in Eq. (2.14) are functions of the marginal couplings A\/. Moreover, as the Weyl symmetry
commutes with G, these coeflicients should be covariant functions. It would be straightfor-
ward to add to this setup the sources m® of relevant scalar deformations having dimension
# 2 at the original fixed point. By dimensional analysis the transformation would simply
reduce to

Som® = o D§m’ (2.16)

with Df a A-dependent matrix whose eigenvalues differ from 2 in the whole neighborhood
of the fixed point we are studying. Notice that unlike for the case of m® in Eq. (2.14), the

dimensionality of m® forbids the presence of terms involving R(g) or derivatives of o and A.

The local Callan-Symanzik can thus be written as

AW = (AL — AW = /d‘*an . (2.17)
We shall now study the Weyl generator A, in detail, focusing on properties that will help
clarify the structure of the anomaly and also help compute the matrix elements of T'.

The global CS equation, dilations and conformal transformations

It is important to relate the Weyl symmetry generator A, to the other incarnations of dilations.
First we must relate it to RG transformations, which are obtained as follows. Consider first
all the classically dimensionful parameters appearing in YW. In our case these are just the

renormalization scale p and the dimension two sources m®. Accounting for the fact that
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2.2. The local Callan-Symanzik equation

lengths are purely controlled by g,,,, we have then the obvious identity

AFW = [,u(,it —|—/d4x <2m“(a:)5mf(m) + QQ“V(x)(ggw(i(m))} W=0. (2.18)

By combining the above operator with a Weyl generator with constant parameter o = —1, in

such a way as to eliminate the derivative with respect to the metric, we obtain

0 )
ARG = AP L Aoy = /d4 ( — ) 2.19
+ Ap=—1 Ha/i+ € 5)\]( ) +7b ( )5ma(x) + ( )
which corresponds to the ordinary Callan-Symanzik operator generalized to the case of local
sources. The RG transformation of the effective action, ARCW, is simply the integral of the
Weyl anomaly for constant o. This result establishes a direct connection between the terms
in the anomaly and the explicit dependence on In i of W. This dependence is associated with

logarithmic UV divergences. We shall further discuss this connection in section 2.2.3.

The other important incarnations are global dilations and special conformal transformations.
They correspond to those particular combinations of a diffeomorphism and a Weyl transforma-
tion that leave the flat metric 7, invariant. The generator of infinitesimal diffeomorphisms is
defined by

% v v g v 4
A? = /d4x ((vpfﬂgp + V,£"g") Sgi = V€ AféA;:‘)

5 5 5
_ 4 P 1 A a_ “
/dxg (V)\(S/\I—i-VAV(SAA—i-Vmama). (2.20)

Our assumption that diffeomorphism are non-anomalous corresponds to A?if W =0 for any
&. An infinitesimal dilation is given by the following combination of a diffeomorphism and a

Weyl transformation
& =cat o=—c (2.21)
The corresponding generator is

ADfo + AU:7C

E=cx

5
_ 4 1 A 1 A
— cfds (ﬁ R (AP )MA)

AD

1 5
—c / d'z < (208 —7%) + C*R + DIVAAT + fE}lJV#AIV“)\J> S
) § 5
_ 4 p I A
c/dmx (V)\ S\ VAV(;AA+V 5m“) (2.22)

Infinitesimal special conformal transformations are instead given by

=2(b-z)zt — x*b* oc=-2b-x 2.23
§
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so that the corresponding generator is

£=(2(

=2b /d4 (x“ﬁl SV ( o (p?V,,)\I AA> _ (WSA) 5ZA>

AK = ADfobz)mH :{;Zbl”) + Ao-:_2bx

—2b /d4 <x“ ( (208 — %) 4+ C*R + DIVAA + 1E;IJV,LAIVW’) - G?V“A1> %

ma

—/d4x Q(b-x)xp—x2bp> (v Mo +V, AN d +V,m d ) (2.24)
Y v §AA ) '

QFTs that are invariant under dilations (and conformal transformations) correspond to points

in source space that are left invariant by the action of AP (and AK). As expected, a point

M = A = const, such that g = 0, with also I = M, Aﬁ = m® = 0 satisfies dilation

invariance. On the other hand, from the explicit form of AKX one sees that the condition for

conformal invariance is a different one. In particular, if 8 = 0 while S4 # 0 we have an SFT,

that is a QFT with scale invariance but without conformal invariance.

The local CS equation and the operator algebra

Equation (2.17) encapsulates the relation between T and the other composite operators. By

iterating the equation we find this relation for any number of insertions of T'. We can consider

the following distinct cases:

22

e When none of the points in the time ordered correlator coincide, then by Eq. (2.17) we

can write

(T{T(2)...}) > BUT{O()...}) + SHT{BTh(x)...}) — ({00 (). .})
(2.25)

This can be understood as an operator equation for T
T = pHON+ S49,[J4] —n°0[0,) . (2.26)

The coefficients 47, S4 and —n® are the coordinates of T in the space of dimension 4

composite operators.

When two, or more, points coincide, we find contact terms proportional to variations of

the coefficients in the Weyl generator, e.g.

TR0 ) > —ide =) (T Osw). . ) — T 0 T4() )

_DHT {00, (x) .. .}>)
(T{T@)O1)0s(2) .. }) > —8(x — )bz — 2)Ef (T {O(x) .. }) (2.27)

When all points coincide, there are additional ultra-local contributions encoded by the
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Weyl anomaly. These will be discussed in section 2.2.3.

It is also interesting to consider the field operator interpretation of the commutators of the

source differential operators with A% AP and AKX defined in the previous section. In

particular the commutators with A®S control the renormalization scale dependence of the
corresponding renormalized composite operators. For instance we have

) ) d

ARG 7}:—8 T+ = —O0;=-01870, +... 2.28

{ SN () 18 N (@) POt 180, (2.28)

The commutators with A” and AX control the transformation of the composite operators

in the Ward identities for the corresponding (generally explicitly broken) symmetries. At

the special symmetry preserving points in parameter space these can be interpreted as the

commutator with the corresponding conserved charges D and K*. The explicit computation

of the commutators among the various functional differential operators leads to the following

results
T 0 6Ct0O 0 0 T
d Ou| |0 g 0 0 Oy (2.29)
Ya || T o Do R o || g '
O 0 Do pPo, -0187) \0y
T 4 —6C0 0 0 T
@) 0 2604 ~0b 0 0 0]
D= b +W§< B B K . (2.30)
Jh 0 —DbS(TaNkor 36,8 + pB(TaN) 0 Jh
O 0 -DbO —pPo, 467 + 0187 ) \Oy
T 0 6CPOH 0 0 T
o O, _y 0 0 0 ol o (2.31)
J4 0 —(Db + 608)(TaN) K g 0 of|J%
O; 0 (2D% + 65)o" p? +0rSP 0/ \O,

Focusing on fixed points, we shall later comment on the consistency of the above results with

the algebra of unitary conformal field theory.

Ward identities and ambiguities

The basis of renormalized operators used to write T in Eq. (2.26) is redundant in the presence
of symmetries. Indeed, by the equations of motion, V,.J equals the Gp variation of the
Lagrangian and can thus be expressed in terms of a combination of O; and O,. In the

background source approach this is viewed by considering the Gy Ward identity (aA(x) are
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the Lie parameters of G)

AW = /d4x

which simply translates into the operator equation

(TaN)! O1 + (Tam)* O, + V. J4 = 0. (2.33)

An alternative procedure is to define a new Weyl generator by combining the original A, with

an infinitesimal G transformation with Lie parameter a?(z) = —o(z)w?()\)
Ay = AL =N, + A (2.34)

Provided w? () is chosen to be a covariant (but otherwise arbitrary) function of the \’s, the
redefined Weyl symmetry still commutes with Gr. Eq. (2.34) corresponds to the following

redefinition of the coefficients of the local CS operator:

gt — ﬁf-l-(wATA/\)I Ty 71?+(OJATA):

(2.35)
SA4 - SApwA ot = pf = ot

Notice that this is an ambiguity inherent in the definition of the S-function and of the
anomalous dimensions [26, 49]. When carrying out the renormalization procedure this
ambiguity corresponds to the freedom in defining the wave function renormalization matrix

relating bare and renormalized fields [25].

The redundancy in the definition of A, is quite analogous to a gauge symmetry. Like for
gauge symmetry, unambiguous physical information is carried by the invariants, which in our

case are given by

B = B’—(SATA)\)I
Pt o= pf 40,84
W= T ($MTa); (2.36)

These are the quantities that unambiguously describe the RG flow. Indeed they correspond
to fixing the “gauge” by choosing w = —S4 in Eq. (2.35) so that the redefined S vanishes.
Correspondingly, by solving for V,,J' in Eq. (2.33), at m, = 0, T in Eq. (2.26) reads

T = B'[O;]—-7'0[0,] . (2.37)

Notice that by the change in Eq. (2.34) also the AR acquires an extra flavor rotation term.
Making the choice w? = —S4 and using Eq. (2.33), the RG transformation of the renormalized
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2.2. The local Callan-Symanzik equation

operators becomes then (disregarding the contribution from O,)

d (J" —PR(TaN)® 0 Jh
Yy (OI> ( 0 —(6JBJ+PF(TCA)J)> <0J.> (239

With this definition, we can identify the following matrices as the anomalous dimensions of
the composite operators

v = 0B+ P (TaN)’

va = PR(ITaN®. (2:39)

Lie derivatives

A recurrent object that will appear in the analysis is a variant of the Lie derivative, which

describes the Weyl transformation of covariant tensors

LU = BV oV 4 A§Y g R

—WKYKBb —W’cyfﬁb —%YIJA%C (2~40)

where the different v matrices were defined in (2.36) and (2.39). The operator L so defined
satisfies the distributive property of derivatives when considering products of tensors, including

contractions of covariant and contravariant indices. Schematically one has
LY -Z1=Y - -L|Z]+L]Y] Z. (2.41)

For instance one has L[V - Z4] = Y1L[Z4] + L[Y]Z4. Moreover one can easily check that
the tensor vl = (T4\)! satisfies L£[v]] = 0 and can thus be carried freely in and out of the
L symbol. The latter property depends crucially on Eq. (2.39) which relates the anomalous
dimensions for scalars and currents. The Lie derivative appears, for example, in the Weyl

variation of space-time derivatives of the sources

A, (Y[V")\I)
A, (YIVW)

o (~LVIIV, M) + 0,0 (—B'Y)
o (2Y1V2)\I — LY V2N — Ut 'y;](LVM/\KV“/\L>
+0u0 (~2V1U5VIA ) + V2o (- B'Y7) (2.42)

where Y7 is an arbitrary covariant function, and where we also defined the following tensors

1
Uf = 6 +oB” + JPNTaN)’
vk = UL (0u7k + POTE) - (243)

Notice that in the specific example of Eq. (2.42) the Weyl operator acts on G singlets.
Therefore the result is automatically dependent only on the invariant coefficient functions B

and P. In the case of the Weyl variation of tensors of G there would appear an additional
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Chapter 2. The local Callan-Symanzik equation

Gr rotation with Lie parameter S4. In the course of our study we shall however mostly

encounter the action on G singlets.

Source reparametrization and the form of A,

The choice of parametrization of the sources is of course subject to some freedom. A change
of parametrization leads to a change in the definition of the renormalized composite operators
and in the form of the Weyl operator A,. Compatibly with dimensionality, one can consider

the reparametrization

)\[’ _ )\I+f1
Al A A I
A = AL+ VA
1 1
mY = m®+ foimb + AL fovAA 4 3 VNV (2.44)
Provided the various coefficients fr, ff‘, ... respect G covariance, the new parameters

/ li . . . . .
M\ ,Aﬁ‘ ,m® transform as the corresponding original ones under Gr. The effective action

changes form but its value is unaffected:
W g, N, A',m'] = Wlg,\, A, m]. (2.45)

The form of the Weyl operator in the new coordinates is straightforwardly derived by applying
the chain rule. One finds the following relation for the coefficients in the new coordinate

system:

g = B+ ploss

pi = o+ LU
SA' _ SA _ Blff
1

C = "= Llf]

Dy = Di-L[f]]

a ! _ a a K_ L ra
Ei, = Eiy— L] -2 v fk

0 = 0f+ B’ 5 +2U7f§

na/ _ na + fa o Blf? (246)

where we used the Lie derivative and the matrix U; introduced in the previous section.

The most important remark concerning the above equation is that by a suitable choice of f¢
and f{, the tensor coefficients n* and 69 can both be set to zero. As suggested by Eq. (2.37),
and as further clarified in section 2.2.2, the choice n* = 0 corresponds to an “improved” energy

momentum tensor.

As we said, the change of coordinates corresponds to a redefinition of the renormalized operators.

It is possible, however to find linear combinations of operators that are invariant under the
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2.2. The local Callan-Symanzik equation

change of basis. Consider, for example, the change of coordinates m® — m® = m% + f}lvz)\f .
Focusing on the scalars for simplicity, the operators in the new basis are related to the original

ones via

S
|

(01" + 7004
[Oa] = [Oa]/ (2.47)

Combining this with Eq. (2.46) we find that the operator

01 = [0+ 5 )ies0[0] (2.9

is scheme independent. This definition will be useful in section 3.1.4.

Consistency conditions

The abelian nature of the Weyl symmetry imposes constraints on the form of the generator
A,. The vanishing of the commutator

[Asy, Asy] =0 (2.49)

leads to a set of equations relating the different coefficients appearing in (2.14):

B'PA = 0
B'DY = L[ +60°
B’ES, = —L[#9]—2U{D%. (2.50)

Notice that these consistency conditions are independent of the choice of gauge discussed in
section 2.2.2. Alternatively, as shown in appendix A.2, these conditions can be derived by
directly computing the coefficients of A, from a dimensionally regulated action. According
to that derivation the abelian nature of Weyl invariance, as realized on the bare sources in

Eq. (A.13), is just an explicit fact, which need not be imposed.

One can easily check that the consistency condition PI"‘BI = 0 implies £[B!] = 0. Together
with £[(Ta\)!] = 0 we thus have

B'LlY1;.] = L[B'Y1,.]
(TN L[Yar.] = L[(TeN)!Yas.] (2.51)

What role is played by Eq. (2.50)7 For instance, at a point where B = 0, the second equation
ensures that, once the choice n* = 0 is made, C'* must also vanish. Eq. (2.29) then implies
that if T is improved so as to vanish at a given RG scale then it automatically vanishes at
all scales. The first equation, as we shall see in section 3, ensures the absence of currents in

the short distance singularities of correlators with multiple insertions of T". This significantly
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simplifies the derivations of constraints on the structure of RG flows.

Dimension 2 covariant functions

In general, the Weyl transformation of dimensionful functions of the sources contains derivatives
of o (see Eq. (2.42)). However, it is possible to find linear combinations of dimension 2

functions which transform “covariantly” under this symmetry:

= vAvea - BUAT)

a a aR 1 a Al
I* = m%—n 5 291A (2.52)
where we defined the function
A= (o) (vw + 1BJR) (2.53)
; 5 . .

The variations of II’Y and II* contain no derivatives of o. In the “gauge” S = 0 they are

A = & (QHIJ _ 7{(HKJ _ ,YIJ{HIK + 7%<JL111<L)

AJHa — o (21—[(1 _ ,y;)le _|_ ,Y(IlJHIJ) (254)

where we defined the tensors

J
W = BUis
1
Wy = 5 (Bl 40ty - (2.55)

In computing the transformation property of II* we imposed the consistency conditions (2.50).

I/ and TI* will play an important role in the rest of this Chapter.

Limiting cases

It is interesting to consider various limiting ‘fixed points’ Focusing on 7" in Eq. (2.26), we can

basically consider three cases:

1. When both 7 and B! = g/ — SA(TA)\)I are zero the operator T' vanishes, corresponding
to a conformal fixed point. Notice that conformality is signaled by the vanishing of
B! and not of any other choice of S-function. Conformal theories with non-vanishing

S-functions were discovered in [40].

It is interesting to consider the conformal transformations in Eq. (2.31) in this limit.
Choosing a parametrization where 0¢ = 0, the consistency conditions Eq. (2.50) imply
D} = C* =0, so that all entries in Eq. (2.31) vanish, apart from one. In particular
one finds K*O* = K*J} = 0, consistent with these operators being primaries, but also
KHtOp = —PIAJﬁ, indicating that some of the O! are descendants of the currents. This
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2.2. The local Callan-Symanzik equation

result is indeed expected because of Eq. (2.33). In appendix A.3 we study this in detail
showing there exists an operator basis where each broken symmetry current is associated
to a unique scalar descendant. In this basis all the remaining scalar operators are
annihilated by the generator of special conformal transformations and all the remaining

currents are conserved and have vanishing anomalous dimension.

. The case Bl = 0 and 1* # 0 corresponds to a fixed point whose energy-momentum

tensor is not improved
T(x) = —n'0[0,] . (2.56)

This possibility is relevant when considering a QFT flowing to different CFTs in the UV
and in the IR. Adjusting the coupling to the background metric such that the energy
momentum tensor is improved at one asymptotic does not imply improvement at the

other.

. Another type of conceivable fixed point is an SFT, corresponding to the existence of a
scheme where 7 = 0 but S4 # 0 so that B! # 0. As noticed below (2.24), such point
in coupling space is invariant under dilation but not under conformal transformations.

In this case (2.26) becomes
T = —0,[V¥ (2.57)

where V# = SAJH + 2010, is referred to as the virial current. By Eq. (2.37), since
B! = 0 and since O and O, are independent operators, we have also that 7' = -0,V #
0, with no possibility of improvement to make T = 0. The fact that T vanishes only
up to a total derivative is another way to see that the theory is endowed with global
scale invariance, but not with conformal invariance (local scale invariance). Perturbative
unitary SFTs are ruled out by the argument in ref. [25], which we shall revisit in section
3.1.4.

Notice that in the case of an SFT, one can consistently consider a reduced set of sources
by freezing A\! = AL = const such that ! = 0 and by reducing A;‘ to a one dimensional
subspace: Aﬁ = SACM. One can then easily check that the Weyl transformation of A;‘
in Eq. (2.14), simply reduces to 6,C,, = d,0. The relation BIPIA = 0 is essential to
obtain this result. The source C, so defined thus corresponds to the virial current gauge
field of ref. [25]. Notice also that the inhomogeneous terms in d,m?, at n* = ¢ = 0,
package into a term proportional to R = R + 60*C,, — 6C*C,,. Similarly the quantities
1’7 reduce to constant coefficients times R. The quantity R on the reduced set of
sources g, C,, satisfies 8RR = 20 R and plays an important role in the structure of the

anomaly in a SFT, as we shall comment later.
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2.2.3 The structure of the Weyl anomaly

We will now discuss the structure of the anomaly appearing in the local CS equation
AWig, Am, A] = / d'z A, (2.58)

First, let us review the anomaly at an improved conformal fixed point (B! = n® = 0). This
case corresponds to freezing all the sources apart from the metric (A = A = const, such
that BY(\,) = 0 and Aﬁ = m® = 0). The Weyl generator A, thus reduces to the metric
variation AZ. The anomaly A, is a linear combination of all the dimension 4 scalars that can

be constructed from the metric and its derivatives [34, 50]

1 _ 2 2 2
Neradiid (aBy — bR? — cW?) — V20dR . (2.59)
where R is the scalar curvature, W2 is the Weyl tensor squared, and Ej is the 4-dimensional

Euler density.

The anomaly is constrained by a Wess-Zumino integrability condition [51]: since the Weyl

symmetry is abelian, one must have

AY, (/ dzlAal) —AY (/ deA,,Q) = [A9, AZ]W=0. (2.60)

This condition is satisfied by all terms in Eq. (2.59) apart from R2. At a CFT fixed point,

the anomaly coefficient b must therefore vanish.

Deser and Schwimmer classified the conformal anomalies into three types [52]:

e Contributions that equal the variation of a local functional. Such contributions can be
eliminated by adding to the action a suitable local functional. They must, therefore,
not be considered as genuine anomalies. In the present case, V2o R corresponds to such

a removable term, as it equals the Weyl variation of \/ERQ.

e Type “A”: Anomalies that vanish when integrated over space-time with a constant o.
An equivalent characterization of these anomalies is that they do not contribute to
d

p—

= ARGy 2.61
i % (2.61)

Therefore type “A” anomalies are not associated with additional (logarithmic) UV
divergences arising in the presence of space-time dependent sources. The Euler density
anomaly is such an anomaly because its integral vanishes on topologically trivial spaces,
such as Minkowski space. In practice this is because ,/gFy can be locally written as a

total derivative (of a non covariant quantity).

e Type “B”: Anomalies that do not vanish when integrated over space-time. Equivalently,

by the previous argument involving A“, these anomalies are associated with an explicit
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In /2 dependence in the effective action. In 4D CFTs the corresponding anomaly is TW?2.
An example of the associated In i dependence is given by the two point function of T,

which in Fourier space reads

(T Tpe) = cl’[ffl,)po,p4 Inp?/p?, (2.62)

2) . . .
where HEW)pg is the projector on transverse traceless 2-index tensors.

Strictly speaking, also the Ey4 can give rise to a In y dependence, but only when the CFT is
embedded in a space with non trivial topology, like for instance the sphere Sy. In any case, the

logarithmic divergences associated with F4 do not affect local quantities, such as correlators.

Let us now consider the anomaly in the presence of all the external sources, and see what
becomes of the properties we just discussed. Up to terms involving e**?  the most general

form, first given in [26], is

1 ) 1 2) ) (1 )
"0 — a E e - o>
\/ng a(ﬁW + By 4+9ﬁR Vo 3dR
1 1 1
+o <§X§VMAIV“R - Exf SN VRN R 4 X7 LGN NV
1 1 1
X T VENVEN 4 Dy VA VI VNS + 23, VX VAT 7, A AT
1 ~ 1
+oto (wa,vw + gRYIVu)\I + SV N UYLV + 5T JKVV)\IV”)\JV#AK)
1
—V?0 (UIVQ)\I + 51@%#%")
1 ~a,~b Aa 1 21 1 InopyJ
+o ipabm m +m gqaR-i-Ta]V A+ ESaIJVﬂ/\ VHEX
+0u0 (1 jar VAT ) = V20 (k)

1 1
+o (ZKABF;‘VFBW - icAIJFﬁVNAIVVAJ> + 00 (narFy, VAT (2.63)

where G, is the Einstein tensor, Fl‘fy is the field strength associated with the background
field AZ‘ and m®* = m® — %n“R. As in the CFT limit, A4, is redundant, in that it is only
defined modulo the variation of a local functional F' of the sources: A, ~ A, + A, F. This
redundancy corresponds to the freedom in choosing a renormalization procedure. At the same
time A, is subject to the Wess-Zumino consistency condition, now given by the analogue of

Eq. (2.60) with A, instead of AZ,

A, ( / dxlAm) ~ A, < / dszgz) = AL AW =0 (2.64)

This condition translates [26] into ~ 10 differential equations involving the 25 tensor coefficients

appearing in A,.

A new result, which we present here, is a reformulation of the anomaly, in which most of the

consistency equations are explicitly solved, leaving only three non-trivial constraints. One
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of these is the equation discovered in [32, 26] and describing the flow of the coefficient a.
The other two equations involve instead the anomaly coefficients associated with the flavor
gauge fields. One key observation in our analysis is that, by eliminating a suitable set of
scheme dependent terms, most of the consistency equations become algebraic. They can thus
be readily solved and substituted back into the anomaly. The consistency equations in this

suitable scheme choice appear in appendix A.4.

According to our analysis the general anomaly in Eq. (2.63) can be written as a sum of five

terms which we indicate using an analogy with the Weyl anomaly of a CFT (Eq. (2.59)):
Ay = AVE 4 AR L AW o 4B g pE” (2.65)

The different parts of the anomaly are:

1. Generalized V2R anomaly

The generalized V2R anomaly represents the terms that can be written as A, F and
can thus be eliminated by a choice of scheme. By a proper choice of local terms, that
is specified in the appendix, the coefficients d, Uy, V77, g(u), Tr7r, ka, jar can be set to

zZero.

2. Generalized R? anomaly

The terms associated with S, Y7, x7, xfj, X% X’}JK, Ga,Tar can be rewritten using the

consistency equations in the following compact form:

b

V=g

This part of the anomaly is simply the most general bilinear scalar constructed from

1 1 1
AP = o (ibabﬂaﬂb + §baIJHaHIJ + ZbIJKLHUHKL) (2.66)

the covariant objects II/7 and T1* which were defined in (2.52). Since the variation of

the II’'s does not contain derivatives of o, the above term is manifestly consistent.

We refer to this anomaly as the generalized R? anomaly because in the limit where
VA =m = 0 the only term remaining from this anomaly is proportional to R?. The
definitions of the coefficients appearing here, in terms of the original parameterization

of the anomaly, are given in the appendix.

3. Generalized W2 anomaly
b
\Va')

The form of the W? anomaly is unchanged off criticality. The only difference is that

A};VZ = —gcW? (2.67)

the ¢ coefficient is replaced by a function of the sources A!, but the anomaly remains

manifestly consistent.
4. Generalized E4 anomaly
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As in the case of the W? anomaly, away from the fixed point, the coefficient of the Ej
anomaly is a function of the A\’s, and is thus space-time dependent. However, since the
Weyl variation of Fy contains two derivatives of o, the consistency condition involves
(after integration by parts) terms proportional to V,a, which are not present at the
fixed point where a(\) is a numerical constant. The result is that the E; anomaly is
no longer automatically consistent away from criticality: additional terms must exist
in order to restore consistency. We find that a consistent anomaly containing F4 must

have the following structure:

1 1 1 1
\/—_79,454 = 0 (aE4 + x4, <§FWV“)\IV”>\J - ZU;LAKAJ) - iﬁJKQ”K)

1
+oto <U)]GIWV”)\I) - 58[Jw1]5£‘] (2.68)

where x¥; and wy are functions of A, introduced in Eq. (2.63), and where we used the

notations defined in sec. 2.2.2 plus the definitions
R
F,uu = G;u/ + ng/
QlIK  _ <HIJ+ EB(IAJ)> AK
2
2 = AT (20,0VPN — oy IE) (2.69)

and

- 1
Xt = —0uXicn + 50Kkx1, - (2.70)

Notice that, even though it involves several terms, this anomaly is described by just three
tensor functions a,wy, X‘(} - Moreover, Wess-Zumino consistency implies the following

constraint

Llwy] = —8dra+x9,B’ (2.71)

. Generalized F? anomaly

The generalized F? anomaly depends on three coefficients, xap, (a7 and nar, and takes

the form

1 . 1 L1 V
ﬁUAg = U(ZK/ABFIﬁ/FBu + §CA]JF£V’LAIV )\J
1
+ <§P[ACAJK + UAIa[JPI?]> Q”K)
1
A gyl AclJ
+0to (ﬂAIF#yVVA ) — gnann=s (2.72)

The three coefficients appearing in this anomaly are related to one another and to the
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coefficients of the generalized E; anomaly via 2 consistency conditions®

Lnar kapPP + CargB? — x3,(TaN)’
0 = narBl +w(TaN)! (2.73)

In the end we find that the anomaly can be described by 10 physical scheme independent
tensorial coefficients, constrained by the 3 consistency conditions in Egs.(2.71,2.73). Note
however that the second constraint in (2.73) is not fully independent from the other two.
Indeed, the vanishing of the Lie derivative of this constraint is automatic once the other two

constraints are enforced.

Comments on the R?> anomaly

Some comment on the A?Z anomaly are in order, as it represents a novelty compared to the
well known CFT limit. We will show that it is associated with logarithmic divergences in
CFTs that can be “unimproved” when scalar operators of dimension exactly equal to two
are present. We will also show that the components associated with operators with non-zero

anomalous dimensions can be eliminated by a choice of scheme.

The coefficients by, byry and by are associated with the short distance singularities in
respectively (O,O%), (0,010;) and (O;O0;0Or). To see this, let us perform analytic
continuation to work with Euclidean signature, and follow an argument similar to the one
presented, for instance, in [53]. Consider the action of the RG flow operator A®“ on the
correlator Ggp(z) = (Og(x)O0p(0)),

d he O B
M@Gab(l’) = A Sra() Sn( O)W (2.74)
_ re O J ) §
= 1A ama@ i) Y Sma@) om0 (2.75)
= —75Ge(x) = 15 Gac() — bapd™ () . (2.76)

At the fixed point, where 73, BT =0 and by, = bsl))) = const, by conformal invariance G ()

takes the form
1 1_log z?u?

@ = ~CagB = — (2.77)

Gup(z) = CpR 1 -

where the function 1/(2%)? is regulated (via differential regularization [54]) due to the presence
of the non-integrable singularity in = 0, and Cy;, is positive-definite by unitarity. Taking
the RG derivative of (2.77),

M%Gab(z‘) = 213C o0t () . (2.78)

8Indeed the E; anomaly is not fully consistent on its own in the presence of a non-vanishing field strength
background Ffu. Terms involving the field strength in the Weyl variation of the F4 anomaly go along with
similar terms from the F? anomaly, and thus appear in the F> consistency condition in Eq. (2.73).
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By comparing equations (2.78) and (2.76), we conclude that b((l%) must be negative definite.

Considering the expression for I1% in Eq. (2.52) at the original fixed point A’ = 0, the anomaly
)

associated with bgl)) reduces to

a b
o (m“ - %R) (mb - %R) . (2.79)

By Eq. (2.78) this result is readily interpreted as due to a deformation of the CFT by the
coupling (m® —n*R/6)O,. This is also consistent with the interpretation of n* as a parameter
describing the “unimprovement” of the CFT. We stress, although it is obvious, that compared
to the standard CFT anomaly in Eq. (2.59), where R? is inconsistent, Eq. (2.79) is made
consistent by the Weyl transformation of an extra source, m®. A related discussion of this

issue is found in sect. 2.3 in ref. [25].

Notice that the coefficients by, bary and brji can be modified by the addition of local

counterterms of the same form:

1 1 1
W = /d4x\/—g (icabnanb + ZcqpymomY + ZcUKLH”HKL)

2
§bab = 7[: [Cab]
Obary = —L[cars] + Vi Carcr + 278 ¢ap
Sbigkr = —Llerrr) + N eMnkL + VieE CraMN + Yicrcars + Vi scarcr - (2.80)

In particular, at a CFT fixed point 0by, = Y5Ceh + Vi Cac, SO that all the entries in by, can be
eliminated apart from those associated with operators of dimension exactly equal to 2. This
makes sense because only for those entries does Gy (p?) involve a logarithm, corresponding to
an ineliminable In p dependence in W. The same remark applies to b,r; and byyxr: around
a CFT fixed point the only genuine anomalies, the ones that cannot be removed by local
counterterms, correspond to 3- and 4-point functions of fields, such that the sum of their

anomalous dimensions vanishes.

It is also interesting to consider what would become of these anomalies in the limit of an SFT.
Limiting the set of sources to just g and the virial gauge field Af} = SACN, and improving
the theory by the choice n® = 0, the anomaly reduces to a term proportional to R? (see sec.
2.2.2). This is the SFT anomaly discussed in ref. [25]. As this anomaly coefficient controls
the J = 0 component of the energy momentum 2-point function, one easily deduces that the

coefficient must be positive in a unitary theory.

2.3 Weyl consistency conditions and gradient flows

If one considers the quantity [32, 26]

=a+ éwIBI (2.81)

Is]
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then Eq. (2.71) together with the second constraint in Eq. (2.73) implies the famous gradient
flow equation
8dra = (X‘?J-i-a]QUJ—aJw]-l-PfanJ) B’ (2.82)

The gradient flow equation is one major result in the work of Jack and Osborn [32]. To our
knowledge, however, in the general case involving global symmetries, it was not cast in the
form of Eq. (2.82) until recently in [55] (see for instance section 3.6 of ref.[25]). Notice indeed
that, in order to obtain Eq. (2.82), Eq. (2.73) is crucial, in that it implies that a seemingly
spurious term Pf'w;(Ta\)” is indeed proportional to the B’s. Eq. (2.82) gives rather non-
trivial relations among perturbative expansion coefficients of the S-function and of the other
quantities in the right hand side. Indeed, as pointed out in [32] and further demonstrated in
[55], there arise relations purely involving the S-functions of different couplings at different
perturbative orders. For instance, in weakly coupled gauge theories with scalars, one can
relate the leading contribution of the scalar quartic coupling to the gauge S-function, which

comes at 3-loops, to the 1-loop S-function for the scalar quartic itself.

Another implication of Eq. (2.82) is that a is stationary at a conformally invariant fixed
point, where B! = 0. Notice that at a CFT @ and a have the same value, though « is in
general not stationary. However, since at a CFT 9;a = —w;9;B” /8, we have that a is still
stationary with respect to marginal perturbations, that is perturbations associated with
vanishing eigenvalues of 9;B”. A corollary of this result is that a must be constant on any
manifold of fixed points. Moreover, since in a CFT a is the coefficient of one of the three
structures describing the 3-point function of T}, [56], our result implies the vanishing of the

tensor structure corresponding to a in

[ 4 O@ T )Ty () T () (2.83)

Although we have not studied that, this result should also be obtained by using the constraints
imposed by conformal symmetry on the correlators. A corresponding result applies in 2D
CFTs for the correlator [ d?z(O(2)T,(y)Tss(2)). Though in that case it trivially follows
from the vanishing of correlators involving n insertions of 7' and one insertion of another

primary, which is a consequence of the Virasoro algebra.

However, the most interesting consequence of Eq. (2.82) is obtained by contracting it with B!

8%% =8B'0a = x},B'B’, (2.84)
where the relation B! PIA = 0 was used. The relevance of this result lies in the positivity
property of the matrix x7,, as for x¥, > 0 it implies @ is a monotonically evolving function of
the couplings. Moreover, in an SFT, one would have that B/9; = —S4(T4\)!0; is just a Gp
rotation. Then the G covariance of @ would imply X JBI B’ = 0. For a positive definite X7,
one would conclude that B! = 0, and that therefore the theory must be a CFT.

Indeed, as noted already in [32], unitarity guarantees the positivity of x§ 7 in a neighborhood
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2.3. Weyl consistency conditions and gradient flows

of the original CFT where all S-functions and anomalous dimensions remain small. This
proof is based on the following relation between x ; and the anomaly coefficient x¢; (see Eq.
(2.63)):

Xy, =—-2x1; +O(B,0B, P) (2.85)

This relation can be derived from the Wess-Zumino consistency condition of the original
anomaly. When B, 0B, P can be treated as perturbations, then all anomalous dimensions
are small and the positivity of xJ, coincides with negativity of x%;. We will now describe a
proof for the negativity of this matrix in unitary theories. In section 3.1.4 we will present an

alternative argument for the positivity of x¥, based on the dilaton scattering amplitude.

The negativity of x¢; can be established as follows: by the same considerations used in the
discussion around Eq. (2.76) and by the use of Eq. (2.63), we have that the Euclidean two
point function Gy = (Or(2)O0;(0)) satisfies the RG equation

d
,LL@G[J + ’Y;(GKJ + ')ﬂ}](GIK = —X?JDD(54(1‘) . (2.86)

At the conformal fixed point in differential regularization Gy takes the form [53]:

log #2112
22

1
Gri(z) =CrR e Cry0

1
CIET (2.87)

where C7; is Zamolodchikov metric, which is positive definite in unitary theories. From the
above equations it follows that, up to corrections controlled by the anomalous dimensions
and S-functions, unitarity implies x§; < 0 and thus, by the previous discussion, x7, must
be positive. Notice that this conclusion is not affected by changes of scheme generated
by the addition of local counterterms to the action. Indeed under these additions one has
X7 = Xx¢;+ Ller], with ¢y a covariant function of the couplings: the change in x¢; is again
controlled by anomalous dimensions and S-functions, which are small under our hypothesis.
Let us stress again our conclusion: in a neighborhood of the original fixed point (see fig. 1)
where the S-function and the anomalous dimensions of O, O,, J! can be treated as small
perturbations, unitarity implies the positivity of x¥,. We should also emphasize that this
result does not rely on the perturbativity of A/, Indeed X7, may differ significantly by its value
at the fixed point, but under our assumptions of small 8 and small anomalous dimensions,
unitarity nails x7; to be positive. Nonetheless, we understand that the generic situation is
one where the smallness of 8 and of the anomalous dimensions is controlled by the size of the

couplings A\ themselves.

Now, the integral of Eq. (2.84)

A\ p2)) — a(A(m)) = § [ A0 B ) B () (2.88)

gives a straightforward bound on the asymptotics of the RG flow. As long as the RG trajectory
is in the neighborhood of the original fixed point, the left-hand side of Eq. (2.88) is finite, since

as a is a finite function of the renormalized couplings. Then, if the RG trajectory remains in
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Chapter 2. The local Callan-Symanzik equation

this neighborhood asymptotically, In 4 — 400, the positive integrand at the right hand side
must vanish in the corresponding asymptotics

Wm0 B! () B (Mw) = 0. (2:89)
This can only happen if either BY — 0 or if X7 7 asymptotes a matrix with null eigenvalues. In
the latter case, the operators corresponding to such eigenvalues would vanish in the limit where
[S-functions and anomalous dimensions are neglected: so they must vanish for real otherwise
our hypothesis of negligible S-functions and anomalous dimensions is violated. We conclude
that within our hypothesis, one must have B’ — 0 asymptotically for all non-null operators.
The asymptotics must therefore be CFTs. A particular case satisfying our hypothesis is that

of Banks-Zaks type theories: the only possible asymptotics in a neighborhood of the original
free field theory must as well be CFTs.
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Chapter 3

Constraining RG flows in four

dimensions

In section 2.3 we reviewed the consistency condition approach of [26] to derive a gradient flow

equation.

In this Chapter we present a method for computing the n-point correlators of T', which we
package in terms of an effective dilaton action. We show how to express these correlators as
the sum of a local term related to the anomaly (section 3.1.2) and correlators of composite
scalar operators (section 3.1.3). Finally, in section 3.1.4 we use this machinery to revisit the
results of ref. [25]. We also connect the dilaton based approach of ref. [25] to the consistency
condition approach of ref. [26]. As a by-product we show that there exists a scheme where
the metric X”L[] ; essentially coincides with a manifestly positive definite metric constructed in
terms of combinations of matrix elements of composite operators. That is the analogue of

what done in ref. [26] for the 2D case. In section 3.2 we draw our conclusions.

3.1 Correlation functions of T off-criticality

3.1.1 The dilaton effective action

In this section we shall use the local Callan-Symanzik equation to write the correlators of T'
in terms of the correlators of the other composite operators, plus local terms associated with
the anomaly. For this purpose we will introduce the dilaton field 7(z), and define the dilaton

effective action I'[g, 7] as the quantum effective action WV evaluated in the background®

Ji(g.1) = (¢ =g, N = M (n) = const, 4;) =0, m* =0). (3.1)

1We keep a non-trivial background metric in order to allow in principle to control matrix elements of Tuv.
But we shall eventually focus on the flat case gu, = Muw.
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Chapter 3. Constraining RG flows in four dimensions

This effective action can be written as an expansion in powers of 7

> 1
T[g, 7] = W[Jﬂ:eXp{Ag}W[j]’ =Y S A ATW] (3.2)
I=J i ——— T=Jo

n

where we used the operator AY defined in (2.13), and defined the background Jy as
Jo(@) = (" =g, M = M (n) = const, AI‘;‘ =0,m*=0). (3.3)

Using the definition (2.7), we see that the coefficient of the 7(x1)...7(zy) term in I'[g, 7],
evaluated with a flat metric g = n*¥, corresponds to the n-point correlator for T’
(o]
i

Ciprl = S [aten . [aber r(n) orle) (T T @) T} - (34)

n=0

In order to write the correlators of T" in terms of those of the other composite operators we

need to consider the quantum action for the Weyl transformed sources

To(G.7) = exp{—AT}j‘ = (g, M), AA[r), me[r]) (35)
JI=T1

for which the 7 dependence is transferred to ! 7Aﬁ,ma. We shall discuss below the form

of the Weyl transformed sources A [r], Aﬁ‘ [7], m?®[r]. The effective action for 7 can then be

conveniently written as the sum of two contributions
F[gﬂ’] = {W[jl] - W[jQ]} + W[L72:| = Flocal[T] + Fnon—local[T] (36)

where the term in curly brackets = I'j,.q is clearly local, as it corresponds to a finite Weyl
variation of the action. The second term T'y,on_jocar is a functional where A[7], Af} [T], m®[T]
act as sources for respectively Oy, JY, O,. When focusing on an order by order expansion in

7, it is also convenient to write Eq. (3.6) as

TG, 7] = exp{A%}(1—exp{—A )W Lt exp {AY} exp {Af - Ag} W ;
0 0
1
— e {AY} (1 —exp{-A DWW +exp {AE +5[asal-oag } W
Jo Jo
= 1_‘local [T] + I—"n,onflocal [T] . (37)

where in the second term we made use of —A, = Af — AY. In principle, the dots in the second
line can be completed using the Baker-Campbell-Hausdorff (BCH) formula. Again, the first
term is manifestly local because all the terms in it involve at least one power of A, acting on
W, which gives the anomaly A. The second expression is a series of terms involving derivatives
of WW with respect to the sources, that is a series of correlation functions of composite operators.
Notice that in the absence of dimension 2 operators, all the commutators in the BCH formula

vanish, and the computation simplifies significantly.
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3.1. Correlation functions of T off-criticality

In principle, the effective action can be obtained by working out the exponentials in Eq. (3.7)
order by order in 7. A perhaps more direct way to get a hold of the result is to consider the

source

lery(gvT) = exp{—yAT} j‘J 7 = (guue2(1—y)‘r’ )‘I[Tv y]v Aﬁ[’rv y]a ma[Tv y])a (38)
=T
which interpolates between J; at y = 0 and J» at y = 1. The advantage of using this

interpolating source is readily seen when considering T'j,cqi[7]. One can indeed write

Flocal[T] = W[jl] - W[jﬂ = - /01 dydiyw[jlﬂ;] = /d4$/01 dyAT<j1+y) (3~9)

where A (J14y) is just the Weyl anomaly of Eq. (2.63) computed for Lie parameter o = 7 on
the background Ji4,. To compute both pieces in I'[g, 7] we must then first find Ji,. This is

done by solving a set of differential equations. Indeed, by its definition, J14, satisfies

d
@j1+y - *Ale+y (310)

which corresponds to a set of first order differential equations for its components. Given
Eq. (2.14) the solution is found by considering \! first, A;‘ second and m® third. We have

diy)\l[T, y| = TBI()\[T, y]) (3.11)

which, with initial condition A[,0] = A (1), has solution
N r,y) = N (ue¥™) (3.12)

This result is obvious given the definition of M[r,y] in Eq. (3.8), but for the other sources the

result will be less obvious. Consider now the vector field. One has
d
d—yA;‘[T, y| = TyBIPlAauT - TPIA(TB/\)IAE[T, Y] (3.13)

where M = M (ue?7) is understood everywhere. Notice moreover that by the relation B! PIA =0
only the homogeneous term survives. Thus, given the initial condition Aﬁ [1,0] = 0, the unique
solution is A, [7,y] = 0. This is an interesting and non-trivial result. It implies that T'jyeq; is
not affected by anomaly terms involving the field strength of the external gauge fields, while
Thon—iocar 1s independent of the correlation functions of the Noether currents J;?. We stress
that this result depends on the choice S4 = 0 and would not hold otherwise. As we saw in
section 2.2.2, setting S4 = 0 amounts to using the Ward identity Eq. (2.33) to eliminate
8ﬂJﬁ in the expansion of T in Eq. (2.26). What our present argument shows, is that J/ is
eliminated altogether, including the general case where operators are inserted at coinciding

points and contact terms must be taken into consideration.

Consider finally m?®. Its Weyl transformation is somewhat intricate, and so is the differential

equation for m®[r,y]. The computation is considerably simplified by focusing instead on

41



Chapter 3. Constraining RG flows in four dimensions

the “covariant” quantity I1%[r, y]. This is simply related to m®[r,y] (see Eq. (2.52)) via the
sources we already computed, the metric g*[r,y] = g" 2197 and M[r,y]. By Eq. (2.54)

the equation it satisfies is

4]

sl = =7 {@ =i o]+ g 0} (3.14)

= r{@= ity + v oct + L) (B + Vi - (902 |
(3.15)

where 7% = n® + %9?(U*1)§B‘] and where, as before, A’ = M (ue?™) is understood everywhere.
In the second line we have used the explicit expression for ~¢ JHU [,y], which is readily
computed as this quantity purely depends on A\ and on the metric. Furthermore we have used
its definition and the consistency conditions to rewrite the coefficient v¢;. This is a standard
differential equation whose solution is formally written in terms of integrals involving the
known functions on the right-hand side. The dependence on 7 can then be made explicit by

expanding the formal solution in a Taylor series in 7.

The structure of II* is the main source of complication in the computation of I'[g, 7] for general
7. Here we shall focus on the specific dilaton field configurations respecting the “on-shell

condition”?

R(g"e?¥™) = %" (E +6 [VQT - (VT)QD =27 (R — 6€TV2€77) =0 (3.16)

which for the flat background g"” = n*” reduces to the massless Klein-Gordon equation

for the “canonical” dilaton 1+ ¢ = e™".

The effective action for a dilaton satisfying the
on-shell condition very roughly generates the correlators of T' for light-like external momenta,
though the relation is more involved because of contact terms. These configurations are
interesting because they are precisely those that help constraining the structure of the RG
flow [25]. Now, in the case of an on-shell dilaton, a remarkable simplification takes place:
1%[r,y] = U'[r,y] = 0. Indeed one readily checks that for on-shell configurations the
boundary condition is T1%[7, 0] = I’/ [, 0] = 0. Then, since the system of II[7, y]’s satisfies a
homogeneous differential equation (see Eq.(2.54)), the solution vanishes identically. By the

explicit form of I1* we thus have that on-shell and for a flat metric

Myl =0 — mor,y] =297 [yl —y)n® + yQ%BI vir (3.17)

where again all coefficients implicitly depend on 7 and y via A! = A (ue?™). Notice that for
y = 1, relevant for the computation of T'yo,—jocal, the above result further simplifies to (all 7

dependence now explicit)
ma[r,1] = WBI()\(M@T))VQT. (3.18)

We have now all the ingredients to quickly evaluate the dilaton effective action in the on-shell

2In the Appendix of [1] we give more details about the general case.
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3.1. Correlation functions of T off-criticality

case. We shall consider the local and non-local contributions separately.

3.1.2 Computation of I';,.y

From Eq. (3.9) we see that T'joeq is linear in the anomaly. It thus consist of the addition of 5

terms, one for each of the contributions in Eq. (2.65).

Flocal = ]-—‘VQR + FR2 + FW2 + FE4 + FF2 (319)

1. TV°R

This local contribution can be obtained by dividing the generating functional into two

pieces
W = W — Fyep (3.20)
where

A Fory = / dPr AT R (3.21)

while W is a modified action whose anomaly has the canonical form AR 4 AW? 4
AP+ 4 AF? | The explicit expression for Fyzp is given in (A.47). By the definition Eq.
(3.2), and by using Eq. (A.47) we then simply have

- 2
TV*8[g, 7] = —Foap[dh] = —/d“w\/—iﬁ J(@ + V2 — (VT)Q) (3.22)

where d is given by
~ 1 1~ ~ 1 .
d = d+ 5BIU, + 18 nB'BY =1k, — 5naja,Bf (3.23)

and we introduced the notation B/ = (U-HLBY. Tt is important that once we have
extracted this piece from the generating functional, the remaining terms must be

evaluated using W', namely in a scheme where the generalized V2R anomaly vanishes.

The main result here is that I'V’® vanishes for dilaton configurations satisfying Eq. (3.16).
As such this contribution does not affect the discussion on the RG flow structure: that

makes sense, since the local functional Fg2p is arbitrary.

2

. TR

This contribution is given by the integral of a quadratic form in the IT's. It is therefore
proportional to the square of R + 6 [VQT - (VT)Q}, and therefore trivially vanishes for

on-shell dilaton configurations.

3. TW?
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Chapter 3. Constraining RG flows in four dimensions

The contribution from AV is easily integrated: \/§W2 is Weyl invariant, so that the

only dependence on 7 and y comes from the coefficient function ¢(A). We find
2 p— —
M fgr] = - / dry/=5 CO), 7)1 (324)

where C(A( f e’ f))dIn . This contribution vanishes in a flat metric

background.

4. TFBs L TF?

We group these two contributions, since A4 and A ? are related by the Wess-Zumino
consistency condition. Notice however that since Af} [,y] = 0, the gauge field strength

vanishes and A" reduces to the terms proportional to P[A. We find

IP[g, 7] = /d4xxﬁ( 7)E4g]
+a(A(ep)) (4G~V[g]a,naﬂ — AV270,7O"T + 2 (a,ﬂam?)

—L[a)(A(e™w)) (DT T)* + .. ) (3.25)

where A(A(p),7) = f[t‘ef a(A(1))dIn i, while the dots stand for additional terms of
order O(B)? and proportional to R+ 6 [V27 — (V7)?]. These additional terms therefore

vanish on-shell.

Notice that Eq. (2.84) implies 8£[a] = x¥,B! B’ = O(B?). Therefore, close to the fixed
point, where we can use B! as a small expansion parameter, and focusing on a flat

metric, the above formula reduces to
rfay /d4 4V27'8M73“T +2 (8M78“T)2) + O(B?) (3.26)

This has precisely the form of the Wess-Zumino term at the fixed point [23]: the

non-trivial result is that the corrections begin only at order (B!)2.

Let us summarize: for flat background metric g = n#*” and for 7 satisfying the on-shell
condition V2e™" = 0, the local contribution to the effective action is controlled by the anomaly

coefficient @ and reduces to the second and third lines of Eq. (3.25).

3.1.3 Computation of I',,,,_jocal

As long as we are not interested in correlators involving 7}, we can set g"* = n*¥. Using the

results in section 3.1.1, we have

Thon—tocat = W|[J2] = W7, 1], m[r, 1]] (3.27)
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where, with a slight abuse of notation, we have dropped the metric and gauge field as one is

flat and the other vanishes. By writing

WA, 1], m[r, 1]] =

4 “ § -
exp {/d4x [()\[T, 1] — )\I(’u))(sj\f(x) + mA|r, ”(W(x)} } WA, m)

and by using the functional correspondence between derivatives and operators, the have that

(3.28)

the 7 dependence of 'y, —i0car 1S effectively generated by adding to the Lagrangian of the
QFT an effective interaction (we use [A[T, 1] = A(ue))

Lepr = (N (ue) = X (1)O1 + (m*[r,1])O, . (3.29)
In the case of an on-shell dilaton the explicit result is
0 (A (ue™
Lers = (M (ne”) = A (1)) O1 + WBI(A(MT))VQTOG. (3.30)

where of course the composite operators are also renormalized at the scale p. Because of the
piece proportional to 6%, this result corrects the naive expectation according to which in a
QFT with purely marginal deformations the effective coupling to a background dilaton is
simply obtained by promoting A(u) to A(ue™). That would for instance be automatically true
in the absence of dimension 2 scalars. However, we have seen before that even in the presence
of dimension 2 operators a scheme to define composite operators exists where #¢ = 0. In such
a scheme the form of the effective dilaton interaction would respect the naive expectation.
Notice that the operator redefinition generated by the source reparametrization in Eq. (2.44),
reduces to a simple operator shift, as described in Eq. (2.47), only when operators are inserted
at separated points. When considering insertions at coinciding points the operator mapping
is made more involved by the presence of contact terms. In view of that, one should not be
worried if the second term in Eq. (3.30) cannot be naively absorbed by the first through a

simple operator shift.

We should however stress that the simple result in Eq. (3.30) relies on two other ingredients.
First, it relies on the choice S = 0 to fix the freedom in defining the RG flow. This choice
is equivalent to using the Ward identity to rewrite d,J in terms of Oy and O,. Secondly,
and more importantly, Eq. (3.30) is only valid for on-shell dilatons. Without that assumption
there would be new genuine contributions basically related to the existence of the additional

non-minimal operators \/gR(g)O, coupling the QFT to gravity.

For the purpose of the discussion in the next section, it is useful to write the lowest order

contributions to I';,on_jocq; In an expansion in the canonical dilaton ¢
e T=14¢. (3.31)

for which the on-shell condition is V?¢ = 0. Using the expansions 7 = —¢ + %(1)2 —...and
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Vir = —(1-¢)V?p+ (Vg)? + ... we find

1
Fnon—local[n,gﬂ = :exp{/d4x<—¢ BI(S)\I(m>
2 5 1 o
J 1 I J pnax=2 3 .
+ 5 (B (s + o8 ) 3 + 2B 0V 5m“(x)>+0(¢ >)} 2

(3.32)

where by the :: we mean that the functional derivatives do not act on their coefficients. As a

check of the consistency of our result notice that the term proportional to ¢? is given by
¢? A
/d4x?B‘] (67 +0,8") [O] (3.33)

where O; is the scheme independent dimension 4 operator defined in Eq. (2.48). Also
consistently with that: thanks to V?¢ = 0, O and O make no difference in the term linear

in ¢.

3.1.4 Correlators of T" and the constraints on the RG flow

The constraint on the RG flow asymptotics discussed in section (2.3) can be alternatively
derived by studying the specific combination of correlators of 7" that corresponds to the 2 — 2
scattering amplitude of a background on-shell dilaton. This approach is at the basis of the
proof of the a-theorem in ref [23] and was already followed in ref. [25] to constrain the RG
flow asymptotics. This section has a twofold aim. On one hand we would like to use the
results of the previous section to fill in some details that where not fully developed in ref. [25].
These concern the role of multiple insertions of 71", and the issues of scheme dependence and
operator mixing. In the end these issues affect only subleading contributions and so they do
not alter the proof in ref. [25] as, under the assumption of perturbativity, that only relies on
the leading order scattering amplitude. However, with a complete control of the scattering
amplitude, the relation with the consistency condition approach of refs.[31, 32, 26] will be

more clear. That is our second aim.

The idea is to study specific combinations of correlators of T' that can be directly interpreted
as the 2 — 2 scattering amplitude of the background dilaton field ¢ defined in Eq. (3.31)

0 0 0 0
2m)28(p1 + - - - + pa) A(p1, pa, p3, pa) = w 3.34
(2m)*8(p1 pa)A(p1, 2, 3, 1) 56(p) 56(pa) 50(ps) 50 (o) (1] oo (3.34)
Notice that since 5 5
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3.1. Correlation functions of T off-criticality

the amplitude is a combination of 4-, 3- and 2-point functions

Alpr,-...pa) = —i{T{T(p1)T(p2)T(p3)T (pa)})
—({(TH{T (p1 + p2)T (p3)T(p1)})
+i ((T{T(p1 + p2)T(p3s + p4)}) + permutations)
+i ((T{T(p1 + p2 + p3)T(p4a)}) + permutations) . (3.36)

}
}

+ permutations)

Notice that, for generic kinematics, the correlators of T" require renormalization. As a result
of that, these correlators are generically p dependent. An equivalent statement is that the
dilaton effective action for a generic ¢ is u dependent. As discussed in section 2.2.1 this
dependence is fully controlled by the integral of the anomaly for a constant variation parameter
o = const. Now, it turns out that, for a pure dilaton background g, = 1., (1 + ¢)? satisfying

the “on-shell” condition
R(e™ ™) =¥V2% ™ = (1+¢) V%9 =0 (3.37)

the anomaly of Eq. (2.63) integrates to zero. Indeed, in a pure dilaton background (A = const,
Al‘j =m® = 0) the only terms to consider are those involving just the metric: E, integrates
to zero over asymptotically flat space, /—gW?(g) vanishes for conformally flat metrics, while
the on-shell condition (3.37) eliminates the R? term. The scattering amplitudes for on-shell

dilatons are thus automatically finite, that is they are RG independent.

The same conclusion can be obtained from the power counting analysis in ref. [25], from
which one deduces that for an on-shell dilaton background all counterterms vanish except for a
cosmological constant term %(1 +¢)*. For m® # 0 the cosmological term would logarithmically
depend on . This dependence is associated with the IT®TI terms in the anomaly. However,
for the case m® = 0 we are interested in there is just a quartic divergence: A is a y independent
constant, that we may in principle even set to zero. Indeed Eq. (2.63) corresponds to the
choice A = 0.

As a consequence of the above discussion, on dimensional grounds, the scattering amplitude,

takes the form
A(s, t) = 8 F(s/p®,t/ i, M) + A (3.38)
with F' an RG invariant function
0 ;0 2 2
“on +B gy | Fls/wn, /17, Aw)) = 0. (3.39)

Notice that, since the dilaton is a flavor singlet source, F' must be invariant under the

background Gr: in Eq. (3.39) we can equally well use B! or 3.

The constraint on the flow is obtained by considering a dispersion relation for the forward
scattering amplitude A(s,t = 0) [23, 25]. In principle, given the kinematics (p? = 0,¢ = 0),

one may be concerned about the IR finiteness of the amplitude. While we believe it should
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Chapter 3. Constraining RG flows in four dimensions

be possible to carefully study the conditions for IR finiteness by performing an operator
expansion analysis, in the present study we shall content ourselves by assuming the amplitude
is finite. There are different reasons to believe that must be the case. One is that, as it will
become clear below, A(s,t = 0) appears to provide a concrete “on-shell” scheme to define
the quantity a that emerged from the study of the consistency conditions. It seems hard to
believe that happens just by chance. Another, maybe weaker, indication is associated with the
explicit form of A(s,t = 0), when expanded in powers of the S-function. As we shall discuss
below, at the leading 32 order, the amplitude is determined by the two point functions of
operators O; with dimension near 4, and is manifestly IR finite. The next-to-leading order
~ B3 is determined by 3-point functions of such operators, which at lowest order in 3 can
be computed in the original unperturbed CFT. Here again, the explicit computations of
CFT 3-point in momentum space [57], allows to rule out IR singularities. According to this
reasoning IR singularities could only arise beyond the order . While this seems difficult to
believe, a dedicated analysis seems to be needed to rule out this possibility. We leave such

analysis for future work.

Let us now go back to the forward amplitude. It is useful to parametrize it as
A(s,0) = s2F(s/p?,0,\(n)) + A = —8s%a(s) + A (3.40)
such that the positivity constraint imposed by unitarity becomes
ImA(s,0) >0 = Ima <0 (3.41)

Notice that, by the results of sections 3.1.2-3.1.3, Eq. (3.25) in particular, at a conformally
invariant fixed point, a coincides with the anomaly coefficient a. Away from criticality, using

the p independence of A, we can also write
—8a(s) = F(1,0,\(V/s)), (3.42)

a finite function of the running couplings. The dispersion relation corresponds to the Cauchy

7{ A0 40 (3.43)
C

”

integral relation

for the contour C' shown in figure 3.1. By using crossing A(s,0) = A(—s,0) and “hermiticity
A(s,0)* = A(s*,0), and by defining the “average” amplitude

a(s) = %/Oﬂ a(se'®)do (3.44)
Eq. (3.43) becomes [25]
a(sg) —a(sy) = ;/:2 %(—Ima(s)) >0 (3.45)

Notice that by crossing and hermiticity, & is a real quantity. Notice also that the cosmological

term, being analytic over the whole complex plane automatically gives no contribution to the
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3.1. Correlation functions of T off-criticality

dispersion relation.

S2

Figure 3.1: The contour C in the complex s plane.

We can now use the results from our study of the local Callan-Symanzik equation to elucidate
both sides of Eq. (3.45). Consider the left-hand side first. The split of the dilaton effective
action into a local and non-local contribution corresponds to a similar splitting for the dilaton

amplitude o = Qo + Qpon—ioe- The results of the two previous sections imply
0oe = a(A(1)) + O(B?) Omon—toc = O(B?) (3.46)
from which, using the x4 independence of a, we deduce @ satisfies
a(s) = a(A(Vs)) + O(B?) (3.47)

This relation is sufficient to conclude that there exists a choice of scheme where a(s) = a(A(1/s)).
Indeed adding to W the local term

%@GWV“AIV,,AJ (3.48)

does not affect the dilaton amplitude, as that is computed at VM/\I = 0, but modifies @ and
X9, according to
a— C~Z+BIBJC]J X!}J — X‘(I]J—F[:(C]J). (3.49)

The first equation, together with Eq. (3.47), implies a c7; with regular dependence on A
can be chosen such that a(s) = a(A(y/s)). Consider now the right-hand side of Eq. (3.45).

/
Figure 3.2: The 2-2 and 3-1 cuts of the on-shell dilaton scattering amplitude.
The imaginary part of the amplitude is obviously only affected by the non-local part of the

dilaton action. We must thus expand I',,,,_joc to fourth order in ¢. Notice first of all, as

it may also seem obvious, that only 2-2 cuts contribute® if the amplitude is assumed to be

3Indeed this is necessary to establish Eq.(3.41), as 2-2 cuts are manifestly positive while 3-1 cuts are not
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Chapter 3. Constraining RG flows in four dimensions

finite for external momenta on the light cone: 3-1 cuts would expectedly be associated with
singularities at p? = 0. The absence of 3-1 cuts physically corresponds to the fact that a
background massless dilaton cannot decay to QFT states. This last statement can also be
checked by noticing that the contribution from I'y.,_joca; to the dilaton 2-point function

vanishes on-shell.

Now, since only 2-2 cuts contribute to the imaginary part, we must consider terms where at

most two ¢’s are at coinciding point, as shown in the fig. (3.3). The contributions with at

Figure 3.3: The different configurations for the diagrams with 2-2 cut.

most two coinciding ¢’s are determined by the O(¢?) term in the expansion of Eq. (3.32).
These contributions can be written in terms of “Feynman rules” where the building blocks are
2- 3- and 4- point correlators of Or and O,. Inserting a complete set of states |¥) in the cut,

the imaginary part is conveniently written as

“Tma(s) = 161? %: (27)4 5 (py — 1 — po) BL B My (0)* M () (3.50)

with the matrix elements defined as
BIM(T) = B (7| [(5? + 0;BX)O(0) + BXO 1k (p1 — pg)] 10) (3.51)

where we used the “scheme independent” dimension 4 operator O; defined in Eq. (2.48), and
defined

Orrclps = p2) = [ d'ye P P72T (0;(4)Oxc () - (352)

p1 and pe are the momenta of the two incoming dilatons, so that (p; + p2)? = s. The
matrix element B! M;(¥) describes the probability amplitude for two incoming dilatons to
be converted into the state |¥). The first two terms in Eq. (3.51) correspond to two dilatons
absorbed at coinciding points (pure ¢ = 0-wave) while the third corresponds to insertions at

non-coinciding points, and thus involves all higher partial waves ¢ > 0.

One can thus define a positive metric Gy such that

~Ima(s) = B'B/Gyy, (3.53)
Gy = 3533 (m)'6 (pu — p1 — p2) My (W) M () (3.54)
4

manifestly positive.
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3.2. Discussion

In the above equation, by the p independence of the amplitude, the couplings and the composite
operators can be conveniently renormalized at pu = /s. Plugging this result into Eq. (3.45)

and comparing to Eq. (2.88) one concludes that, in the scheme where a(A(v/s)) = a(s),
32
X%] = ?GIJ'FA]J (3.55)

where Ay satisfies BIBYA;; = 0, while G is manifestly positive definite. The positive

matrix Gy can be viewed as the 4D analogue of Zamolodchikov’s metric for 2D RG flows
1
G17 = 55 2_(2m)*8* (pu = ) (0101 (0) ) (¥]05(0)[0). (3.56)
N

With the benefit of hindsight we can now better appreciate the difference between the 2D
and 4D cases. In the first case the RG flow is controlled by the 2-point correlator of T', while
in the second a specific combination of 2-, 3-, and 4-point correlators is the relevant object.
Without the dilaton scattering amplitude as a guideline it would not have been obvious how
to assemble these correlators in order to construct Grjy. Of course the approach we followed
in this Chapter is bound to the study of near marginal deformations where both B! and
0rB” are treated as small perturbations. In that case Gy is dominated by the first term in
Eq. (3.51) and takes the same 2-point function structure for the 2D case. That is the result
discussed in ref. [25]. Ideally one could however conceive of extending Eq. (3.51) beyond
perturbation theory including all scalar operators in the theory [58]. Unitarity would then
dictate the evolution of & with energy is controlled by an infinite dimensional positive metric

constructed in analogy with Gy.

We want to conclude with a comment concerning parity violation and €**#? terms in the
anomaly. In this Chapter we have disregarded them in order to simplify the discussion on the
structure of the anomaly. However it is rather clear that their presence does not affect the
derivation of the effective action for the dilaton, and the discussion about RG flow based on it.
This is readily seen by considering in turn I'jpeq; and Ty on—10cai- The former is a local action
involving 4 derivatives and any power of a scalar field 7: by Bose symmetry it is evident that
one cannot write down any term involving e#*??. The latter is totally determined by the Weyl
transformation properties of the sources, which as we noticed in section 2.2.2, is not affected
by parity violation. Therefore the discussion of RG flow asymptotics is not affected by parity

violation and, consequently, by mixed flavor-gravity anomalies.

3.2 Discussion

Osborn’s original paper [26] on the local RG outlined a beautiful formalism to shed light on
the structure of RG flows, independent of details of the underlying theory. Chapter 2 can be

largely considered as a corollary to that classic paper, where we obtained the following results:

e We introduced the “covariant” objects II* and II’Y whose Weyl variations do not involve

derivatives of the Lie parameter. These objects are essential in all applications of
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Chapter 3. Constraining RG flows in four dimensions

the local RG, from the construction of manifestly consistent Weyl anomalies to the

computation of the effective action for a background dilaton.

We showed that most of the consistency conditions for the Weyl anomaly can be explicitly
solved and that the anomaly can be reformulated in a manifestly consistent form, with
only 3 non-trivial consistency conditions remaining. A crucial step in that procedure
was the isolation of the scheme dependent terms in the anomaly, that is terms that
correspond to the variation of a local functional. That allowed to write most consistency
conditions as algebraic equations as opposed to differential equations. We believe this
new formulation of the Weyl anomaly represents a significant simplification over the
original discussion in ref. [26], providing focus on the genuinely non-trivial consistency

conditions.

Using the full set of consistency conditions, in particular those involving the background
flavor gauge field strengths, we derived a general gradient flow formula for the S-
function, Eq. (2.82). This equation implies a certain combination of anomaly coefficients
@ = a +wyB'/8 is stationary at fixed points. It turns out this is precisely the quantity
that decreases monotonically when flowing towards the IR. Therefore maxima and
minima of @ respectively correspond to UV and IR attractive fixed points. Another
corollary of this result is that the E4 anomaly coefficient a is stationary on a manifold

of fixed point.

We established the monotonicity of the RG flow of @, under the condition that the
RG trajectory is bound to a neighborhood of a CFT, where the g-function and the
anomalous dimensions can be treated as small perturbations. These quantities are
indeed the expansion parameters in all our computations. Our result evidently does not

rely on the original CFT being free.

Then, in Chapter 3 we related the approach to gain insight on RG flows based on Weyl

consistency conditions to the approach based on the background dilaton trick of Komargodski

and Schwimmer [23, 25]. Our study consists of the following steps and results:

92

e We derived a formal expression for the generating functional of the correlators of the

energy momentum trace 1" the effective action for a background dilaton 7. This action
consists of two contributions. The first is local and determined by the Weyl anomaly.
For on-shell dilaton configurations the result is fully determined by the F, anomaly
term and shown in Eq. (3.25). A consequence of our result is that, up to O(B?) in the
B-function B', the forward dilaton scattering amplitude at energy /s is controlled by
a(\(y/s)), the same crucial quantity describing the gradient flow equation. This result
was essentially derived already in ref. [40], though, we think, without analyzing the

relevance of the on-shell condition.

The second contribution to the dilaton effective action is non-local and associated with

the expansion of T" in terms of a complete basis of operators, also including the effects



3.2. Discussion

of multiple insertions at the same point. Here the main result is that, for an on-shell
dilaton, there exists a suitable “scheme” such that the action is simply generated by
making the formal substitution A(u)! — A (ue™). On one hand the choice of scheme
concerns the mixing between dimension 4-scalars O and operators of the form V20¢,
with O% dimension 2 scalars. On the other, it concerns the systematic use of flavor
Ward identities to substitute the divergence of currents 9,.J !/ in the correlators. That
procedure corresponds to the freedom to define the Weyl operator such that S4 = 0,
and such that the S-function is the “physical” one, B!. We stress that, aside these
technical scheme issues, the on-shellness of the background dilaton is the key to the
simple result. In practice the on-shell condition beautifully filters out interactions (and
related complications) associated with improvement terms. This property was already
the key to the analyses in refs. [23, 39, 25].

e We used the effective action to study the forward dilaton scattering amplitude. We
showed that there exists a scheme where the reduced forward amplitude a(s), defined
in Egs. (3.40)(3.44), equals the quantity a(y/s) appearing in the study of Wess-Zumino
consistency conditions [32, 26]. That scheme freedom is associated with the possibility
to add to the action a local and finite functional of the sources. We then applied the
optical theorem to show that, within this scheme and for a unitary theory, the matrix
X7, controlling the flow of a, essentially* coincides with a positive definite metric in
coupling space Gry. The latter metric is explicitly written in terms of matrix elements
involving 2, 3- and 4-point correlators of the operators O; that drive the RG flow. In
practice the use of the dilaton scattering amplitude allows to identify the 4D analogue
of the Zamolodchikov metric of 2D-QFT.

4«Essentially” is here used in the sense specified by Eq. (3.55): a possible difference A7; would necessarily
be “orthogonal” to the A-function vector B! and not play any role.
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Chapter 4

Constraining RG flows in six

dimensions

4.1 Introduction

Due to the importance of the a-theorem and its consequences for the structure of QFTs, it is

of great interest to continue the exploration of these ideas to higher spacetime dimensions.

In this Chapter we focus on six dimensions, where there exist non-trivial local superconformal
unitary [59, 60] and non-unitary [61] CTFs. While it is believed that there are no unitary
CFTs in dimensions higher than six (which has been proven rigorously in the supersymmetric
case [62]), the local CS equation formalism could be applied to the local non-unitary CFTs in

dimensions greater than six [61].

Let us consider a six-dimensional QFT deformed by a set of quasi-marginal operators Or,
S[®, A = Scrr[®] + / %2 N Oy (), (4.1)

and we study its RG flows through the formalism developed in Chapter 2, which can be
almost straightforwardly generalized to the six-dimensional case.! However, in six dimensions

the expansion of T" in a set of operators takes the general form
T ~ 'O + 849,J% — n*00, + d*00p, (4.2)

where @, are scalar operators of dimension two, which by unitarity must satisfy the equation
V20, = 0 at the fixed point.

Correspondingly, one can introduce sources ¢* for ¢,, and the local CS equation is generalized

Tmportant results using other approaches have been obtained in [63, 64].
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Chapter 4. Constraining RG flows in six dimensions

to
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om doc

(4.3)

where the operators in (4.3) take the same form as in (2.14), apart from d,c¢ which is a new

term with mass dimension four.

For simplicity, in the present study we shall assume that the lower-dimensional scalar operators
O, and ¢, are absent. It would be interesting to include them in the future, also to further

test results in the perturbative ¢* theory, as initiated in [65].

By analyzing the Wess—Zumino consistency conditions, in section 4.2 we will identify a function
of the coupling constants, @, satisfying an equation analogous to (2.2), thereby proving the
a-theorem in perturbation theory. In fact, we find a one-parameter family of functions, @ + )\ZA),

satisfying an equation of the form
P (a+20) = x1s8"87 + O(5°). (4.4)
dp

where x 7 is positive definite at leading order by unitarity. This result dispels the concerns on
the validity of the perturbative a-theorem in d = 6 raised by [66], where a different function
of the coupling constants was proposed as the monotonically decreasing quantity. As a direct

consequence of the a-theorem we prove the equivalence SFT = CFT in our setup.

4.2 Wess—Zumino consistency conditions

Consistency conditions that follow from the commutativity of Weyl transformations,
AO'AO" - AO”AU =0 (45)

impose constraints among the various terms that appear in the anomaly A,. In d = 2,4 these
conditions have been considered in Chapter 2 and references therein. Holographically, they
have been studied in [67, 68], and in supersymmetric theories in [69, 70]. Here we derive the
consistency conditions from the variation of the anomaly, as obtained in [71], and perform a
detailed analysis of those. We find that some consistency conditions obtained in [71] were

incorrect.

For the moment, we will neglect the contributions to equation (4.3) related to the gauge
fields Aﬁ sourcing the currents J%. However, as it will be shown later, this will not change
our conclusions. The explicit form of the anomaly functional can be found in Appendix B.2.
For illustrative purposes, let us report the form of the anomaly at the fixed point, with the

background couplings set to 0 [72],

A, =0 (—a FEg+ci1li + coly + 0313) . (4.6)
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4.2. Wess—Zumino consistency conditions

There are other six contributions (trivial anomalies) that can be eliminated by adding local
counterterms to the effective action. In (4.6) Eg is the Euler term while Iy, I, I3 are Weyl

invariant tensors. Their explicit form can be found in Appendix B.2.

After decomposing (4.5) in a linearly-independent basis, it is possible to read off constraint
equations for the anomaly coefficients. This is technically challenging, particularly due to
difficulties related to integration by parts and Bianchi identities.” The consistency conditions
obtained here were checked at two loops in the ¢ theory against the results of [65].> We have
also checked that they are satisfied by the general form of the trace anomaly on the conformal

manifold as constructed in [53].

In this work we exploit all constraints imposed on anomaly coefficients with up to two
indices. This requires us to decompose the consistency conditions and isolate the ones that
stem from terms involving up to two couplings A\. For example, we are interested in the
consistency condition arising from contributions to the left-hand side of (2.64) proportional
to (090’ — o 8NU)V2/\I O*V2\? | but not in the one arising from contributions proportional
to (00,0" — 0 0,0) N VAN V2AK,

A particularly important equation contained in (2.64) is obtained from terms proportional to
(00,0’ — o' 9,0)H" 0, \!, where H1*” is a generalization of the Einstein tensor in d = 6 [73]

(see (B.7) for its explicit form), namely
Ora = tHr B + i Hr, (4.7)
where?

a=a+ %Ih — %b;g%— %bn + %AJﬂJ—F %’H}]ﬁ’],

(4.8)
Hi=—Hy—3HS =377, His= 1A +Hp+01A; +0pHy.

All the tensors appearing above are local functions of the couplings, and their definition can
be found in Appendix B.2. Use of the consistency condition arising from (o VAV"d7¢’ —
o' VHVY9P0)V .V, 0,M allows us to put (4.7) in the simpler form

Ora = (MHiy— 1 AL)B + sy B — 5I],  a=a+ §bi—gybs+ s HiB . (4.9)

Unlike in the two and four-dimensional cases, (4.9) does not present itself in the form of (2.2),
due to the presence of the vector anomaly Z7. Notice that this contribution was missed in
[71], which led to consider & as the candidate for a monotonically-decreasing function in [66].

~ . . . |4
However, a cannot be such a candidate, even more so because it is scheme-dependent” at

2All our computations were performed in Mathematica using the package xAct, and details on the derivation
of the consistency conditions can be found in Appendix B.1. Due to the large number of terms appearing in
(4.5) and related consistency conditions, we do not report most of them in the text. The interested reader can
find them in a separate Mathematica file [2].

3To extend the check to higher loops it will be necessary to include the effects of the operators of dimension
two and four.

4We use the notation Xy = X174+ Xy and X5y = X1y — Xor.

5In this Chapter, by “scheme-dependent” quantities we mean those which change under the addition of
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order 3.9

Nevertheless, we considered all possible linear combinations of the consistency conditions, to
find all independent equations having the form of a gradient flow equation. Most importantly,

we found the equation”
Ora = (xrs +&)B7, (4.10)

where

a=a—3b1+ 15bs+ b3+ 15ba
+ (5Br+ 4Cr+ &+ & Fr+ SHE+ H] + H M + S MY — L HS) BT,
X1J = %3(151) - ﬁB}J + ﬁé}J + %é(u) + i}_(u) +§HLs
+ogHis+ 1 i+ s M — M
€17 = 550uBy + 45 Cun + &5 + 5 Fiun + 5 Flu
+ §OUHY + 55 0uH + 15 0uMY + §0uHy — 150uHY -

(4.11)

G equals a at the fixed point, as the anomalies b1 7 are all proportional to 5. xr; and &7 are
symmetric and antisymmetric tensors, respectively.® Note that, by virtue of equation (4.10),
@ is scheme independent at order §, while x7; and &7 are scheme-independent at order 3°,

i.e. they are not affected to that order by adding local counterterms to the effective action.

4.3 Irreversibility

Consider the RG derivative of the two-point correlator of the marginal operators Gyj(z) =

(O1(2) O 1(0)). Analogously to the four dimensional case studied in section 2.3,
d
3G 1 Gy + 75 Grie = 91,0060 (@) (4.12)

where (5(6)(510) is the six-dimensional delta function, and gy is evaluated via the anomaly in
Appendix B.2,
917 = —0q Ay — Aqyy + Apy + A7 (4.13)

As in section, 2.3 it can be shown that g7; is proportional to the Zamolodchikov metric and
is thus positive-definite by unitarity [53]. Furthermore, the consistency conditions relate the

tensors x7s and gyj via
X1y = g9rs +O(B). (4.14)

purely background-dependent counterterms to the effective action.

SFor example, the addition of a term f dﬁxﬂ Xr BHAI V., H}" in W[J], with X arbitrary, induces, among
others, the shifts T} — Z7 +.%5 X, where .Z5 is the Lie derivative along the beta function, and H} — H} — 1X5.
The shift of H; affects a at order .

"The linear combination of the consistency conditions leading to this equation is explicitly reported in the
Mathematica file attached to the submission of [2].

8Using the consistency conditions we have checked that £7; cannot be written as 8[ 1X7) for some vector X ;.
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With this result, and upon contracting equation (4.10) with 37, we get the desired monotonicity

constraint in perturbation theory for a,

d . .
M@ = ploja = xr8'87 >0, (4.15)

where the inequality is saturated only if 3/ = 0. This proves the a-theorem in perturbation

theory (in theories with no relevant scalar operators of dimension two and four).

Additionally, we find another independent equation of the form?

Orb = (Xrs + €18’ (4.16)

where

~

b=dbi— by — by — by — (1B + 50+ 26 + 3G+ 3MF+ 3] — LH9) BT,
X17 = _%6(IBJ) + %AII/J + %B/IJ - %é}J - %5(1.1) - %H%J - %H?J - %H%J + %H?Ja
§ry=—20uBy — L& — BOuHT — 30 MY — F0uHy + 1 0uHG, .

(4.17)

b is of order 8 and so vanishes at fixed points, and X} ;, £}, are symmetric and antisymmetric
respectively. The existence of the metric x}; is related to the fact that in d = 6 there are
three rank-two conformally covariant operators one can define on the conformal manifold [53],
corresponding to just as many scheme-independent rank-two tensors at the fixed point. This
is in contrast with the two- and four-dimensional cases where there is only a unique rank-two
tensor related to the Zamolodchikov metric. Nevertheless, we found that the consistency

conditions impose an orthogonality constraint on x/,

X787 = 0(8% BopB), (4.18)

even though, in general, x;; does not vanish at fixed points. Equations (4.10), (4.16), (4.18)
imply that there exists a one-parameter family of monotonically decreasing functions at

leading order in perturbation theory,

pat (a4 08) = ban B 57 + O(5. 505, (119)

Let us now generalize equation (4.15) in the presence of global symmetries at the fixed point,
in the scheme where S4 = 0. By covariance, as in four dimensions, equation (4.15) will read

d16 = (x17+ &17)B? + P fa, (4.20)

where f4 is a generic combination of anomaly coefficients. Upon contracting (4.20) with B’

9As for Eq.(4.10), in the Mathematica file attached to the submission of [2] we report the explicit expression
for the linear combination of consistency conditions resulting in this equation.
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and using the condition BIPIA =0 we get
I A d. InJ

Therefore, we find the same monotonicity constraint as in (4.15). Furthermore, if we are in
a SFT so that B! = S4(Ta))!, equation (4.21) implies that S4 = 0 by G p-covariance of a.

Therefore, we proved that scale implies conformal invariance in our setup.

4.4 Discussion

In this Chapter we studied the properties of RG flows originating from marginal deformations
to unitary conformal field theories in six dimensions. For simplicity, we restricted the analysis
to a class of CF'Ts where relevant scalar operators of dimension two and four are absent. Even
though we work in perturbation theory, the UV CFT can in general be strongly coupled and
may not admit a Lagrangian description.

The results obtained here can be summarized as follows:

e We derived all the consistency conditions with up to two powers of the coupling outside
the fixed point. We solved those to find all the constraints among the anomaly coefficients

which can be put in the form of a flow equation.

e We identified a one-parameter family of scheme-independent functions of the coupling
constants of the theory, & 4+ Ab with A € R, equal to the a-anomaly coefficient plus
O(B) corrections, which flow monotonically in the proximity of a fixed point thanks to
unitarity. There is no parameter A for which the combination @ + Ab, agrees with the
quantity analyzed in [66] in the context of ¢® theory, therefore we dispel the doubts cast

on the perturbative a-theorem in six dimensions.

e As a direct consequence of the a-theorem we proved, using standard arguments, that

scale implies conformal invariance in our setup.

The dynamics of perturbative QFTs in six dimensions appears structurally different with
respect to the four-dimensional case, due to the presence of multiple scheme-independent
rank two tensors at the fixed point. Nevertheless, we were able to find a class of physical
quantities whose RG flow is governed uniquely by the positive definite Zamolodchikov metric.
We presume that extending our argument beyond perturbation theory would single out the

monotonically-decreasing function in the one-parameter family that we found.

In the future, it will be interesting to extend our results in the presence of scalar operators of
dimension two and four. First, that could highlight possible differences with the lower space-
time dimensional cases, where relevant operators do not affect the monotonicity constraints [26,

55, 1].19 Second, that will be necessary to test our results in the ¢ theory, which is the only

0T four dimensions that is made clear by the argument employing the on-shell dilaton amplitude, which is
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perturbatively calculable theory in six dimensions. It should be straightforward to generalize
our computations to include those contributions, with the only difficulties arising due to the

proliferation of terms in the anomaly functional and in the Weyl operator.

It would also be of interest to analyze a and b to higher-loop orders in ¢3 theory with the use
of the consistency conditions, along the lines of [74]. The effects of dimension two and four

operators as described in the previous paragraph may be necessary for such an analysis.

The question stands whether the a-theorem and the equivalence of scale and conformal
invariance is valid beyond perturbation theory in six dimensions. So far no counterexamples
are known. A first step towards solving this problem would be to define a physical quantity
corresponding to a close to the fixed point, such as the four-dilaton amplitude in four
dimensions, as discussed in Section 3.1.4.'" A fully non-perturbative argument using a six-
dilaton scattering amplitude has been proposed in six dimensions with partial results [63],

but it is not clear whether a different approach is needed.

manifestly insensitive to those effects, as explained in section 3.1.4.

1We attempted to derive a flow equation both a for four-dilaton scattering amplitude, and for the effective
action on the sphere in six dimensions (as proposed originally in [20]), and we checked whether theses quantities
correspond to a. We got incomplete results which we don’t report in this thesis, but it is worth exploring this
direction in the future.
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Chapter 5

Hamiltonian truncation

5.1 Introduction

How do we extract predictions about a strongly coupled quantum field theory (QFT) which is
not exactly solvable? The lattice would be one answer, but it’s not the only one. Hamiltonian
truncation techniques, which generalize the Rayleigh-Ritz method familiar from quantum
mechanics, are a viable deterministic alternative to the lattice Monte Carlo simulations, at
least for some theories. These techniques remain insufficiently explored, compared to the
lattice, and their true range of applicability may be much wider than what is currently believed.
There exist several incarnations of Hamiltonian truncation, some better known than others,
differing by the choice of basis and of the quantization frame. For example, Discrete Light
Cone Quantization (DLCQ) [75] and Truncated Conformal Space Approach (TCSA) [76] are

two representatives of this family of methods.

In Part II of this thesis we will be concerned with what is perhaps the simplest setting for
the Hamiltonian truncation—the ¢* theory in two space-time dimensions. Moreover, we will
consider the most straightforward realization of the method—we will quantize at fixed time
rather than on the light cone, and use the Fock space basis for the Hilbert space rather than
the abstruse conformal bases.! We will expand the ¢* Hamiltonian into ladder operators, as on
the first page of every QFT textbook. We will however take this Hamiltonian more seriously
than in most textbooks. Namely, we will use it to extract non-perturbative predictions, rather
than as a mere starting point for the perturbative calculations. Concretely, we will (1) put the
theory into a (large) finite volume, to make the spectrum discrete, (2) truncate the Hilbert
space to a finite dimensional subspace of low-energy states, and (3) diagonalize the truncated

Hamiltonian numerically.

In spite or perhaps because of its extreme simplicity, this concrete idea had received before

our work even less attention than its more sophisticated cousins mentioned above. The only

!The use of a conformal basis in two dimensions requires compactifying the scalar field [77], see the discussion
in section 5.4.5.
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Chapter 5. Hamiltonian truncation

prior works known to us are [78, 79].2 Here, we will follow up on these early explorations with
our own detailed study. While the basic idea and the qualitative conclusions of our work will
be similar to [78, 79], our implementation contains several conceptual and technical novelties.
In particular, we will pay special attention to the convergence rate of the method, and will
develop analytical tools allowing to accelerate the convergence, improve the accuracy, and
better understand the involved systematic errors. The advances reported in this work and in
other papers [83, 84], as well as the ongoing progress in developing the other variants of the
Hamiltonian truncation [85, 86, 87, 88], [89, 90, 91] make us hopeful that in a not too distant

future these methods will turn into precision tools for studying strongly coupled QFTs.

Concretely, our model is parametrized by the bare squared mass m? and by the quartic

coupling g = gm? with g = O(1). The physical particle mass is given by
mph = f(g)m (5.1)

and the function f(g) is determined numerically. We will observe that the physical mass

vanishes for g = g. = 3, signaling the presence of a second order phase transition.

In Chapter 5 we focus mainly on the region below and around the critical coupling g.. In section
5.2 we present the problem and the basic methodology used to study the spectrum numerically.
Section 5.3 elucidates the ideas behind the renormalization procedure, its implementations
adopted in the numerical study, and provides some tests of the analytical results. The reader
afraid of the technicalities may skip it. Yet it is precisely this section which is the theoretical
heart of Chapter 5. Section 5.4 contains the calculation of the spectrum of the two-dimensional
¢* theory in the Zs-unbroken phase.® The dependence of the numerical results on the physical
and unphysical parameters is analyzed carefully, and an estimate of the critical coupling is
provided. In section 5.5 we compare our method to the existing ones in the literature. Most

of these prior studies focused in particular on the critical coupling estimates.

In Chapter 6 we will instead be interested in the complementary region g > g.. In this range
of couplings the theory is massive, but the Zo symmetry, ¢ — —¢, is spontaneously broken.
In infinite volume, there are therefore two degenerate vacua, and two towers of massive
excitations around them. We will be able to determine the low energy spectrum as a function
of g. In finite volume the exact degeneracy is lifted, and the energy eigenstates come in pairs

split by a small amount, exponentially small if the volume is large.

In the Zs-broken phase, there is also a topologically nontrivial sector of “kink” states corre-
sponding, in the semiclassical limit, to field configurations interpolating between the two vacua.
In this work we will probe the kink mass by studying the mass splittings in the topologically

trivial sector.

2 A more extensive description of this work can be found in [80] and [81]. Another paper [82] studied the
two-dimensional Yukawa model without scalar self-interaction.

3 Computations were performed using a python code, which can be found in the arXiv submission of [3]

4The kink sectors has been studied directly in [84].

66



5.2. The problem and the method

One interesting feature of the theory under study is that it enjoys a weak/strong coupling
duality first discussed by Chang [92]. The dual description exists for all g > g, &~ 2.26. As we
review in Chapter 6, the duality relates a description in which the theory is quantized around
the Zs-invariant vacuum state to an equivalent description in which it is quantized around a
Zs-breaking vacuum. For § not much above g, both descriptions are strongly coupled® and
they can be equivalently employed as a starting point for the numerical computations. In
section 6.1 we present a comparison between the numerical spectra obtained using the two
descriptions, serving both as a non-trivial test of the method and as a check of the Chang

duality.

On the other hand, for g > g. the dual description becomes weakly coupled, and provides
the better starting point. In section 6.2, we will explain a modification of the method which
can be used, among other things, to study this regime (a weakly coupled ¢* theory with
negative m?) efficiently. It is based on a different treatment of the zero mode of the field. We
will compare the numerical results with the predictions from perturbation theory and from

semiclassical analyses.

We conclude in section 6.3. Appendix D.1 presents some technical details useful for the
practical implementation of the procedure. Appendix C provides the perturbative checks of

our method.

5.2 The problem and the method

5.2.1 Hamiltonian

We will be studying the two-dimensional ¢* theory, defined by the following Euclidean action,

S =S+ g/d% No(6%) | (5.2)
- % / Pz N ((96)2 + m262) . (5.3)

Here NV,, denotes normal ordering with respect to the bare mass m. Normal ordering of the
free massive scalar action Sy simply means that we set to zero the ground state energy density
(in infinite flat space, and before adding the quartic perturbation). The quartic interaction
term is then also assumed normal-ordered. In perturbation theory this simply corresponds to
forbidding the diagrams with lines beginning and ending inside the same quartic vertex. In

terms of operators, this means that we are adding the counterterms [93]
Np(¢*) = ¢* — 62¢* + 322 (5.4)

Here

- / 27)2 k2 +m? m2 (5.5)

5This explains why g. need not be equal, and in fact is not equal to the critical coupling g. mentioned
above.
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Chapter 5. Hamiltonian truncation

is a logarithmically UV-divergent quantity.

Although absent in (5.2), below we will also need to consider perturbations given by the
normal-ordered ¢? operator,
Np(¢?) = ¢* - Z. (5.6)

The above equations specify what we mean by the theory in infinite flat space, and also define
the mass parameter m and the quartic coupling ¢ in terms of which we will parametrize the
theory. All physical quantities (such as particles masses and S-matrix elements) are then finite
functions of m and g. Also the change of the ground state energy density due to turning on
the coupling ¢ is finite and observable in this theory. This change can be thought of as the

contribution of the theory (5.2) to the cosmological constant.

Since both m and g are dimensionful, physics depends on their dimensionless ratio g = g/m?,
while m (or g) sets the overall mass scale. We will assume g > 0 to have a stable vacuum.
Both signs of m? are interesting, but in this Chapter we will only consider the case m? > 0.
Notice that this does not mean that we will always be in the phase of preserved Zy symmetry
¢ — —¢, since the mass parameter undergoes renormalization. In fact, as we will see below,
for m? > 0 and g > g. = O(1) the theory finds itself in the phase where the Zy symmetry is
spontaneously broken. This is a non-perturbative phenomenon. For g < 1, the fate of the Zq

symmetry is of course determined by the sign of m?.

In this thesis we will study the above theory not in infinite space but on a cylinder of the form
S} x R, where S} is the circle of length L and R will be thought of as Euclidean time. We
will impose the periodic boundary conditions around the circle. We will describe the theory
on this geometry in the Hamiltonian formalism, taking advantage of the fact that the finite

volume spectrum is discrete.

Now, what is the Hamiltonian which describes the theory (5.2) on S} x R? The correct answer

to this question involves a subtlety, so let us proceed pedagogically.

We first discuss the Hamiltonian which describes the free massive scalar. In canonical

quantization, the field operator is expanded into modes:

ape™*® + a,ie_ikx> , (5.7)

1
43(1):;\/?7%(

where the momenta & take discrete values k = 2mn/L, n € Z, wx, = vVm? + k2, and the ladder

operators satisfy the usual commutation relations:
1| = T = ’
)
lak, arr] =0, lag, ags] = Oppr - (5.8)

The Hilbert space H of the theory is the Fock space of these ladder operators, spanned by the
states
) = k1, ... km) = Naj, ...a}, |0), (5.9)
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5.2. The problem and the method

where N is the normalization factor to get a unit-normalized state. The free scalar Hamiltonian
is then given by

Hpypee = Ho + Eo(L),  Ho = wpajay. (5.10)

k

The only subtlety here is the c-number term Ey(L). The point is that we want the oscillator
part Hy of the finite volume Hamiltonian to be normal-ordered. However, the normal ordering
counterterm in infinite space and for finite L is slightly different, and Ey(L) compensates for
this mismatch. It is nothing but the Casimir energy of the scalar field, and is given by (see

54) 2
1 o0 x 1
Eozfﬁ/o d$\/m2L2+xQe\/m2L2+cc?_1'

This expression can be derived in many equivalent ways. One method is to regulate the

(5.11)

difference of the zero-point energies,

+oo Jk
> wp, /2 - L/ 2—wk/2. (5.12)

T
Another method is to compute the partition function of the theory on the torus S}J1 X S'}Q,
which can be done from the path integral formulation of the theory. The partition function
defined in this way enjoys the property of modular invariance. This method naturally produces

a term in the free energy of the form (2w Ly) X Eo(Lq).

We next discuss the finite-volume Hamiltonian for the interacting theory. It will have the form

H=FEy(L)+Ho+gVi+..., (5.13)

L
V4:/0 dx Ny (%) . (5.14)

The normal ordering here is defined on the circle of length L in the Hamiltonian sense, just

putting all creation operators to the left. Thus,

1
‘/;1 = gL E WTT Afey Aoy Afeq Ay + 4atklﬂk2ak3ak4
k1+ko+k3+ks=0 v

+ 6a1k1 aikz Ay Ay + 4atk1 aikz aiks ks + aikl aikQ aikS CLT*]M - (5.15)
The origin of the ... terms in (5.13) lies again in the fact that the normal-ordering counterterms
added when defining V,

1
2kan ’

Npp(¢*) = ¢* — 620> +328, Zp=) (5.16)

n

are not exactly the same as in the infinite space definition (5.4). The difference is
N (") = N, £(6) = —6(Z—Z1)6*+3(Z*— Z7) = 6(ZL— Z) N (6*) +3(ZL— 2)*, (5.17)

where in the second equality we used ¢ = Ny, 1.(¢?) + Zf.
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Chapter 5. Hamiltonian truncation

To compute Z;, — Z we rewrite Z in the form adapted to the Hamiltonian quantization,

7 = 1
/47T k2+m2 (5.18)

The difference Z;, — Z is finite and is readily calculated using the Abel-Plana formula,

dx 1
Vm2LZ + 22 eVmPLP+a® _ 1

1
CEZL—sz (519)
This allows us to complete the ... terms in (5.13). Thus, the Hamiltonian on a circle of finite

length L corresponding to the infinite space theory (5.4) is given by,

H = Hy + g[Vi + 6¢Va] + [Eo + 3¢%gL], (5.20)

L 1
Vo = / dr:¢?: = Z —(aga_ + aLa]Lk + QaLak) . (5.21)
0 2wy,

We see that the Hamiltonian (5.20) differs from the “naive” Hamiltonian
H=Hy+V, V=gV, (5.22)

by a “correction term”, proportional to Ey and (. The presence of these terms is conceptually
important. They would be also straightforward to include into numerical analysis, for any
L. However, in this Chapter we will be focusing on the case Lm > 1. In this regime the
corrections due to Ey and ( are exponentially suppressed, and their numerical impact is
negligible. For this reason, and to simplify the discussion, we will omit the exponentially
suppressed corrections in this Chapter. With this proviso, from now on we will use the “naive”
Hamiltonian (5.22).

5.2.2 Truncation

We next explain the truncation method. We will work in the Hilbert space H spanned by
the free massive scalar states. The Hamiltonian H acts in this space, and the problem is to
diagonalize it. We thus use the free massive scalar states as a basis into which we expand the
eigenstates of the interacting theory. Let us think of the Hamiltonian as an infinite matrix

H;; where i, j numbers the states in H,
Hy = GlH]j) (5.23)

Notice that the states |i) as introduced above form an orthonormal basis of H. To find
the spectrum of the theory in finite volume, we need to diagonalize the matrix H;;. This
diagonalization can be done separately in sectors having fixed quantum numbers corresponding

to the operators commuting with the Hamiltonian.

The first such quantum number is the momentum: [P, H] = 0. In this thesis we will be
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5.2. The problem and the method

working in the sector of states of vanishing total momentum,
P=k+ +Fk,=0. (5.24)

In a large volume, the states of nonzero momentum should correspond to boosted zero-
momentum states, and their energies should be related to zero-momentum energies by the

Lorentz-invariant dispersion relation. It would be interesting to check this in future work.

The second conserved quantum number is the spatial parity P, which acts © — —x. It maps
the state (5.9) into P|¢p) = | —kq, ..., —kn). In this thesis we will be working in the P-invariant

sector,® whose orthonormal basis consists of the states
™) = Bw) (1) +Ply)), (5.25)
where 3(1)) is the normalization factor,
B(p) = 1/V2 if Ply) £ ), 1/2 otherwise. (5.26)

The restriction to the subspace P = 0,P = 1 will be tacitly assumed in all of the rest of this

thesis.

The final conserved quantum number is the already mentioned global Zy symmetry ¢ — —¢
(the field parity). Its eigenvalue on the states (5.9) is (—1)™. Below we will be considering
both the Zs-even and Zs-odd sector.

Each of the two sectors Zo = £1 still contains infinitely many states. We will thus have to

truncate the Hilbert space. The truncation variable will be the Hy-eigenvalue,
E:wk1+~~+wkm. (527)

We will truncate by considering all states of ' < FE,x. The parameter E ., should be
thought of as a UV cutoff. The truncated Hilbert space is finite-dimensional, and the matrix

H;; restricted to this space can be diagonalized numerically. This is what we will do.

In principle, one could imagine alternative truncation schemes. For example, one can truncate
in the maximal wavenumber kp.x. Such a truncation would be closer to the usual way one
implements the UV cutoff in field theory. By itself, however, it does not render the Hilbert
space finite-dimensional. One could also think of truncating in the total occupation number
of the state, or in the individual occupation numbers per oscillator, and so on. Our initial
exploration of such subsidiary cutoffs did not produce any dramatic gains in the performance
of the method. In the end we decided to stick to the cutoff in E. As we will see in the
next section, this cutoff allows for a natural implementation of the renormalization of the

Hamiltonian, necessary to improve the convergence of the method. In the future it may be

5The extension of our method to the P-odd sector is straightforward. We consider only the P-even sector,
because we do not expect bound states with P = —1.
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Chapter 5. Hamiltonian truncation

interesting to return to the other cutoffs, and explore them more systematically. One slightly

different possibility has already been considered in [84].

5.3 UV cutoff dependence and renormalization

5.3.1 General remarks

It is not difficult to write a code which computes the H;; matrix restricted to the E < Epax
subspace” and diagonalizes it. The results of these numerical calculations will be discussed
below. As we will see, as the UV cutoff Ep.x is increased, the energy levels computed using
the truncated Hilbert space (‘truncated energy levels’) tend to some finite limits. These limits
should be naturally identified with the exact energy levels. An interesting theoretical question
then arises: what is the convergence rate of the method? There is also a related practical
question: how can the convergence be improved? These questions will be discussed in this

section.

By calculating the truncated energy levels we are discarding the contribution to the low-energy
physics coming from the high energy states of the Hilbert space. Since the UV divergences
have been already taken care of, this contribution is power-suppressed and goes to 0 as the
cutoff is increased. In the standard Wilsonian approach to the renormalization group, by
integrating out high-momentum (or short-distance) degrees of freedom one gets a flow in the
space of Hamiltonians, along which the same physics is described in terms of low-momentum
degrees of freedom with renormalized couplings. We would like to apply the same philosophy
to our case, although we may expect some differences, because our cutoff prescription—cutting
off in F—is different from the ones normally used in field theory. First of all, it breaks the
Lorentz invariance. Second, the fact that we truncate in the total energy of the state, rather
than in that of its individual constituents, renders our cutoff effectively non-local. Thus, we
should be prepared to see non-local as well as Lorentz-violating operators generated by the
flow. We will see, however, that to leading order it will be sufficient to renormalize a few
local operators in the Hamiltonian. It will be possible to do this computation in perturbation
theory, since the potential we add to the free Hamiltonian is a relevant deformation and
becomes less important in the UV. The dimensionless parameter which sets the convergence
of the truncated energy levels and the asymptotic magnitude of the counterterms will be

g/E2 ... All these considerations will be made concrete in the following.

We start our analysis from the exact eigenvalue equation:
Hc=E&c, (5.28)

where c is an infinite-dimensional vector living in the full Hilbert space H. Here and below,
we use curly £ to denote energy levels of the interacting theory, while F will be used to denote

free scalar energy levels.

"See appendix D.1 for some tricks speeding up this computation.
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5.3. UV cutoff dependence and renormalization

In our methodology the Hilbert space is divided in two subspaces:
H=H @ Hn, (5.29)

where H; is the low-energy sector of the Hilbert space, treated numerically, while H; is
spanned by an infinite number of discarded high-energy states. So we have ¢ = (¢, c,)t, and

Eq. (5.28) takes the following form in components:
Hy.ci+ Hyp.cp, =E¢y, Hpj.ci + Hpp.cp = Ecy, . (5.30)

Here we denoted
H,3 = P,HPg, (5.31)

where P, (o =1, h) is the orthogonal projector on H,.

Using the second equation in (5.30) to eliminate ¢y, from the first one, we obtain:

[Hy — Hip.(Hpp, — €)' Hyll.co = Eqy (5.32)

or, equivalently,
[Htrunc + AH]-Cl = gcl ) (533>
AH = —Vy,.(Hy+ Vi, — &)LV (5.34)

This equation is very important. Notice that Hy = Hypune is nothing but the Hamiltonian
truncated to the low-energy Hilbert space. Notice furthermore that the mixing between the

high and low-energy states is due only to V', since Hy is diagonal.

Eq. (5.33) is ezact, yet it resembles the truncated eigenvalue equation, with a correction AH.
This equation will be a very convenient starting point to answer the two questions posed at

the beginning of this section.

We will now start making approximations. First, we expand AH in Vj;, and keep only the
zeroth term
AH = — lh.(H()—g)il.Vhl-‘r... (5.35)

By dimensional reasons, we expect that the next term in the expansion,
Vin-(Ho — &) Vip.(Ho — €)™ Vi, (5.36)

will be suppressed with respect to the one we keep by g/E?2 .. It will be very interesting to

ax:*

include this term in future work, and we will comment below about how this can be done.

Equation (5.35) defines AH as an operator on H;. The definition depends on the eigenvalue £
that we are trying to compute. This subtlety will be dealt with below, while for the moment
let us replace £ by some reference energy &.. Even then, the definition seems impractical

since it involves a sum over infinitely many states in Hp. Indeed, the matrix elements of AH
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according to this definition are given by:

Vir Vi
(AH)y=—- > ﬁ : (5.37)
kEp>Emax F T %

Fortunately, in the next section we will give a simplified approximate expression for AH not
involving infinite sums. As we will see, to leading order AH will be approximated by a sum

of local terms:
L
AH ~ Z/@NVN, Vy = / dm:¢(m)N:. (5.38)
N 0

To this leading order, adding AH to Hyune results in simply renormalizing the local couplings.
As we will see, a more accurate expression for AH contains subleading corrections, which in
general cannot be expressed as integrals of local operators. The appearance of these nonlocal
corrections is due to the above-mentioned fact that truncating in total energy is not a fully

local way of regulating the theory.

5.3.2 Computation of AH

Consider then the matrix elements (5.37) of AH for ¢, j in the truncated basis. We will write

them in the form

[ e M(E)y
(AH); = /E B (5.39)
M(E)ij dE = Z Vit Vij - (5.40)

k:E<E,<E+dE

We are interested in the large-E asymptotics for M (E);;. Of course, for finite L the energy
levels are discrete and this function should be properly thought of as a distribution (a sum of
delta-functions). However, since the high-energy spectrum is dense, the fluctuations due to
discreteness will tend to average out when integrating in E. Below we will find a continuous
approximation for M (FE);;, valid on average. Such an approximation will be good enough for
computing the integral in (5.39) with reasonable accuracy. A small loss of accuracy will occur
because of the sharp cutoff at £ = E,ay; this will be discussed below in sections 5.4.3 and
5.4.4.

Our calculation of M(E);; will follow the method introduced in [91], section 5.3. It will be

based on the fact that the same quantity appears also in the following matrix element,
oo
C)ig = VDV (/D0 = [~ dE - EFBR (), (5.41)
0

where we inserted a completeness relation in the second step. A word about notation:
the Euclidean time dependence of various operators is always meant in the interaction
representation, e.g.

V(r) = eflomye=Ho (5.42)
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If the time dependence is not shown, it means that the operator is taken at 7 = 0.

Eq. (5.41) says that C'(7) is basically the Laplace transform of M (E). The leading non-analytic
part of C(7) for 7 — 0 will come from the leading piece of M(E) as E — co. Our method
will proceed by first extracting the leading non-analytic part of C'(7), and then taking its

inverse Laplace transform to get at M (FE).

We will present the computation for a general case when the potential contains both : ¢? :
and : ¢* : terms:
V=gVa+gaVs. (5.43)

Our Hamiltonian (5.22) has go = 0, g4 = g. Turning on g2 # 0 corresponds to an extra
contribution to the mass. Having this coupling will be useful for a check of the formalism in

section 5.3.4 below.

We have L
Zgngm/ d:v/ dz: b(w + 2,7 /2)" b, —7 /2)™ (5.44)

where we used periodicity and invariance under spatial translations. The non-analyticity of
C(7) for 7 — 0 comes from the integration region where the product of two local operators is
singular, i.e. when they are inserted at near-coinciding points. Let us focus on one term in

the sum, and rewrite it using Wick’s theorem as

L/2
Gnm / ar [ d Fumsmak G (5, 7V 6 + 2,7 /2", —r /2
L/2 0<k<m1n(n m)
(5.45)

Here G1(z,7) is the two-point function of ¢ in the free theory on the circle of length L. The

f’s are integer combinatorial factors (operator product expansion coefficients),

fnm,n+m—2k = (Z) <T]Z>k' . (546)

In (5.45), the leading non-analytic behavior as 7 — 0 will come from the propagator powers

Gz, T)k . The remaining normal-ordered operators can be Taylor expanded in z, 7,

L/2
I / dz / Fommem—ss G (2, 7)E [ ¢(2) ™2 £ O(2,22)]. (5.47)
L/2 0<k<m1n(n m)

The terms O(z) are not shown because they will vanish upon integration. The terms O(72, 22)
will produce a subleading singularity as 7 — 0. The corresponding contributions to M (E)
will be suppressed by m?/E? . compared to the leading ones. In this work these subleading
contributions will be neglected, but it will be interesting and important to include them in
the future.®

8The subleading contributions will give rise to new, derivative, operators in the Hamiltonian. Since our
regulator breaks Lorentz invariance, the derivatives in 7 and z are not going to enter symmetrically in these
subleading terms.
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Chapter 5. Hamiltonian truncation

Eq. (5.47) means that at leading order the correction Hamiltonian AH will contain terms
of the form (5.38) with N = n 4+ m — 2k. To find the couplings ky, we need to evaluate the
non-analytic part of the following quantities,

L/2

Ii(7) E/ dzGr(z, 1)k, k=0,1,2,3,4. (5.48)

—L/2
As we will see below, for kK = 0,1 the 7 — 0 behavior will be analytic (for k& = 0 this is a
triviality). This implies that only N = 0,2, 4 terms will be generated in (5.38).

To evaluate (5.48), we will need a few well-known facts about Gr(z,7). In the infinite volume
limit L — oo the rotation invariance is restored, and the two-point function is a modified
Bessel function of the second kind, depending on the distance p = v/ 22 + 72,

1

G(p) = 5-Kolmp) (L =00). (5.49)

It has a logarithmic short distance behavior and decays exponentially at long distances:?

1 e’
——log<—m> 14+ 0(m?p?)], <1/m,
Gy~ 2m 5P | (m°p)], p<1/

exp(—mp)/(2y/2xmp), p>>1/m.

(5.50)

For a finite L, the two-point function is obtained from the L = oo case via periodization,

Gr(z,1)= ZG(\/(Z+TLL)2+T2). (5.51)

neZ

The periodization corrections are exponentially small for Lm > 1. In the present Chapter,
this condition will be always satisfied, and so we will use G in place of G1,.'° This is consistent
with having neglected the exponentially suppressed Eo(L) and ¢ terms when passing from
(5.20) to (5.22).

So we will replace G, by G(p) in (5.48). The non-analytic behavior of the integral comes from
the small z region, where the short-distance logarithmic asymptotic (5.50) is applicable. To
regulate spurious IR divergences, it’s convenient to calculate the first derivative with respect

to T,

I(1) = k:/_o:o dz (dG/dp)G(p)F 1T = & (—;)k /O; dz [log (%mp)} . 12 (5.52)

P ) J- p

where we also replaced G by its short-distance asymptotics. The resulting integrals are

9 is Euler’s constant.

%The induced error can be estimated by approximating Gr.(z,7) = G(p) + 2G(L) for small p. This implies
a shift Al (7) =~ alk—1(7), o = 2kG(L). For k =4 and L = 4/m (L = 6/m) the coefficient o = 0.01(0.002).
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convergent and readily evaluated,'!

I} (7) = const,

1
I,(7) = — logmT + const,

2w
3 3
(1) = ~3.2 (log mT)2 — ﬁ log mT + const, (5.53)
1 3 1292 + 72
() = ye (log m7)3 + 47;2 (log mT)2 + # log mT + const,,

modulo errors induced by using the short-distance asymptotics of G. These errors are
suppressed by O(m?72). The corresponding corrections to M (E) are suppressed by m?/E2__,

and will be omitted. Also, as mentioned above, we see that I{(7) is analytic.

We now have to pass from the small-7 behavior to the large-E asymptotics. Differentiating
Eq. (5.41) we have
o0
C'(r) = / dE ¢~ PiT[~E; M(E)] (5.54)
0

where we defined
Ej;j=FE- (E; + Ej)/2 . (5.55)

Thus from the inverse Laplace transforms of I (7) we should be able to determine the
asymptotics of —E;; M (E). These inverse Laplace transforms are found from the following

table of direct transforms,

© 1
/ dE eiETE = —logm7 + analytic,
€

o0 log E 1
/ dE e*ETOgT/m = §(log m7)? + ylogmt + analytic, (5.56)
€
% log E/m)? 1
/ dE e*ET% = —g(log m7)* —y(logm)* — (7% /6 +~*) log m7 + analytic .
€

Since we are only interested in the large-E asymptotics, the IR cutoff € is not important—its

value only influences the analytic parts.

Gathering everything, we obtain the following formula for the leading asymptotic behavior of
M(E),

M(E) ~ [92#440 + 93#220]‘/0 + [gZ,u442 + gagapia2|Va + gZM444V4 , (5.57)
where
1 (18 3 1
E)=— 4 —=(logE/m)* - = E)=—;
pago(E) 2 {7_[_3( og E/m) 27r} ) p220(E) T2’
72log E/m 12 36
By = 2252/ == E)="_. .

paaz(E) =R pazz = —mp paas(E) 2 (5.58)

As the notation suggests, the p-functions in (5.57) are evaluated at E = E;;. This equation

"Mathematica’s Integrate function sometimes gives wrong results for integrals of this type, so be careful.
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Chapter 5. Hamiltonian truncation

is the main result of this section. We subjected it to several tests, which we are going to

describe below.

Before proceeding, let us comment on the evaluation of the next-to-leading term (5.36) in the
renormalization procedure, which will be important in future developments of the method.
From this term we will extract the O(g3/E2,.) contribution to the coefficients xy. This

correction term is the most interesting of all 1/FE%__ corrections, since it dominates in the

ax
limit g > m?2. Technically, we should generalize C(7) and M (E) in Eq. (5.41) to functions of
two variables (712 and Ej ) and extract the leading non-analytic pieces for 719 — 0. This
calculation will involve Wick contractions among the operators in C(7y,72), the cyclic ones
being the only nontrivial part. An alternative way to calculate the higher-order corrections

has been devised in [83].
We shall now move on to the tests of Eq. (5.58).
Test 1

Let us plug (5.57) into (5.39), and do the integral neglecting the dependence on &, and
(E; + Ej)/2.'% This gives AH of the form (5.38), i.e. as a sum of local counterterms with
coefficients which are functions of Epay. For example, the g7 part is given by (Log =

IOg Emax/m)a

2 9 3(6 — 72 36 18 18
max T 4m T ’/T 4

This expression was checked as follows. Working in infinite volume, we computed the order g?
perturbative corrections to the vacuum energy, particle mass, and 2 — 2 scattering amplitude,
imposing the cutoff £ < FEy,.x on the intermediate state energy (thus working in the ‘old-
fashioned’” Hamiltonian perturbation theory formalism, rather than in terms of Feynman
diagrams). We then checked that the leading Eyn.x dependence of these results is precisely
the one implied by (5.59). This way of arriving at (5.59) is more laborious than the one given

above, and we do not report the details.
Test 2

A direct check of the asymptotics (5.57) can be done by comparing it with the actual value
of M(FE) computed from its definition (5.40). One example is given in figure 5.1, where we
consider the diagonal matrix elements (i| M (E)|i), |i) the state of ¢ particles at rest, i = 0,1, 2.
We choose m =1, L =6, go = 0 and g4 = 1. The green smooth curves are the theoretical
asymptotics from (5.57). The blue irregular curves represent the moving average of (i| M (E)|i)
over the interval [E — AE, E + AFE) with AE = 1. To facilitate the comparison, both are

plotted multiplied by EZZ We see that the two curves agree quite well on average.

A third test, involving the go coupling, will be described in section 5.3.4.

12YWe stress that in numerical computations it will be important to retain these subleading corrections.
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Figure 5.1: A test of the M (FE) asymptotics; see the text.

5.3.3 Renormalization procedures

By “renormalization”, in a broad sense, we mean adding to the truncated Hamiltonian Hiyync
extra terms designed to compensate for the truncation effects and reduce the Ey,,x dependence
of the results. In this section we will describe in detail the three renormalization prescriptions

used in our numerical work.

Consider thus the Hamiltonian
H=Hy+V, V=gVeo+gVy. (5.60)

In the main numerical studies in section 5.4 we will set go = 0. The opposite case g4 = 0,

g2 # 0 will be considered in the check in section 5.3.4.

We are interested in the spectrum of H on a circle of length L. Three approximations to this

spectrum, in order of increasing accuracy, can be obtained as follows.
1. Raw truncation (marked ‘raw’ in plots)

In this simplest approach, we are not performing any renormalization. The truncated
Hamiltonian Hipype is constructed by restricting H to the subspace H; of the full Hilbert space,
spanned by the states of energy E < Fyax. The spectrum of Hipyne will be called the ‘raw
spectrum’. According to Egs. (5.57), (5.59), we expect that the raw spectrum approximates

the exact spectrum with an error which scales as 1/E2 . (up to logarithms).

2. Local renormalization (marked ‘ren.” in plots)
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Chapter 5. Hamiltonian truncation

In this approach, we construct a correction Hamiltonian AH by the formula (5.39). We use
the asymptotics (5.57) for M (E), in which we neglect (E; 4+ E;)/2 with respect to Emax. This
gives a local AH of the form (5.38) with

o0 dE
Ko = —/ (931440 (E) + g3paz0(E)]

Emax E - 8*
© 4B

kg = —/ ——— (91 paa2(E) + g2gapraza(E)], (5.61)
FEmax E - 5*

© 4B
= — —_— E).
i /émax E - g* g4 /J,444( )

The choice of the reference energy &, will be discussed shortly. We then construct the

‘renormalized’ Hamiltonian
Hien = Hirune + AHioc, AHoe = koVo + k2Vo + K4V (562)

Thus k94 correct the g 4 couplings, while xg shifts the ground state energy density. Notice

that the x’s scale as 1/E2, (up to logarithmic terms).

The renormalized Hamiltonian acts in the same truncated Hilbert space H; as the truncated
Hamiltonian Hypyne. Its energy levels will be called the ‘renormalized spectrum’ This
construction implements the first nontrivial approximation to the exact equation (5.33).
The local coupling renormalization accounts for the leading 1/E2 . error affecting the raw
spectrum. Further corrections, discussed below, are suppressed by one more power of F,x.
So we expect that the renormalized spectrum approximates the exact spectrum with an error
which scales as 1/E3

max-*

Let us now discuss the reference energy &, in (5.61). Recall that £, was introduced as a
placeholder for the eigenstate energy £ in the definition (5.33) of AH. Now, it’s important to
realize that the eigenstate energies do not remain O(1) in the limit of large L. The excitations
above the ground state, & — &, do stay O(1), but the ground state energy itself grows
linearly:

&y~ AL, L — 0. (5.63)

Here A is the interacting vacuum energy density (the cosmological constant), which is finite

and observable in our theory.!*

We will therefore use the following recipe. We will choose &, close to, although not necessarily
equal, the ground state energy of the theory. The precise choice will be specified when we
present the numerical results. With this choice we compute the coupling renormalization
(5.61) and the renormalized spectrum. The differences & — &, will now be O(1), and the error
induced by this mismatch will truly be 1/E3

ax suppressed. Moreover, even this error can be

further corrected, as we discuss below.

13We use small roman letters 4, j, ... to number states in the Fock space, which are eigenstates of Hy, and
large letters I, J,... to number the eigenstates of the interacting Hamiltonian.
!4Recall that the free vacuum energy density was set to zero by normal ordering the free scalar Hamiltonian.
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5.3. UV cutoff dependence and renormalization

We briefly mention here an alternative approach. One can insist that &, be adjusted, e.g. it-
eratively, until it exactly equals the eigenvalue £; which comes out from diagonalizing Hyep.
This has to be done separately for each eigenstate, and so is rather expensive. We tried
this method and found that it gives results in close agreement with those obtained from our

simpler recipe for &, combined with the correction procedure described below.
3. Local renormalization with a subleading correction (marked ‘subl.’ in plots)

We will now describe the third approach which improves on the previous one by taking into
account not only the renormalization of the local couplings, but also the first subleading
corrections due to the eigenstate energy and (E; + Ej;)/2. As explained above, these corrections
can be considered smaller than the local ones by a further O(1/Eyax) factor. They will take
care of the mismatch between (5.39) and the local coupling renormalization. The corresponding
correction Hamiltonian has the following matrix elements between the truncated Hilbert space

states:
[AHguni(E)]ij = (X0)ij (Vo)ij + (A2)ij (Va)ij + (M) (Va)is (5.64)

(no summation over the repeated indexes). The (Ay);; are the differences between the
renormalization coefficients fully dependent on (E; + E;)/2 and £ and the local ones sy
defined in (5.61):

©  dE
() == | (ghhaao i) + ghpan(Biy)) = o

Emax E - g
© JdE
(A2)ij = —/ ¢ Yinae(By) + g2g11422(Eig)] — k2, (5.65)

< dE
(A)ij = —/ P_f ginaaa(Eij) — k.

There is a small technical subtlety in using the given expressions. For (E; 4+ E;)/2 close to
Enax, the argument E;; of the u-functions is small in the part of the integration region close
to Emax- In this region it makes little sense to use (5.58), valid for large E. From figure
5.1 we see that the asymptotics sets in roughly at E ~ 5m. We therefore use the following
prescription in evaluating (5.65): we use (5.58) for E;; > 5m, while we set u’s to zero below
this threshold.

The full procedure is then as follows. We compute the local renormalized Hamiltonian (5.62)
with the reference value &, fixed around the ground state energy. We diagonalize Hyep,
determining the renormalized spectrum (in practice only a few lowest eigenvalues) and the
corresponding eigenstates:

Hienlcr) = &eny1ler) (5.66)

Every eigenvalue is then corrected by adding (5.64) at first order in perturbation theory:
Esubl,r = Eren,1 + AL, A& = (c1|AHgup1 (Even,1)ler) - (5.67)

From the computational point of view the evaluation of this correction can be considered
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Chapter 5. Hamiltonian truncation

inexpensive, since it scales as the square of the basis dimension, whereas the matrix diago-
nalization typically scales as its cube. The energy levels Eup1,r will be called ‘renormalized

subleading’ or simply ‘subleading’.

Second-order corrections can also be considered:

A]{su (‘c/‘ren I)|CJ>‘2
Ae® _ §~ Kerl AHsupl (Eren, ' .
SI JZ#I gren,[ - gren,J (5 68)

These turn out to be negligible, except when there are two almost-degenerate eigenvalues.

5.3.4 A test for the ¢? perturbation

We will now perform a test of our method in a controlled situation when the exact answers
are known.'® Consider the theory described by the action (cf. (5.2))

S =Sy+ gz/deNm(QSQ) . (5.69)
The finite volume Hamiltonian corresponding to this problem has the form
H=Hy+gsVo+C, C=Ey(L)+ g2L¢(L). (5.70)

Just as in section 5.2.1, the extra constant term C' appears because of the difference in
the normal ordering counterterms in the infinite space and on the circle. These terms are
exponentially suppressed for Lm > 1, but for the time being it will be instructive to keep

them.

In full form, we have

H=C+ Zwkazak + g—z(aka,k + alaik + QaLak) , wg = wi(m). (5.71)
& ka
We expect, of course, that this Hamiltonian corresponds to a free scalar of a mass

1?2 =m?+2gs. (5.72)

We will now use a Bogoliubov transformation to show this explicitly. The derivation is

standard and is given here only for completeness. The transformation has the form
by, = (coshny)ay, + (sinh nk)aik (5.73)

with 7, assumed real and depending only on |k|. The b’s then satisfy the same oscillator

commutation relations as the a’s. We want to map (5.71) onto

ST Qublby + oy Q= wilp). (5.74)
k

'5This test is analogous to the one in [91], section 6.
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5.3. UV cutoff dependence and renormalization

The conditions that the two Hamiltonians match take the form
Qp cosh(2n) = wi + g2/wik, Qe sinh(2ng) = g2/wi - (5.75)
This is indeed satisfied provided that
02 = w? +2gs, (5.76)

which proves the expression (5.72) for the new mass. The same derivation gives the value of

the vacuum energy,
1
50 =C — Zﬂk(Sinhnk>2 =C + 5 Z(Qk — WL — gg/wk) . (577)

Up to the constant C, the last expression can be intuitively understood [91] by starting from

the zero-point energy %Z Q. and subtracting the terms zeroth and first order in gs.

The series in (5.77) is convergent and can be summed using the Abel-Plana formula. We find

that the final result is given by
- _ Lo 2/ 2\ _ 2
& = Eo(L,pu) + AL, A= . [1“(1 —log = /m?) — m?], (5.78)

where Fy(L, 1) is the Casimir energy of the free scalar field of mass u, given by (5.11) with
m— .

The physical interpretation of (5.78) is clear. Apart from the usual Casimir energy term, we
have an induced extensive vacuum energy, corresponding to a finite vacuum energy density A.
Usually, when one studies the Casimir energy, the vacuum energy density in the infinite space
limit is assumed to vanish. However, our situation here is different. We already fine-tuned to
zero the vacuum energy density of the original, unperturbed, theory, i.e. the one described by
the action Sy. Once this is done, the vacuum energy density of the perturbed theory becomes

finite and observable.

We will now compare the above exact results with the numerical results obtained by using the
Hamiltonian truncation. We will be considering the case Lm > 1, which means that we will
not be sensitive to the exponentially suppressed constant term C' in the initial Hamiltonian.
We thus start directly from the Hamiltonian of the form (5.60) with g4 = 0, g2 # 0. We
calculate its spectrum using the three procedures from section 5.3.3. In the shown plots we
chose m = 1, L = 10, and varied g from —0.4 to 0.8.'% For illustrative purposes numerics
were done with a rather low cutoff Ey,.x = 12, for which the truncated Hilbert space contains
about 300 states. Figure 5.2 compares the ground state energy. In the left plot, the agreement
between the raw and the exact result is already pretty good. The right plot shows the
difference between the numerics and the exact value. We see that the renormalization greatly

reduces the discrepancy over the raw procedure, and the results are made slightly better by

Y6 The reference energy £, in (5.61) was set to the value of the ground state energy given by the raw truncation
procedure.
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Figure 5.2: Exact and numerical ground state energy for the ¢? perturbation; see the text.
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Figure 5.3: Exact and numerical spectra of excitations for the ¢ perturbation; see the text.

including the subleading correction.

In figure 5.3 we do the same comparison for the spectrum of excitations above the vacuum,
Er — &o. In the left plot we pick the first two Zs-odd states (one and three particles at rest),
and the first two Zs-even states (two particles at rest, and with one unit of momentum in
the opposite directions). Already the raw spectrum agrees well with the exact values. In
the right plot we present the differences, focusing on the first two excited levels only (one
even and one odd). Notice that for g4 = 0 the difference between Hie, and Hipyne is only
in the vacuum energy coeflicient g, which shifts all eigenvalues in the same way. The first
non-trivial corrections for the spectrum of excitations are therefore the subleading ones. The

improvement over the raw results is significant.

5.4 Study of the ¢* theory

In the previous sections we have developed the method and tested it in the simple setting
of the ¢? perturbation. We will now move on to the main task of this part of the thesis—to
study the spectrum of the ¢* theory described by the Hamiltonian (5.22).

The main physical parameter varied in our study will be the quartic coupling g. The physics

depends on the dimensionless ratio g = g/m?, and we will work in the units where the mass
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5.4. Study of the ¢* theory

term m = 1.

The second parameter will be the size of the spatial circle L. This plays the role of the IR
cutoff, to render the spectrum discrete. In practice one is usually interested in the infinite
volume limit L — oo, and we will try to approach this limit. However, even a finite L is

physical, in the sense that the energy levels on the circle are well-defined physical observables.

The third parameter we will vary is the cutoff on the size of the Hilbert space Epax (the
maximal energy of the free scalar Fock states included in the truncated Hilbert space). This
parameter plays the role of the UV cutoff. It is unphysical. The continuum limit is recovered

for Epax — 00.

We will typically present the results derived using the renormalization procedures both without
(marked ‘ren. in the plots) and with (marked ‘subl’) subleading corrections (see section 5.3.3).
These procedures are expected to converge to the exact spectrum at the rate which goes as
1/E3. . and 1/E3

hax (modulo logarithms). We take the difference between them as a rough
idea of the current error of the method.

ax

5.4.1 Varying g

In figure 5.4 we present the ground state energy and the low energy spectrum of excitations
for ¢ < 5. This extends well beyond the range g < 0.5 — 1 where perturbation theory is
accurate (see appendix C). In this plot we use a fixed value L = 10, and choose the UV cutoff

Frax = 20.17 We use the two renormalization procedures explained in section 5.3.3.

m=1, L =10
0 T T
—_921 i
4} i
“ 6 R ]
st i
N > rten., Z3 — —
AN e subl, Zy = — H
—10r ] e
Il Il Il Il
0 1 2 3 4 5 4 5
g

Figure 5.4: Numerical spectra as a function of g for m = 1, L = 10; see the text.

The left plot shows the dependence of the ground state (= vacuum) energy on g. The vacuum
is simply the state of the lowest energy, and it resides in the Zs-even sector. There is not
much structure in this plot, except for the fact that the vacuum energy is negative and grows
in absolute value as g is increased, becoming of the same order of magnitude as Fya.x for the

largest g considered here. This has a consequence for the renormalization procedure used

"This corresponds to keeping 12870(12801) states in the even(odd) sector of the Hilbert space.
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in our study. Recall that in the local renormalization (the one marked ‘ren.) the coupling
are renormalized using Eqgs. (5.61) which involve the reference energy &,. Everywhere in
this section we set & to the value of the vacuum energy computed using raw truncation.
We already mentioned in section 5.3.3 that since the vacuum energy may become large, the
integrals in (5.61) have to be evaluated without expanding in &,. We are fortunate here that
the vacuum energy becomes large and negative, and so the renormalization corrections become
smaller if nonzero &, is taken into account. A large and positive vacuum energy would be a

big problem for the performance of our method.'®

The right plot shows the 5 lowest excitations above the vacuum, with the Zy = 4 excitations
colored in blue(resp. red). As we can see the first odd level becomes almost degenerate
with the vacuum for g 2 3. This is a signal of the spontaneous Zs-symmetry breaking. We
therefore expect a second-order phase transition to occur at a critical point g = g. =~ 3. For
g = ge, the theory should flow at large distances to a CFT. Since the ¢* theory is in the
same universality class as the Ising model, we expect this IR CFT to be the minimal model
My 3. We will analyze the region around g = g. in more detail below. For g > g. we are in
the Zo-broken phase. In this phase, the higher excitations should also be doubly degenerate
in infinite volume. For a finite L the exact degeneracy is lifted and becomes approximate.
This degeneracy is not observed clearly in figure 5.4, probably because L = 10 is not large

enough. '

In the region of small g, it is possible to validate the numerical results by comparing them to
perturbation theory. In appendix C, we do this comparison for the ground state energy and
the mass of the lowest excitation. For small g, we find good agreement with the perturbative

predictions computed through O(g?).

It is interesting to understand the sensitivity of the spectrum plot in figure 5.4 to the chosen
value of L = 10. We therefore show in figure 5.5 similar plots for L equal to 6, 8, 10 and Ejyax
respectively equal to 34, 26 and 20.?° To avoid clutter, only the results for the subleading

renormalization (the third, most precise method in section 5.3.3) are presented.

In the left plot we show the vacuum energy density A = &/ L. For a sufficiently large L this is
supposed to become independent of L. We see that this constancy is verified with an excellent
accuracy for g < 2. In this region we are in the massive phase, and the finite L corrections are
expected to be exponentially small (see section 5.4.3 below). The dependence on L becomes
more pronounced around g = g., which is as it should be because the mass gap goes to zero
here. However, in the Zs-broken phase the corrections remain significant, while theoretically
they should become again exponentially suppressed. Therefore, for g 2 3, we are forced to

interpret the variation with L not as a physical effect but being due to finite Fy,,x truncation

8Tn perturbation theory the vacuum energy is always negative. That it stays negative at strong coupling
both here and in section 5.3.4 is probably more than just a coincidence. See the discussion in [91], note 21.

9The discussed phase diagram is the same as for the ¢* model in d = 2.5 dimensions studied in [91] using
the TCSA. In that case it was possible to observe approximate degeneracy for the first and second excited
states.

20 Fmax is adjusted to have roughly the same size of the Hilbert space in all three cases. Smaller L give larger
energy spacings for the one-particle momentum excitations, and allow to go to larger Fmax.
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Figure 5.5: The vacuum energy (left) and the first odd excitation (right) determined numerically
for L = 6,8,10. The blue dashed line in the right plot is the fit to determine the critical
coupling; see section 5.4.2.

effects. This is consistent with the significant difference between the results obtained with the

two renormalization procedures in figure 5.4.

In the right plot of figure 5.5 we show the physical particle mass mpn = &1 — &. Once again,
in the Zs unbroken massive phase there is hardly any dependence on L, while around g = g,
there appears variation, which will be studied quantitatively in section 5.4.2 below. This plot

will also be used below to extract an estimate of g..

Overall, the truncation effects seem to be too large for g 2 3 to allow precise quantitative
claims about this range of couplings (apart from the fact that the Zy symmetry appears
broken). Head-on treatment of that range would require a refinement of the method, by
improving the renormalization procedure. An alternative way to access this region is to use
the strong/weak coupling duality due to Chang [92]. In Chapter 6 we will both test this
duality, and use it to study the Zs-broken phase of the model.

5.4.2 The critical point

We will now try to determine with some precision the critical coupling g., and study the
lowest operator dimensions of the CFT at the phase transition. According to the standard

renormalization group theory, for g close to g. the physical mass mpy, should behave as

mph ~ Clg = gel”, (5.79)

where C is a theory-dependent constant,?" and v is a critical exponent, common for all theories

in the Ising model universality class, and expressible via the dimension of the most relevant

21'Which also depends on from which direction one approaches the fixed point.
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Figure 5.6: Comparison with the CFT spectrum; see the text.

Zo-even scalar operator, €, of the CFT,

v=(2-A)"" . (5.80)

We used our numerical results obtained for L = 10, Eyax = 20 renormalized with subleading
corrections (see figure 5.5) to perform the fit of mpn = & —&o to the formula (5.79), replacing ~
by =. Admittedly, our procedure is careless, since we do not take into account the corrections
to scaling. We view the results which we will now present as preliminary; they should be
validated by future studies as our method progresses. Another uncertainty concerns the range
of g chosen to do the fit. On the one hand, g should be close to g., on the other hand right
close to g. the spectrum is modified by finite size corrections. Looking at the right plot in
figure 5.5, we subjectively picked the g-interval [1.4,2.4], which by the eye seems to give a
nice power law close to a straight line. To introduce some way to estimate the systematic
error, we selected a few subintervals contained in the basic interval, and fitted the parameters
A, g. for each such subinterval.?? We obtained g. = 3.04(15) and A, = 1.06(13). This value
of A, is compatible with the two-dimensional Ising model value A, = 1, giving us confidence
that the procedure is sensible. To improve the estimate of g., we fix A, to this theoretically
known value and redo the fit. We then get g. = 2.97(3).

The above error estimate may be too optimistic, because we completely ignored the error
in mypy, induced by truncation effects. We have also performed the fit taking the L = 10,
Fax = 20 ‘renormalized subleading’ results as central values, and the difference o between
these central values and the ‘renormalized’ results without subleading correction as the error
(we consider the two-sided error o). Following this procedure and doing the fit in the

[1.4,2.4] interval we obtained g, = 2.97(14). This is our final, conservative, estimate.

We now perform another comparison with the theoretically known CFT operator dimensions.

22In the future, the fit procedure could be refined by taking into account the value of &2 — & at g = g.
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Namely, for g = g. the excitations & — & should go as
2
& — & ~ %AI, (5.81)

where Aj are the CFT dimensions. This asymptotics should be valid for L > 1 where the
theory has flown sufficiently close to the IR fixed point. To check this, in figure 5.6 we plot
the three lowest excitation energies multiplied by L/(2m).

In this figure, we consider L = 5...12 and vary the quartic coupling within our ‘optimistic’
uncertainty range around the fixed point, g = 2.94...3.0. We have to vary the UV cutoff
Fhax as a function of L in order to have a manageable number of basis elements in the low
energy truncated Hilbert space H;. So Epax decreases from 33 at L = 5 to 18 at L = 12,
while the truncated Hilbert space dimension stays for each L around 10000 - 15000 per Zo
sector. To avoid clutter, we show only the ‘renormalized subleading’ results (but see figure

5.8 below, where the results without subleading corrections are also shown).

As figure 5.6 demonstrates, (5.81) 4s approximately obeyed at large L, provided that we
use the 2D Ising operator dimensions A, = 1/8, A, =1, Ay, = 2 + 1/8, where this latter

operator is a scalar descendant of o.

5.4.3 L dependence

We will now present several plots which show explicitly how the spectrum of the theory
varies for increasing L while keeping ¢ fixed. These plots are analogous to figure 5.5, but the

information is presented somewhat differently.
Zs-unbroken phase

Let us look first at the Zs-unbroken phase. We fix g = 1, which is at the outer border or
the perturbativity range (see appendix C). Figure 5.7 shows then the vacuum energy density
&o/L and the spectrum, for L =5...12.

In the left plot we see that the vacuum energy density tends to a constant value. We don’t
worry too much about the fluctuations around the limit which happen for some values of
L, like an upward fluctuation for L = 8.5 or a downward fluctuation for L = 11.5. These
fluctuations, which are present also in the “raw” data, are due to the sharpness of the cutoff
E < Epnax. In the future it will be important to find a way to work around these fluctuations.
One way would be to consider a cutoff which is not totally sharp, or to take into account the
discreteness of the sequence M (E), which in our work is calculated only on average, as figure
5.1 shows.?

Ignoring for the time being the fluctuations, let us discuss the approach of the vacuum energy

23Ref. [91], section 6.4 and appendix D, describes a method which for conformal bases used in that work
allowed to perform renormalization taking into account the discreteness of the sequence M(E). It’s not clear if
that method extends to the massive Fock space bases used here.
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Figure 5.7: The vacuum energy density and the excitation spectrum for g = 1, as a function
of L.

density to its infinite volume limit. As is well known, in a massive phase the rate of this

approach is exponentially fast and is given by:

Eo(L)/L = A= ZELK (mp L) + O(e "0 L)

mon \ 12 .
~ A - (2&3) el (L L) (5.82)

This formula can be derived by considering the partition function of the theory on a torus
S} x S}, where L and L' are the lengths of the circles. The & (L) is extracted by considering
the limit L' > L, and so it’s natural to treat L’ as space and L as the inverse temperature.
The condition L > 1/my,, means that we are interested in low temperatures. The deviation of
the free energy can then be described in terms of thermodynamics of a gas of particles of mass
mph. This type of arguments is standard in the thermodynamic Bethe ansatz calculations in
integrable theories, in which case also the subleading terms in (5.82) can be determined; see
e.g. [95], Eq. (3.13). However, the leading term that we show is more general. It does not
require integrability nor knowing anything about how the particles interact, since it depends
only on the energy of the one-particles states. In fact (5.82) can be also determined by taking

the large L limit of the free scalar Casimir energy (5.11) with m — mpy.

The blue curve in the left plot is the fit of our numerical data by Eq. (5.82) with myy, fixed to
the value determined from the numerical spectrum (see below). We see that the rate of the
approach to the infinite L limit is reasonably well described by the theoretically predicted
dependence.?*

The accompanying right plot shows the spectrum of excitations above the vacuum. Observe

the remarkably small difference between the two renormalization procedures (we use this

24Since mpn < m, the effect we are observing here is formally dominant with respect to the exponentially
suppressed Eo(L) and ((L) corrections, which were omitted in section 5.2.1. Still, the hierarchy m/mpn is not
very large, and a more careful comparison may be warranted in the future, taking also those corrections into
account.

90



5.4. Study of the ¢* theory

difference as an idea about the error of the method). The first excited state in the odd sector
should for large L approach the infinite-volume physical mass mpy. It shows hardly any
variation with L in the shown range, which is consistent with the rate of approach being

exponentially fast in mp, L [96]. We extract mpp = 0.751(1).

The second excited state, which belongs to the even sector, for large L asymptotes to 1.47(4)
which within error bars coincides with 2mpy,. This state corresponds to having two particles
with opposite momentum on the circle. This momentum is non-zero due to particle interactions
in finite volume. 2° Notice that we do not observe any states in the energy range between Mph
and 2mpp. Such states would be interpreted as two-particle bound states. As is well known, the
¢* interaction is perturbatively repulsive, so we do not expect bound states at weak coupling.
Moreover it is known rigorously that two-particle bound states are absent everywhere below
the phase transition; see [97], section 17.2. What we observe here is consistent with these

results.

Notice that the lowest two-particle state state approaching 2mypy,, as well as the three-particle
state going to 3mypn, show a much larger variation with L compared to the one-particle
state. That this variation is mot exponentially suppressed is a consequence of particle-particle
interactions. Since the interactions are short-ranged, their effect is expected to go like the
inverse volume, 1/L [98]. Tt is possible to use this effect to extract information about the

two-particle S-matrix.?6

For small g, it is easy to calculate these corrections explicitly using the first-order perturbation
theory for the Hamiltonian (5.22). For the two-particle and three-particle states at rest we

ot27
¢ 39 99
Lm?2 Lm?

The positiveness of the O(g) corrections explains the “bumps” at small coupling in the

Ey =2m + +0(¢%), & =3m+ +0(g%) . (5.83)

corresponding curves in figure 5.4 (the first Zs-even and the second Zs-odd states).

The even state just above the one asymptoting to 2mpy should be identified as corresponding
to two particles moving in the opposite directions on the circle with approximately one unit of
momentum each. Using the one-particle dispersion relation, the energy of this state should be
roughly 2 x (m2, + (2r/L)?)!/? plus the corrections due to the particle interactions in finite
volume. Because of the 27 prefactor, the dispersion relation corrections are significant even at
the maximal values of L that we are considering; they seem to explain most of the difference
between the first two even states. At larger L, we expect the particle interaction corrections

to take over, since their strength decreases only as 1/L.

Our final comment about the g = 1 spectrum plot concerns the pattern of level crossings. In

25This momentum is determined by the Bethe-Yang quantizazion condition, see [84].

26 This has been done in [84]. Such analyses are standard in the TCSA approach to d = 2 RG flows; see
[99, 90] for previous examples.

2"These formulas are valid for a fixed finite L and g < w>m/L. In this limit the splittings between different
states with the same number of particles are sufficiently large so that we can neglect their mixing. In the
opposite limit one should apply quasi-degenerate perturbation theory.
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a non-integrable quantum field theory, we do not expect energy levels of the same symmetry
to cross when varying the volume. In fact, the absence or presence of level crossings can be
used as an empirical check of integrability (see [100] for a related recent discussion). Since
the ¢* theory is, for all we know, non-integrable, levels with the same Zs quantum number
should not cross. Most levels in figure 5.7 do not cross trivially because they never come
close each other. However, there is one interesting “avoided” crossing: the third and fourth
Zo = + levels head for a collision around L = 7 but then repel. Many more such avoidances

are present in the higher energy spectrum (not shown in figure 5.7).
The critical point

In figure 5.8 we show analogous plots for the neighborhood of the critical point. We fix
g = 2.97, i.e. the central value for our g. estimate. One drastic change compared to figure 5.7
is that the energy differences &5 — & (plotted on the left) no longer tend to constants but
scale as 1/L, as expected for a CFT. This is the same plot as in figure 5.6, except that here
we do not multiply by L/27, and we show results for both renormalization methods, to get
an idea of possible error bars. Evidently, even if g is not exactly equal to the critical coupling,

the mass gap is sufficiently small so that it is not visible for the values of L shown in this plot.

On the right we show the vacuum energy density, which, as expected, seems to approach a
constant. However, the uncertainty, measured by whether or not we include the subleading
corrections, remains significant. Theoretically, the asymptotics of approach to the limit should
be —mc/(6L%), where ¢ = 1/2 is the central charge of the critical point. Instead, we see
something like a 1/L approach. Clearly, one should work to reduce the truncation errors

before the agreement is achieved.

It should be remarked that the vacuum energy is always subject to larger errors than
the spectrum of excitations. This is related to the fact that the unit operator, whose
coefficient shifts the vacuum energy, is the most relevant operator of the theory, and gets the
largest renormalization when the states above E,x are integrated out. However, whichever
uncertainty in the coefficient of the unit operator cancels when we compute the spectrum of

excitations.

5.4.4 FE,.. dependence

To get a better feel for the convergence of our method, and to demonstrate the difference
between the three procedures explained in section 5.3.3, we will present here plots of the

spectrum and vacuum energy as a function of Ey,,y, while keeping the other parameters fixed.

So, figure 5.9 shows the results for g = 1, L = 10, with Eyy,x varying from 10 to 20. On the
left we see that the renormalization dramatically improves the convergence of the vacuum
energy with respect to the raw results, while the subsequent subleading correction is very
small. The plot on the right refers to the first excited level (i = 1). In this case we see that

the further improvement due to the subleading correction is non-negligible. There are small
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Figure 5.8: Same as in figure 5.7, but for g = 2.97.

oscillations due to discretization effects, as already discussed in section 5.4.3. The higher

excitations, not shown in the plot, show a similar pattern of convergence.
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Figure 5.9: Variation with F .« and the effect of renormalization corrections for g = 1.
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Figure 5.10: Same as in figure 5.9 but for g = 3.

Figure 5.10 shows the same plots for ¢ = 3. Once again the improvements due to renormaliza-

tion are evident. For a change, here we show more states in the spectrum of excitations.
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5.4.5 Comparison to the TCSA methods

As already mentioned, Ref. [91] studied the ¢* theory in d = 2.5 dimensions using the TCSA
method. The results of that study, and in particular the phase diagram of the theory, turned
out to be quite similar to the one we found here; see [91], section 7. The TCSA uses the basis
of conformal operators of the free massless scalar field theory, which via the state-operator
correspondence is the same as the basis of states of this theory put on the sphere S?~1. In
the TCSA, both the ¢? and ¢* perturbations are included into the V part of the Hamiltonian.
This should be contrasted with our current method, where ¢ is included into Hy. We will
mention here just one advantage and one complication of working with the conformal basis
and treating all potential terms as a perturbation. The advantage is that the Hamiltonian
matrix H;; for a general sphere radius R is related to the R = 1 matrix via a simple rescaling.
The complication is that the conformal basis is not orthonormal, requiring introduction of a

Gram matrix or dealing with an eigenvalue problem which is not symmetric.

Naively, the conformal basis does not work in d = 2, because the scalar field dimension
becomes zero, rendering the spectrum dense and numerical treatment impossible. In spite of
this basic difficulty, a recent paper [77] proposed a way to use the conformal basis in d = 2
dimensions. The idea of this work is to compactify the free scalar boson on a circle of a finite
length 27 /3. Compactification renders the CFT spectrum discrete, and the corresponding
conformal basis is orthonormal. One hopes that for a sufficiently small S compactification
effects will be negligible. It’s important to realize that the procedure of [77] modifies the
quantum mechanical dynamics only for the zero mode, while all higher oscillator modes don’t

feel it.28

On the conceptual level, the difference between our work and [77] lies in the choice of the trial
wavefunction basis for the oscillators modes. They choose periodic plane waves on a circle of
radius 27/ for the zero mode, and harmonic oscillator wavefunctions of frequency 27|n|/L
for the modes with |n| > 0. We instead choose harmonic oscillator wavefunctions of frequency
V/m? + (27n/L)? for all modes. Of course the technique for evaluating the matrix elements is
also different, since we use ladder operators, while they use the Kac-Moody algebra acting in
the free scalar boson CFT.

Ref. [77] parametrizes the theory by two couplings Ga, G4 which they denote go, g4; we
capitalized to avoid confusion with our notation in other parts of this thesis. Their couplings
are not identical to ours; because of the different field normalization ¢ = 27G4. More
importantly, their ¢* operator is normal-ordered differently, by subtracting the normal-
ordering constants for all nonzero massless modes in finite volume L(= their R). Going to

our normal ordering prescription (in infinite volume),

0 heie = Nin(6) —C(mL) N,y (6?) +const., C(mL) = —(3/m)logle"mL/(4m)], (5.84)

28For example, it would be wrong to think of their procedure as considering the scalar boson in a quartic
potential cut off at the boundaries of the interval [—m/3, /8] and periodically extended to the whole real line.
Such a periodized potential would not even give a UV-complete theory, because of the spikes at the cutoff
points.
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where v is the Euler-Mascheroni constant. We don’t pay attention to the ground state energy
renormalization here. To put their Hamiltonian into the canonical form (6.8) one has to solve
the equation

Gy — 2¢C(mL) = m? (5.85)

for m. Keeping G4 fixed and varying L thus induces a logarithmic variation of the infinite-
volume mass parameters. Although for the small quartic couplings considered in [77] this
variation is not huge (order 10%), it may be problematic for extracting the spectrum by
approaching the large L limit. It would seem more appropriate to vary Go with L while

keeping m or M fixed.

In the Zo-preserving phase, their strongest coupled point had G5 = 0.01 and G4 = 8 x 1072,
which gives § = g/m? = 0.05. From our perspective, this is an extremely weakly coupled case,

where even ordinary perturbation theory would be largely adequate.

It appears that in the Zs-preserving phase our trial wavefunction basis for the zero mode
is more efficient than that of [77], since it consists of wavefunctions peaked at ¢y = 0, as
opposed to being evenly spread over a long interval. We hasten to add however that the main

goal of [77] was to study the Za-broken phase in the regime of negative m?

, something that
we postpone to Chapter 6, where a careful choice of the wavefunction basis for the zero mode

will play an important role.

5.5 Comparison with prior work

The ¢* theory in two dimensions has been previously studied, in the strongly coupled region,
with a variety of techniques. Table 5.1 summarizes the predictions for the critical coupling.
Here we only mention the methods which, at least in principle, allow for a systematic
improvement of the results, leaving out simple-minded variational studies. Many of these

papers normalize the quartic coupling as A/4!; we translate all results to our normalization.

The clear trend in the table is that the critical coupling estimate seems to increase with
time. The first two studies are rather old and do not assign an uncertainty to their results.
The next result (DMRG) has the smallest claimed error, but as we will see below there are
strong reasons to believe that it is grossly underestimated. The stated uncertainty of the
two remaining predictions is also significantly smaller than ours. Their central values are
below our result, although consistent with it at a 20 level if we use the conservative error
estimate. As we will discuss in section 5.5.4, this slight discrepancy may be due to a subtlety

in implementing the matching to a continuum limit in their procedures.

We will now review the methods in Table 5.1, following the chronological order.
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Method Je Year, ref.

DLCQ 1.38 1988 [101]
QSE diagonalization 2.5 2000 [78]

DMRG 2.4954(4) | 2004 [102]
Lattice Monte Carlo 2.7070:022 1 2009 [103]
Uniform matrix product states 2.766(5) | 2013 [104]
Renormalized Hamiltonian truncation | 2.97(14) | This work

Table 5.1: Estimates of g, from various techniques.

5.5.1 DLCQ

In [105, 101], the ¢* theory was studied using the Discretized Light Cone Quantization
(DLCQ). This is a Hamiltonian truncation method in which the theory is quantized in the
light-cone coordinates & = t + z, using =~ as ‘space’ and z1 as ‘time’. The Hilbert space
consists of states of several particles all moving in the ™ direction, and having a fixed total
momentum PT. This method was much touted in the past because of the apparent reduction
in the number of states (since only particles moving in one direction are needed), and the
simplicity of the vacuum structure, which in perturbation theory coincides with the free theory
vacuum. In practical computations, one discretizes (hence Discretized LCQ) the momentum
fraction of constituent particles with a step 1/K. This is sometimes presented as a result of

compactifying the ™~ direction on a circle of length 27 K.

Refs. [105, 101] used DLCQ to compute the physical particle mass as a function of g, observing
that it goes to zero for a certain critical value of g.. They find g. ~ 1.83 for K = 16 [105],
and later report an even smaller value g, ~ 1.38 based on extrapolating the K < 20 results to
K = oo [101]. These results are in a stark disagreement with the more recent calculations
by other techniques in Table 5.1. A careful repetition of these old studies is called for. It is
known that DLCQ calculations are subject to severe 1/K truncation effects [106], which may

be the source of the discrepancy.

We would like to mention here a recent proposal to avoid the Pt discretization altogether,
and instead truncate the light-cone Hilbert space by using a carefully constructed orthonormal
basis of multi-particle wavefunctions. This alternative approach may be the future of the
light-cone quantization. It already proved very promising in the study of 2d gauge theories
[85, 86], and it has recently been applied to the ¢* theory in two [107] and three dimensions
[88].

As a final comment on the light-cone quantization, we note that the method is bound to
become more complicated in the Zs-broken phase, possibly requiring a scan of the zero mode

(¢) to find the true vacuum.
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5.5.2 QSE diagonalization

Ref. [78] (see also [79, 80, 81]) studied the ¢* theory using the Hamiltonian truncation in the
same basic setup as ours, calling it “modal field theory”. However, the implementation details
are quite different. They use a quasi-sparse eigenvector (QSE) method, which reduces the
Hilbert space dimension by throwing out the Fock states whose contributions to the physical
eigenstate one is studying are small. In a later work [79] they developed a stochastic error
correction (SEC) method, which corrects for the resulting truncation. While the idea is similar
to our renormalization, there are some differences. One difference is that their method is
perturbative, unlike our basic equation (5.33) which is all-order in AH. Another difference is
that SEC computes infinite sums involved in the definition of AH via Monte Carlo sampling,

while we found an analytic approximation for this correction term.

In figure 5.11 we show their results for the finite volume spectrum [78]. These results are based
on QSE with 250 states (no SEC). Using this plot, Ref. [78] estimated the critical coupling
as ge ~ 2.5. On the same plot we overlay our results for the lowest Zy-odd state from figure
5.4. Our predictions for the physical mass are in disagreement with [78] in the range g < 2,
where the truncation errors due to finite Ey,x are small. Notice that even though our results
refer to a smaller value of L than [78], this cannot explain the differences, since the finite
volume effects for the one-particle state are negligible in this range of g (see figure 5.7). One
possible explanation is that the momentum cutoff k. = 4m used in [78] is not sufficiently
high to describe the continuum limit. In any case, it is this disagreement which is ultimately

responsible for the difference in our estimates of g..

The QSE method of [79] looks somewhat similar in spirit to the Numerical RG (NRG) method
recently employed in the context of TCSA [108, 100]. At the same time, the latter method
seems to us more flexible and systematic. It would be interesting to apply the NRG method

to the ¢* theory and see if it can help resolve the above discrepancy.

5.5.3 DMRG

Ref. [102] studied the ¢* theory using the Density Matrix Renormalization Group (DMRG)
[109]. As a starting point of this approach, the z-direction is discretized with a spacing a,

while time is kept continuous. The Hamiltonian describing such a discretized theory is
=Y Lry L, s LY S (5.86)
= —7s + — — — .
" 2a x5 \Pr z+a 9 Pz ga g, ,

where ¢, are the field variables on each lattice site and m, are the corresponding canonical
momenta. The Hilbert space on each site is infinite, unlike in the more standard DMRG
applications. Ref. [102] truncates this Hilbert space to N = 10 first harmonic oscillator
states. The finite-system version of the DMRG algorithm [109] is used, truncating to M = 10
most dominant density matrix eigenstates. This corresponds to the superblock Hamiltonian
dimension M2N = 1000.
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Energy eigenstates of ¢‘1‘+1

3.5 b

- - - Monte Carlo
QSE diagonalization

——39
2-part. thresh.

15

Energy (units of )

L 1-part. state

051 ~ b

ground state S msgoo
K ! ! ! ! ! T B
0 05 1 15 2 25 3 35

/41 (units of u?)

Figure 5.11: Finite volume spectrum of the ¢* theory on a circle of length L = 10mm ™! (plot
taken from [78]). In our notation A/4! = g, 4 = m. Black solid lines with error bars—the
results of QSE with 250 states. Black dashed line—the results of a lattice Monte Carlo
simulation. On their plot we overlay our results for the lowest Zy-odd state on a circle of a
smaller length L = 10m~! (red band). The central value and the width of the red band are
the same as in the conservative method of determining g. in section 5.4.2.

The critical value of the coupling is obtained approaching the critical point from inside of the
Zo-broken region, and studying how the vacuum expectation value (@) approaches zero in this
limit. The quoted value has an extremely small uncertainty: g. = 2.4954(4). However, careful
reading of the paper leaves us unconvinced that all sources of systematic error were properly
taken into account. First, no attempt is made at extrapolating to M = oo, while Figure 4 of
[102] shows clearly that convergence in M is slow and the results for M = 10 have not yet
stabilized. Second, the value of g. is determined in Figure 7 of [102] by fitting a straight line
through two points.

Finally, we believe that the matching to the continuum limit should have been done more
carefully. In the units m? = 1, the smallest physical lattice spacing in [102] is a ~ 0.1.2° This
is factor 3 larger than the spacing used in the lattice Monte Carlo study [103] discussed in
section 5.5.4 below. Since Ref. [102] used the simplest nearest-neighbor discretization of the
z-derivative, the matching procedure will likely be plagued by the same basic problem as the

one we will explain in section 5.5.4.

5.5.4 Lattice Monte Carlo

In [103] (see [110] for earlier work) the critical coupling of the ¢? theory was determined by
Monte Carlo (MC) simulations on the two-dimensional square lattice. They find g, = 2.770:0,
somewhat below our prediction. This 20 discrepancy is not necessarily a reason to worry, as
it may go away with further development of our method. In addition, it appears that the

MC computation is subject to a subtle systematic error which was not discussed in [103].

29This is found from g.a® = 5\/4! where their smallest A = 0.6.
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This error is particularly troubling because similar errors likely affect, to varying degree, all
techniques involving the discretization of space, including also the DMRG and MPS methods
discussed in sections 5.5.3 and 5.5.5. Below we will review the lattice computation and explain

this potential error.

Ref. [103] simulated the lattice action (the subscript # stands for “lattice”)
1 _ 1
S# = a2 Z 5 Z a 2(¢m+ae# - (bx)Q + §m3¢¢§ + g#qSi . (587)
x pn=1,2

Here a is the lattice spacing. The normal ordering on the lattice is defined by subtracting a

loop of the lattice propagator (BZ = the Brillouin zone |p,| < 7/a),

{Gpi = 0% — 0 /B , (;Z’)Q Gy(p), (5.88)
Gy(p) = {4a2[sin® (pra/2) + sin®(paa/2)] + m%} . (5.89)

So operationally, (5.88) is plugged into (5.87) and the resulting action is MC-simulated.

In the normalization in which m4 = 1, Ref. [103] explored the range of lattice spacings a = 0.3
- 0.03.%° Their lattices had up to 1024x1024 sites, which corresponds to a sufficiently large
physical volume varying from L ~ 300 for a = 0.3 to L ~ 30 for a = 0.03. Depending on «,
the critical quartic coupling was found to vary from g4 ~ 2.55 to 2.7. Their final answer for

ge was obtained by fitting and extrapolating to a = 0.

The systematic error that we have in mind concerns the matching between the lattice and
the continuum. Naively, the lattice theory (5.87) seems to go to the continuum limit theory
as a — 0, with my and gx turning into m and g. However, let us try to establish this

correspondence more carefully.

IR

m,g
M, G#

cont.
#

Figure 5.12: The lattice and the continuum RG flows should agree in the IR. See the text.

In figure 5.12 we show, schematically, two RG flows: the lattice flow specified by the couplings
my, g» and the continuum flow specified by m, g. The latter couplings have to be found so
that the flows become the same at large distances. We can check if this is the case computing
some observables at intermediate distances, when the flows are still perturbative.?! If a

sufficient number of observables agree at intermediate distances, the two flows have converged

30Gee their Table II. The value of a is computed from fi2 = miaQ.
31We are focusing on the case when the coupling ¢ is strong, which is relevant for the critical point. The
case of small g is simpler, as the matching can be performed at p < m.
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and will stay the same also at larger distances. In the language of effective field theory, this

would be an example of perturbative matching (see e.g. [111]).%?

At what distance scale should we do the matching? First of all, to match the continuum
theory, the lattice theory should at the very least become approximately rotationally invariant.
The leading deviation from rotation invariance comes from the lattice propagator (5.89), which

at small momenta behaves as
_ 1
G (p) = p* +m3 — — (ol +ph)a® + ... (5.90)
To ensure that this is approximately rotationally invariant, we must have p> < a=2.

On the other hand, the matching momentum cannot be too small since the theory is then
strongly coupled. The smallest allowed matching momentum can be computed by considering
the diagrams which give a correction to the quartic coupling. For momenta p > m these

diagrams are, omitting logarithmic factors,

><>< + permutations ~ ¢*/p?, (5.91)

which becomes comparable to the coupling g itself for p> = O(g). Putting the two constraints

together, we conclude that the matching must be done at momenta p such that
2 -2
gLp Ka ", (5.92)

Now, to match the mass, we have to consider the correction to the propagator, which in the

considered region of momenta behaves like

E— ~ o) (5.99)

where the terms dependent on a? indicate the schematic dependence of the correction on the

lattice spacing. This suggests that

2 2 2 2

m* =mZ + O(g~a”). (5.94)
However, such a conclusion would be on shaky grounds. The problem is that at the lowest
allowed momenta p? ~ ¢ the correction to the propagator due to the rotation invariance
breaking has the same parametric order of magnitude, g?a?, as the putative mass matching

correction.

The above discussion suggests that the chosen form of the lattice discretization prevents

performing a controlled matching between the lattice and the continuum theory, because the

32In this discussion we ignore another complication arising from the fact that the two-dimensional ¢* theory
has infinitely many additional relevant couplings beyond m? and g, since all powers of ¢ are relevant. Strictly
speaking establishing correspondence between the lattice and the continuum may require turning on these
extra couplings.
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matching corrections from loop diagrams cannot be cleanly disentangled from the rotation
invariance breaking effects in the propagator. This may seem unusual to a lattice practitioner.
However, the theory we are considering is a bit unusual, having a coupling constant of

dimension exactly 2.

We consider it possible that this problem contributes to the mismatch between the lattice
determination of g. and our results. Our discussion also suggests the recipe to remedy the
problem: one should redo the lattice simulation using an improved actions, in which the
leading O(p?a?) effect of rotation symmetry breaking is absent due to judiciously chosen
next-to-nearest interaction terms [112]. In such a setup the matching can be done, and the

correspondence between mx, g4 and m, g can be established rigorously.

5.5.5 Uniform matrix product states

This method was applied to the ¢* theory in [104]. The starting point of this approach is the
discretized Hamiltonian (5.86). The lowest energy states are searched for in a finite variational
subspace of the full Hilbert space, consisting of the so-called matrix product states (MPS),
whose precise definition can be found in [104]. The MPS states are parametrized by a 3-tensor
of size d x D x D. Here, d represents the size of the truncated Hilbert space per lattice site,
while D is a parameter which bounds the degree of entanglement of the ground state across
different lattice sites. The variational states are found by minimizing the energy through
an imaginary-time evolution algorithm. The physical predictions are recovered in the limit
d,D — o0, a — 0.

As is well known, the MPS methods are essentially equivalent to DMRG (see e.g. [113]).
Comparing with the DMRG study in section 5.5.5, d and D should be identified with N
and M. Ref. [104] uses d = 16 and D up to 128, commenting that N = M = 10 used in
[102] are not sufficient. They observe that an insufficiently large D shifts the critical point to
lower g., and provide a physical explanation for this effect. They do two measurements of g,
both approaching the critical point from above, one using (¢) and another from the lowest
excitation energy. Since their two measurements differ at a 3o level, the value cited in Table

5.1 was obtained by expanding the error bars to include both of them.

In the units m? = 1, the minimal value of the lattice spacing in [104] is a ~ 0.04, about the
same as in [103]. This study is thus subject to the same worries about the matching to the

continuum limit as the ones brought up in section 5.5.4.

101






Chapter 6

Hamiltonian truncation in the

Zo-broken phase

6.1 The Chang duality

6.1.1 Formulation and consequences

According to Chang [92], the two-dimensional ¢* theory described by the (Euclidean) La-
grangian

L= 200 4 Jm® 4 g Nu(?) (61)

with m? > 0, ¢ > 0, admits a dual description in terms of a Lagrangian with a different, and

negative, value of the squared mass,
1
= 5(a¢)2 —IMP% + g Nu(8Y). (6.2)
The actual value of the dual mass will be given below.

Note that the duality is between quantum theories in the continuum limit, and to specify this
limit one has to subtract the logarithmic divergence of the mass parameters. The divergence
is removed by normal-ordering the quartic interaction with respect to the mass indicated
in the subscript of the normal ordering sign N. The potential in £’ has two minima at
¢ = c=+M/\/Sg. After the shift ¢ — ¢ -+ c the dual Lagrangian becomes'

£ L@0) + SMPG 4 \2M Nas(6°) + 9 Nas(6%). (6.3)

In this way of writing, interactions of both £ and £’ are normal ordered with respect to the
mass appearing in the quadratic part of the Lagrangian. In perturbation theory such normal
ordering means that we are simply forbidding diagrams with the lines starting and ending in

the same vertex.

!Notice that normal ordering is a linear operation, and thus commutes with the field shift.
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Chapter 6. Hamiltonian truncation in the Z,-broken phase

To find the dual mass M?2, one is instructed to solve the equation
F(X) = f(z), (6.4)

where x = g/m?, X = g/M? are the dimensionless quartic couplings of the two descriptions

(x is given and X is an unknown) and
f(z)=logz —7/(3z), F(X)=logX +7/(6X). (6.5)
This equation is illustrated in Fig. 6.1. There is no solution for

T < Xy = A 2.26149, (6.6)

3 (2/e)

where W(z) is the Lambert W function. For « > z, there are two solution branches. We are

particularly interested in the lower branch X;(x), which for large @ approaches zero,
Xi(z) = 6/(mlogx), x— 0. (6.7)

The dual description corresponding to this branch becomes weakly coupled in the limit
in which the original description becomes stronger and stronger coupled. We thus have a

weak /strong coupling duality.

1.4 s~
l/,
12 Xz(x)//
10 s
/l
0.8 /
7’

/
06 !
04 M

1(X
02
0.0 X
20 25 3.0 35 4.0

Figure 6.1: Left panel: equation F(X) = f(z) has two solutions for 2 > z,. Right panel: the
two solution branches Xia(x). We are mostly interested in the lower branch X (z) which
becomes weakly coupled as x — oc.

Chang [92] used this duality to show that the ¢* theory undergoes a phase transition. Indeed,
for small x we can use perturbation theory to argue that the theory is in the symmetric phase,
with the Zo symmetry ¢ — —¢ unbroken. On the other hand, for large x we use the dual
description. Since in that description the potential is a double well, and moreover the dual
coupling is weak for x > 1, we conclude that for large x the Zo symmetry is spontaneously

broken. By continuity, there must be a phase transition at an intermediate value of x.

This argument does not establish whether the transition is first or second order. However,
as explained in [92], a first order transition is excluded by rigorous theorems due to Simon
and Griffiths [114]. So the transition must be second order. This conclusion is supported by
Monte Carlo simulations [110, 103, 115, 116], as well as by computations using DLCQ [105],
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6.1. The Chang duality

density matrix renormalization group [102], matrix product states [104], and the Hamiltonian
truncation [78, 79].

Nor does the above argument predict the value of x at which the phase transition must happen.
In particular, the fact that the dual description exists at > x, does not mean that the phase
transition happens at © = x,. Indeed, at x = x, both the direct and the dual descriptions are
strongly coupled, and the fate of the Z, symmetry is not a priori clear. In fact, calculations
indicate a higher phase transition location at z. ~ 2.75 — 3 [115, 104, 116, 117], as also seen

in section 5.4.2.

6.1.2 Review of the derivation

Here’s a quick derivation of the Chang duality, following [92]. We will work in the Hamiltonian

formalism, and consider the normal-ordered Hamiltonians corresponding to £ and £/,
H= /da:N (lq's? + 1¢’2 + 1m?<z>2 + g¢4) (6.8)
"\2 2 2 ’ '
1. 1
0 = /dx Nu (5% + 507 = 1262 + g6+ 0). (6.9)

Notice that we are now normal ordering the full Hamiltonian, including the quadratic part.
This more careful procedure will allow us to establish the correspondence also for the ground
state energy. In the dual description it will receive an extra constant contribution, denoted A
in (6.9).

Recall Coleman [93] relations between normal orderings with respect to different masses,
1. 1 1. 1
N, (= 2 Z A2y N -2 =02 Y
(38 + 567 = Nu (58 + 50”) +Y,

N () = Nu(¢?) + 2, (6.10)
N(9h) = Nar(¢*) + 62Ny (6°) + 327,

where Y =Y (m, M) and Z = Z(m, M) are the differences of the normal-ordering constants,?

Y(m7M):/§ e

m2
Z(m,M):/iﬁ{W—(M%m)}:;log. (6.11)

Using these relations, one can see that H maps on H’ as long as

dk { 2k% + M?

1
5m2 +6Zg=—1M?, (6.12)

2The expression for Z can also be equivalently derived in the Lagrangian language as the difference of

. . 2
one-loop massive diagrams Z = f (‘;TI;Q (ﬁz Ry ey 2 +1m2> .
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Chapter 6. Hamiltonian truncation in the Z,-broken phase

written equivalently as (6.4). We also find a constant contribution to the ground state energy

1
A=Y + 5m22+3922. (6.13)

6.1.3 Numerical check of the duality

We will test the Chang duality by comparing the spectra of the direct and dual theories in
a finite volume—a circle of length L. The spectra will be computed using the Hamiltonian
truncation. We will first describe the setup for these computations, and then present the

results.

Direct theory

By the direct theory we mean (6.8) put on a circle of length L. This is precisely the theory

we studied in Chapter 5, and we will be following the same method.

In Chapter 5 we worked at circle sizes up to L = 10m ™!, and it was justified to neglect the
exponentially small terms proportional to Ey and ¢ in (5.20). Here, in some cases, we will
work at smaller circle sizes. In the subsequent analysis we will always keep these terms, which

is actually straightforward in our algorithm.

Regarding the renormalization of the couplings, we will use an identical procedure to the one

described in section 5.3.2, apart from a technicality that we now explain.

We remind that the leading renormalization coefficients are calculated by extracting the leading
non-analytic behavior for 7 — 0 of the quantities (5.48). In section 5.3.2 we approximated
the two-point function (5.51) by its infinite-volume expression. However in the following we

will encounter also the situation mL = O(1). Our procedure will be to approximate

[ee]
Gr(z,71) zG(p)—I—QZG(nL), (6.14)

n=1
which simply adds a constant to the infinite-volume two point function. This approximation
is justified because the higher order Taylor expansion terms of G(p) around p = nL would
result in renormalization terms suppressed by powers of m?/E?_ . < 1. The short-distance

asymptotics of G, used to calculate (5.48) is modified as

0% oo
Gr(z,7) ~ f% log (%m'p) , m' =mexp {747r > G(nL)} . (6.15)

n=1

It is then straightforward to generalize the renormalization procedure used in Chapter 5 to

the case mL = O(1). E.g. the Hamiltonian renormalized by local counterterms is given by

H<L)ren = Htrunc(L) + /dl‘ Nm("io + 52¢2 + '%4@{)4) ) (616)
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6.1. The Chang duality

where r; are given in (5.61) where one has to put g4 = g, g2 = 6(g, and replace m — m’
in the expressions for the p-functions in (5.58). This Hamiltonian allows to calculate the

spectrum with the convergence rate of 1/E3 . . In the numerical computations in section

ax:*

6.1.3 we will also include subleading, non-local corrections improving the convergence rate up
to 1/E4

maxs for which we refer the reader to section 5.3.3.

Dual theory

The Hamiltonian for the dual theory in finite volume is easiest derived as follows. Let us
rewrite H' in (6.9) by adding and subtracting %MQQSQ,

1. 1 1
H — /dw NM(§¢2 + 507+ §M2¢2) + NM(—gM%s? T+ A) . (6.17)

This looks like the direct Hamiltonian with m — M and an extra negative mass squared

perturbation. The passage to a finite volume is then analogous to the direct theory. We get
H'(L) = Hy + {—%M2+6CQ}VQ+9V4—I—}L, (6.18)
h= AL+ Ey + 3¢*gL — 3M?*(L. (6.19)

The building blocks have the same meaning as in section 6.1.3, except that we have to use M
instead of m in all expressions: Hy = Ho(L, M), ¢ = ((L, M), etc.

m=1, L=50 m= L =5.0
0.0 T 1 T T T T T T T
iy N O ot
N ~——_ e T snpeaarood]
- N 4r T T emeesepaanpoet
—0.5 R 4
. R e T
N [V e — I
§ —10f ! T —
W2 . ]
—15} L= e R m—
e Zg =4 [Tremal L
- Zy=— Tl
- Zy=+ T
—2.0 L L L 0 T L ! ! !
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
9 g

Figure 6.2: The ground state energy (left) and the spectrum of excitations (right) for the
direct and the dual theory as a function of g for m = 1, L = 5. The excitation plot shows the
energies of the Zo odd and Zs even energy levels. See the text for the details.

Comparison

In figure 6.2 we show the ground state energy & and the spectrum of excitations & — &
for m = 1, L = 5. We plot them as a function of the direct coupling ¢ = 0 - 3. The
results for the direct theory are given in the full range of g, whereas for the dual theory only

for g > g. ~ 2.26, where the dual description exists. As in Chapter 5, the error (shaded
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Chapter 6. Hamiltonian truncation in the Z,-broken phase

)

region) is estimated as the variation of the results upon using the “local” and “subleading’

renormalization prescriptions.

We see that in the overlapping region the numerical predictions from the two descriptions
agree very well. This is an explicit check of the Chang duality. This check is non-trivial, as in
both descriptions the Hamiltonian is strongly coupled. To illustrate this, the black dashed
lines in the plots represent the tree-level prediction for the vacuum energy and the lightest

excitation in the dual description.

Computational details: The computation in the direct theory is carried out as described in
section 6.1.3. The dual mass M for a given g > g, is determined by solving Eq. (6.4) numerically.
We use the solution with the smaller X (and thus the larger M). The computation in the
dual theory is then done using the Hamiltonian (6.18) with two couplings g2 = —%MQ + 6(Cg
and g4 = g, i.e. by including —%M 2 into the perturbation. The renormalization procedure
described in 5.3.3 is applicable for such a general perturbation. It’s not a problem for the
method that g9 is negative and comparable in size to the positive mass square term in Hy.
There is in fact a great deal of arbitrariness in how to split the ¢? coefficient between the
zeroth-order Hamiltonian and the perturbation. What we do here is just the fastest possibility,
which turns out sufficient for the purposes of this section. More sophisticated ways of dealing

with the dual theory will be developed in section 6.2.

6.2 The Zs-broken phase

In section 6.1 we reviewed the Chang duality and tested it numerically in the strongly coupled
region by comparing the results obtained from the dual and the direct descriptions. We will
now focus on the region g/m? > g./m?, where the theory is in the Zs-broken phase. In this
range of couplings the direct description is very strongly coupled and it’s difficult to achieve
good numerical accuracy. On the other hand, the dual Hamiltonian becomes weakly coupled
(9/M? < 1). Therefore, we will use the dual Hamiltonian (6.9) as the starting point for the
numerical calculations. It will be convenient to replace the value of A given in (6.13) by
A = M?/(64g), which corresponds to having zero classical vacuum energy density of the dual

Hamiltonian.

6.2.1 Modified zero mode treatment

The method employed in 6.1.3 treats all field modes on equal footing. This method is adequate
in the Zs-unbroken phase and in the Zs-broken phase in moderate volumes, as in section 6.1.3.
However, it becomes inefficient in the Zs-broken phase in large volume. The physical reason
is that the zero mode has then very different dynamics from the rest of the modes, acquiring
a VEV. It makes sense to take this into account, and to treat the zero mode separately from

the rest. We will now explain how this can be done.

First of all we will rewrite (6.18) making explicit the dependence on the zero mode. We will
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6.2. The Zs-broken phase

revert for the zero mode from using the oscillators ay, ag to the field variable
b0 = (ao + a}))/V2LM (6.20)
and the corresponding conjugate momentum 7,

70 = i(a} — ag)y/LM/2. (6.21)

Denoting by bar (resp. hat) all quantities involving only the nonzero (zero) modes, we have

_ md:  LM?
Hy = Hy+ =% L3 6.22
0 0+ 5L + 5 P, ( )
Vo=Vo+ L:gd:, Vi=Vi+4Vspy+6Va:g2: + L:gg:. (6.23)
Gathering everything we get
H'(L)=Ho+H+W, (6.24)
where H depends only on the zero mode,
2 3”(%5 1302 2 4
HEHJFL{—ZM +6<g}:¢0:+Lg:¢0:+h, (6.25)

while W involves the interactions between the zero and the nonzero modes, and among the
latter,

W = {6g:¢g: —3M% 6Cg} Va + 4gpoVs + gVy . (6.26)

In a large volume and for g < M?, the quantum mechanics of (6.25) predicts that the
wavefunction of ¢y is peaked around the minima of the potential at ¢3 ~ M?/(8¢), with a
width scaling asymptotically as ((Apg)2) ~ 1/(LM). For this ¢ the coefficient of Va in W
vanishes. Intuitively this implies that, up to small perturbative corrections induced by the V3
and Vj terms, the nonzero modes of the field will stay in their vacuum state. This is true in
a very large volume, and it provides a good starting point for a quantitative description in

finite volume.

The idea of the method will be therefore to first solve the quantum mechanics of the zero modes,
by neglecting its interaction with the nonzero modes. Having done so, the full Hamiltonian
will be diagonalized in a Hilbert space whose basis wavefunctions are products of the exact
zero mode wavefunctions and the harmonic oscillator wavefunctions for the nonzero modes.
This is expected to be more efficient than the original method which would use harmonic

oscillator wavefunctions also for the zero mode.

Concretely, the procedure goes as follows. The full Hilbert space can be written as a direct
product,
H=HH, (6.27)

where H and H are the Hilbert spaces of the zero modes and nonzero modes, respectively.
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Chapter 6. Hamiltonian truncation in the Z,-broken phase

The truncated Hilbert space is then (I for low)
Hy=H @M, (6.28)

where the basis of H; is formed by the harmonic oscillator states for the nonzero modes with

energy E < Epayx, while A, is spanned by the first few low-lying eigenfunctions of H,
Hpo) = Eultha), a=1...5. (6.29)
In practice, it will be sufficient to fix s =4 or 5.

A separate computation has to be done to find the |1),). We do this using the standard
Rayleigh-Ritz method, working in the S-dimensional subspace of A spanned by the original
harmonic oscillator wavefunctions (ag)i|0>7 i =0...58 —1. The parameter S > s can be
chosen so large that the numerical error accumulated in this step is insignificant; in practice
we choose S = 500. The eigenstates |¢),) are thus found expanding them in the harmonic
oscillator wavefunctions. This facilitates the subsequent computations of the matrix elements

involving these states.

One can now compute the matrix elements of H'(L) in the truncated Hilbert space and
diagonalize it, finding the “raw” spectrum. As usual, we will employ a renormalization
procedure to improve the precision. The necessary modifications are described in appendix
D.2.

Comparison with prior work: The Za-broken phase of the ¢* model has been previously studied
via a Hamiltonian truncation method in Ref. [77]. There are many similarities between our
works, and some differences. The main difference lies in the treatment of the zero mode (see
also the discussion in Section 5.4.5). Ref. [77] compactifies the zero mode on a circle of large
radius, and uses plane waves on this target space circle as the basis of trial wavefunctions.
Instead, we resolve the zero mode dynamics and pick trial wavefunctions adapted to the
quartic potential. Another difference is that they use conformal, massless, basis for the nonzero
modes, while we use a massive basis. Matrix elements are easier to compute in the conformal

basis, while a massive basis gives, we believe, a better initial approximation.

Notice that Ref. [77] uses a different parametrization of the Hamiltonian, corresponding to a
different normal-ordering prescription. Translation to our parametrization will be given in

section 6.2.3.

6.2.2 Varying the normal-ordering mass

It turns out that in the regime we will be considering, the most important term inducing
the interactions between H; and H; is the Vi term in (6.26). This is because for the volumes
that we will be able to consider, the localization of the ¢y wavefunctions near the potential

minimum is not very sharp, and the coefficient of V, viewed as a matrix in the space of the
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¢o eigenstates, has significant matrix elements. The V3 and Vj terms will be suppressed at

weak coupling.

Empirically, we concluded that the one-loop renormalization procedure, including the modifi-
cations to be described in appendix D.2, is insufficient to fully describe the truncation effects
arising from the big V5 term. Moreover, estimating the accuracy as the difference between
the “local” and “subleading” renormalized answers was found inadequate in such a situation.
Notice that the V5 term renormalizes at quadratic order only the unit operator coefficient (see
section 5.3.2) and this correction does not affect the spectrum of excitations (this statement
remains approximately true in the scheme with the separated zero mode discussed here).
Ideally, to estimate the error one would have to compute the renormalization effects of cubic
order in the problematic operator. Here we will resort to an interim alternative technique,

which we now describe.?

In the modified method as described in the previous section, the trial wavefunctions of the
nonzero modes are taken to be those of the free massive boson of mass M, i.e. the bare mass
appearing in the Lagrangian. We will now consider the formalism in which one can vary the
mass parameter u of the trial wavefunctions. As in [78], this will then be used to control the
accuracy of our computations, since the exact spectrum should be independent of . Apart
from the accuracy issues, varying p is also natural from the point of view of searching for an

optimal zeroth order approximation to the ground state, in the spirit of variational methods.

So we rewrite the infinite-volume Hamiltonian (6.17) by using the Coleman relations (6.10):
1. 1,2

H = [daN,(36*+ 36° + (-1M? + 692)6 + 961 + A,.) (6.30)

Ay=AN—1IM*Z+392°+Y, (6.31)

where Z = Z(M, 1), Y =Y (M, ) are defined in (6.11) with the replacement M — p,m — M.

We then pass to finite volume as in section 6.1.3,

1

H'(L) = Hy + [-3M* — 5“2 +6(Z+)glVa+ gVa+ hy (6.32)
1

hy = A L+ Eo + 3¢%gL + (—1M? — 5“2 +69Z)CL, (6.33)

where Hy, Va, V4, Ey, ¢ are defined with respect to p. Finally, we separate the zero mode as in
section 6.2.1. The final Hamiltonian has the form (6.24) where Hy = Hy(L, y1) while H and
W are given by

2.
H= 20+ L[~{M*+6(Z+ Qg :60: + Lg:6h: + hu, (6.34)
1 . L
W= [69:¢31 - %MQ - 5#2 +6(Z + C)g}VQ +4gpoV3 + gVs . (6.35)

This is the Hamiltonian which we use for numerical calculations, varying x in the range 0.9 -

3 Another interesting possibility is to incorporate the coefficient of Vz into the mass of nonzero modes,
making it ¢o-dependent. This creates technical difficulties of its own and was not tried in this work.
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1.1M. This will give an idea of the systematic error due to the truncation.

6.2.3 Results

From the estimates in Section 5.4.2, we know that the critical point lies at g/m? ~ 2.97(14), 4
which by making use of the Chang duality corresponds to g/M? ~ 0.26. Here we will limit
ourselves to values g/M? < 0.2, as beyond this value it appears difficult to reach the limit
L — oo and get a stable spectrum. M will be set to 1 throughout this section, unless

stated otherwise.

We are now going to present the results for the two sectors of excitations of the theory. First,
we will discuss the perturbative sector, which in the L — oo consists of two decoupled towers of
excitations around the two vacua with the opposite-sign VEV for the field. We will then turn
to the non-perturbative sector of “kink” states which have topological charge, interpolating
between the two vacua. Given the periodic boundary conditions imposed in our method,
the kink sector will be studied here only indirectly, through the splitting of quasi-degenerate

perturbative states in finite volume.

Perturbative sector

In figure 6.3 we plot the ground state energy density and the low-energy excitation spectrum

)

for M = 1, L = 12. For the ground state energy density we show both the “raw” and
renormalized® results, while for the spectrum only the renormalized results, because the
raw /renormalized difference is negligible. As explained above, we don’t think this difference
gives a fair idea of the truncation error in the situation at hand. Instead, we estimate the error
for the spectrum by varying the normal-ordering mass = 0.9 - 1.1. In making these plots we
fixed s = 4, while the cutoff Frax was chosen so that H; has dimension around 10000 — 15000.

We checked that increasing s does not change the results significantly.

We see that the first excited level is almost degenerate with the ground state. The splittings
for the higher-energy levels are larger. This is because for the higher energy states it’s easier
to tunnel through the potential barrier separating the two infinite-volume vacua, which has a
finite height for a finite L.

In figure 6.4 we show the same plots for L = 20. One can see that the energy splitting reduces
but the truncation error increases (as one has to reduce Frax in order to keep the total

number of states the same).

Finally, in figure 6.5 we plot the vacuum energy density and the spectrum for ¢ = 0.1 as a
function of L. One can see how the renormalization procedure is effective for the vacuum

energy density, as its renormalized value reaches a constant for sufficiently large L, while its

4For more precise estimates by different methods see [115, 104, 116, 117].
®In this section only local renormalization was used. Subleading nonlocal corrections were found to be
totally negligible.
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“raw” values does not. In the spectrum also the physical mass reaches a constant as expected.

Notice that for sufficiently small g/M? the interaction in the considered model is attractive (the
cubic vertex squared attraction overcomes the quartic vertex repulsion) [118, 77]. Therefore the
second energy level pair in the spectrum in figure 6.5 is expected to asymptote to ma < 2mpy
(where mypy, is the single particle mass) as L — oo, i.e. it represents a bound state. The
numerical results seem consistent with this expectation, although the precision is insufficient
to extract me accurately. In general, it is hard to extract the perturbative bound state mass
from the infinite-volume limit, as the asymptotic convergence sets in at L = (mih —m3/4)1/2

[96], which diverges as g — 0.

In Appendix C we compare the numerical results for A and mp, with the predictions from

perturbation theory, showing very good agreement at small couplings.

It is also interesting to analyze the higher-energy states in the spectrum. In figure 6.6 we redo
the previous plot for g = 0.05, including a few more eigenvalues. Above the stable particle
mass and the bound state, one can see the multiparticle states whose energy depends on
L according to the dispersion relations in finite volume.® Furthermore, the horizontal line
with energy ~ 2.5 < 3mpy, represents a resonance. Due to the non-integrability of the theory,
that state is not stable, as its energy is larger than 2mpy. Indeed, the horizontal line does
not cross the multiparticle states as could seem at first glance, thanks to the phenomenon
of avoided crossing. See [119] for a discussion of how resonances should appear in the finite

volume spectrum.
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Figure 6.3: The ground state energy density and the low-energy excitation spectrum as a
function of g for L = 12; see the text. Results extracted from [77] are shown by crosses (whose
size does not reflect the uncertainty), see section 6.2.3.

Non-perturbative sector

As already mentioned, in finite volume non-perturbative effects lift the spectrum degeneracy

both for the ground state and for all the excited states. For small coupling, these effects can

See e.g. the discussion in [77], appendix B.
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Figure 6.4: Same as in figure 6.4 but for L = 20.
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Figure 6.5: Results for g = 0.1 plotted as a function of L.
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Figure 6.6: Same as in the right-hand figure 6.5 but for g = 0.05.

be interpreted as tunneling due to the semiclassical field configurations interpolating between
the two vacua (“kinks”). The splitting depends on the mass of the kink. Here we will need

the semiclassical prediction for the splitting of the first two energy levels (the ground state,
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6.2. The Zs-broken phase

which lives in the Zy even sector, and the Zy odd state just above it). Including the leading
semiclassical results and the one-loop determinant fluctuations around it, the splitting for

small g/M? is given by (see appendix E.1),

M3 , M3 1 3
AE =& — &~ | ——e LMiam— (ML) Myink = — + M <— - 7> 6.36
1— <0 67rgLe ) kink 129 + W3 o) (6.36)

where Myink is the kink mass in the one-loop approximation, first computed in [120]. Cor-
rections are suppressed by g/M? and by 1/(LMypx). The function f(z), given in (E.24),
approaches zero exponentially fast for LM > 1. This correction can be interpreted as coming
from loop corrections to the kink propagator, where virtual particles of the topologically

trivial sector travel around the cylinder.

Our numerical method allows to extract AE with high precision and to compare with this
formula. In figure 6.7 we present as an example the renormalized numerical results’ for
M =1, g =0.05. We used s = 5, checking that its increase does not change significantly the
numerics, while Emax was fixed such as to have a basis dimension ~ 10000 for each L. We
plot VL e/ML)AE as a function of L in logarithmic scale in order to observe a linear trend,
as expected from (6.36), and perform a fit in a region chosen by eye such that the data look
close to a straight line,

log [\FL S MOAE ~ o — M,L. (6.37)

The value of L must be not too low so that the exponential law decay sets in, and not too
high otherwise AE becomes smaller than the precision of our method. We then compare the
fitted values of a and M, with the expectations from (6.36).

We carried out this analysis for several values of the coupling between 0.01 and 0.1, finding
both o and M, very close to the expected values. The comparison of M, with My, is plotted
in figure 6.8 as a function of g. It turns out that in the range of points where the fit is made
f(ML) is very small and does not influence the fit, except a little for the smallest considered
values of g. On the other hand including v/L is crucial for reaching the agreement. One can

see that the accord with the semiclassical prediction My, (black line) is very good.

Comparison to Ref. [77]

For comparison we included in figures 6.3,6.8 a few data points extracted from [77]. In section
5.4.5 we explained how to relate our mass and quartic coupling to their couplings g2, g4. In
particular, g = 2G4 and, from Eq.(5.84),

Gy —29C(ML) = —M?/2 (6.38)
for M in the Hamiltonian (6.9).

The two data points (crosses) in figure 6.3 were extracted from figure 10(b,d) of [77], where

"The difference between “raw” and renormalized is negligible in the present analysis.
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g=0.05, 11 =0.9-1.1
T T

10° ——
e
107

(51 — 50) X \/Z X ef(ML)
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105 L—
0o 1 2 3

T

Figure 6.7: Ground state splitting as a function of L for g = 0.05; see the text.
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Figure 6.8: Comparison between the fitted and the theoretically predicted value of the kink

mass; see the text. The green cross represents, with error bars, a result from [77] as discussed
in section 6.2.3.

Gy = —0.1, G4 = 1.2 x 1073, This corresponds to g/M? ~ 0.035 at M L = 12. The agreement
between their and our results is good. Their determination of the kink mass for the same G 4
is shown in figure 6.8. Here g/M? = 0.042(3), varying within the range of L used in their fit.
The large error bars on My, may be due to this variation. Also, they did not consider the
pre-exponential factor in (6.36).

6.3 Conclusions

In the last two chapters we revisited one of the simplest realizations of the “exact diagonal-
ization” methods, as opposed to standard lattice Monte Carlo methods, and shown that it
can be used effectively as a numerical tool to extract non-perturbative predictions about a

quantum field theory. The numerical setup is relatively simple, and the error coming from
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the UV regulator can be reduced by adding analytically computed correction terms to the

Hamiltonian.

Our choice of the model to study here—the two-dimensional ¢* theory—was dictated by

several considerations:

e the model is not supersymmetric nor integrable, hence not amenable to analytical

methods, apart from perturbation theory at small coupling;

e the model has been studied in the past by a variety of numerical techniques, allowing

for a fair comparison of the results and of the implementation difficulties ;

e the model is literally the textbook example of a quantum field theory. In fact we
hope that our exercise also has a considerable pedagogical value, helping to bridge the

conceptual gap between perturbative and non-perturbative QFT questions.

However we stress that the idea of this work is completely general, and it should be possible

to apply similar techniques to any quantum field theory.

According to an exact duality, reviewed in section 6.1, the theory under consideration can
be expressed via two different Lagrangian formulations. We proved that, even at strong
coupling, the Hamiltonian truncation method correctly predicts the same low-energy spectrum
of excitations in the two cases, despite the fact that they look totally different at the zeroth

order. We regard this as a non-trivial check of the method.

The current state of the method allowed us to compute the low-energy spectrum in both the
Zo-invariant and Zo-broken phases with a reasonable accuracy, and to give an estimate for
the critical coupling corresponding to the phase transition. We found very good agreement
with the predictions from perturbation theory and semiclassics in the perturbative and

non-perturbative sectors.

We believe that the potential of “exact diagonalization” techniques, among which we have
implemented a particular realization in the present work, is very large and has to be explored
further. Some other representative applications to non-integrable theories to be found in the
literature are [119, 121, 122, 123, 77, 124, 125, 126, 127] in d = 2. In d > 2 the only works
are [91] and [88].

The present analysis has been recently extended by the direct study of the topological
spectrum of kink-states [84], and progress has been made towards the calculation of higher
order renormalization coefficients [83]. Advancement in this direction will be necessary in

order to solve higher dimensional theories, as the RG flow becomes less strongly relevant.

The hope is that exact diagonalization techniques can evolve into computationally efficient

tools to address difficult problems in quantum field theory.
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Chapter 7

Discussion and outlook

In this thesis we explored several aspects of the renormalization group in quantum field theory.

In Part I we set out to study the structure of RG flows in a large class of QFTs, namely those
that are unitary and Poincaré invariant, including most of the models in particle physics. Two
specific questions were addressed, which are found to be closely interrelated. Is it possible to
“order” conformal field theories connected by RG flows according to monotonicity constraints?

There exist (non-trivial) theories which are scale but not conformal invariant?

In our work we focused on even space-time dimensions, where the Weyl anomaly is relevant
for answering these questions. In Chapter 2 we reviewed the local Callan-Symanzik equation
formalism [26], which allows to treat systematically the renormalization of composite operators

in curved backgrounds.

We then reconsidered the consistency conditions for the Weyl symmetry, showing that they
result in only three independent non-algebraic constraints. We derived for the first time the
flow equation for the coefficient a of the Weyl anomaly in a form including all the contributions
from lower dimensional operators. This equation represents a formulation of the a-theorem in

perturbation theory.

This methodology was then related to the “effective field theory” approach of [23] in Chapter
3, thanks to our calculation of the dilaton effective action. Additionally, we filled in some

details in the proof of the equivalence SFT=CFT in perturbation theory.

In Chapter 4 we generalized the local Callan—Symanzik approach to six-dimensional QFTs.
Under certain assumptions for the spectrum of relevant operators (which will be relaxed in
future studies) we defined a family of functions that decrease monotonically along the RG
flow. This constitutes a proof of the a-theorem and implies the equivalence SFT=CFT in
perturbation theory. We would like to stress that, in general, the study of six-dimensional
QFTs is not only of theoretical interest, but it can help us understand the differences between

QFT in the physical four-dimensional space-time and other dimensions. Beyond perturbation
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theory, ideas for a proof of the a theorem are still lacking. However, it is worth noting that in

all cases studied so far no counterexample has been found [64].

In Part II of the thesis we investigated the HT method, that can be employed to solve
numerically strongly-coupled RG flows in QFT. In Chapter 5 we applied the HT method to
the ¢* model in two dimensions, working in the Fock-space basis of states of the free UV
Hamiltonian, and we calculated the IR spectrum with good numerical accuracy. Due to the
perturbative control over the RG flow in the UV, we were able to improve the numerical
convergence by constructing a low energy effective Hamiltonian. In addition, we predicted
the value of the coupling where the theory flows to the critical Ising model, pointing out a
significant disagreement with previous lattice determinations, which has been later resolved
[116].

In Chapter 6 we studied the broken phase of the same model at strong coupling, which required
a modification of the Hilbert space basis. We were able to calculate purely non-perturbative
quantities, including the mass of the lightest topologically non-trivial state, which was found

in agreement with the semiclassical prediction.

One obvious advantage of the exact diagonalization over lattice Monte Carlo methods is that
the low-energy spectrum is found all at once by a direct diagonalization of the Hamiltonian,
without any statistical error. One drawback is that manifest locality of the original QFT is
lost after the truncation. Consequently, along the RG flow non-local operators are generated

and have to be taken into account in the renormalization procedure.

One of the next steps to advance exact diagonalization methods will consist in improving the
renormalization procedure, whose study has already started [83]. It is also worth exploring
other truncation prescriptions, such as those already employed in the light-cone quantization
schemes in two and three dimensions [107][88], where the wave-functional in the sectors with

fixed number of particles are approximated by polynomials.

Thanks to this research program, exact diagonalization methods will hopefully evolve into an

efficient tool to perform precision calculations in three and four-dimensional QFTs.
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Appendix A

Local CS equation in d =4

A.1 Definitions and useful equations

A.1.1 Notations

The generator of the local CS symmetry:

A, = AI—AP (A1)
where
A = /d4a: 20 g 0
7 ghv (x)
i 5 5 5
AP(z) = /d4x o <Bl + pf‘v#/\f) - Vo (SA>
i N () 6 A (x) dAL ()
a —=a a a ]' a B 5
—0 (mb (208 — %) + C°R + DIVAN + §EIJVH>\IV“>\7) S (2)
+V,0 (oavw 0 ) - Vo <na 0 ) (A.2)
AT dmea(z) dma(z) '
Non-ambiguous functions in the local CS equation
I _ gl ApAy )] a_ ~a ApA)? A_ A A
Notations appearing in the dilaton effective action
- 1~
Bl = U ;B it =n"+ 075 (A4)
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Useful anomalous dimension matrices

75 = 8JBI+P{‘(TA)\J)

K

Wy o= (U_l)L (8(17§)+P£(TA)§))

a 1 a a

=5 (EIJ + 9K7§J>
L

W= B

v = PP(TaN)’

1
vl = 6§+8JBI+§PIA(TA/\J) (A.5)

Useful functions of the sources

I N (o2vs, Lo
A = (U )J(V)\ +B'R
= vAvea - BUAD
1

29‘;/\1

R

e = a__,a’t
R

| - Guu_i_gguu

QIJK _ <HIJ+%B(IAJ)>AK

2 = A (29,00 — oy TE) (A.6)

A.1.2 Lie derivatives

We use L to denote a Lie derivative along a direction in parameter space defined by the RG

flow. This derivative satisfies the following definitions and relations:

LlY] = Bloyy
LY/] = BRogY{/ + 1Y — Y~
LIYar] = B’0,Yar +~v{Yas +v5Ys1
B'Llyy,.] = £[B'Y,.)
(TpN)'L[Yar.] = L(Ts\)'Yas.]
LI = kB UY
LB = —~L,B'BX (A7)

where Y. stands for an arbitrary covariant function of A/, and U 5 is defined in (A.5).
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A.2. Weyl symmetry in a regulated theory

A.1.3 Gravitational terms and their Weyl variations

1
W? = RMPR,,p —2R"™ R, + gR2
E; = R™R,,,, —4AR'"R,, + R?

1
Guw = Ru—-guwhR (A.8)

2
Aggm/ = 20¢"
AlV=g = —doy/—g
AIV VL f = 20,00, f — 9000, f
AIN?f = 20V f —20,00"f
AR = 20R+6V30
AIGu = 2V(,V,y0 — 29, V0
AI/=gW? = 0
AI\/—gEy = —8/—gG"'V,V,0 (A.9)

A.1.4 Weyl Variations of dimensionful functions of the sources

s (1)

A, (i) = o (2vpm" - LY+ Vi )

Aq (YoIT?)

A, (YaFy,) = o
)

Ao (Yo Q®) = o (4Y1yx Q" — L[Yr] QMR +Y1JK%I\§NHUHMN>

o (2YrAT = LIVIAT = Yirf 175 = 29,0 (Vv

(
(
= 0 (2Yana — L[Y,]I* + %aH”)
( LIYAIFfl, = 2Ya0), Pi{ VA 0,0 ) ~ Vo (2YAPIAVU])\I )
(

+V,0 (—2Y1 RO ) — BlYyElK (A.10)

where the Y’s are arbitrary covariant functions of \!.

A.2 Weyl symmetry in a regulated theory

In this appendix we shall give more details concerning the local CS equation. In particular we
shall outline its derivation in dimensional regularization in weakly coupled 4D field theory and

explicitly derive the structure of the anomaly and its consistency condition in 2D field theory.

First of all we want to explain how to find the Weyl transformation for the sources J. An
explicit way to do that is by a variant of the dilaton trick [25]. In order to see how that works,
let us focus for the moment on a classical bare action S (1)[<I>, Guvs Lo|, where Zy indicates the
general set of bare sources, the metric excluded, that can couple to non-trivial local functions

of @ and of its derivatives. In the case of a theory regulated with a momentum cut-off such as
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Pauli-Villars one should add to the set Zy also the regulator mass A. Now, the trick is to write
the metric in a redundant way by introducing a dilaton field 7: S = §(1) [, 6279;“,, To]. The
action so written is trivially invariant under a Weyl transformation under which 7 — 7 + o,
G — gwe_%, while ®, 7y (and the regulator mass) do not transform. Now, if, and only if,
7Ty includes all the sources that can couple to the fields ®, we can certainly absorb 7 in the
fields and in the sources (and regulator if needed): S™M[®, ¥ g, o] = ST, G I§). Now,
the redefined fields and sources, via their 7 dependence, transform in a definite way under
Weyl so as to compensate the transformation of the metric, and ensure formal invariance of

the action. That is most easily understood by working around 7 = 0 which gives
0oLy =17 — 1o . (A.11)

The situation is particularly neat when dimensional regularization (DR) can be used. In DR,
the regulator itself is Weyl invariant and only the bare sources transform non-trivially. On
the other hand, in the case of a momentum regulator, such as Pauli-Villars, things are a bit
more involved as one must also consider a 7 dependent, and consequent Weyl transforming,
regulator mass: d,A = oA. An obvious generalization of RG invariance then ensures that the
combination of the transformation in Eq. (A.11) together with §,A = oA has the same effect
on the partition function as a certain transformation é,Z of the renormalized sources Z. The
latter combined with 059, = —20g,,, defines the transformation of renormalized sources J.
According to the discussion at the end of section 2.2.1, the local Callan Symanzik equation

then follows.

Consider now a 4D renormalizable field theory based on a gauge group G, and involving
scalars and fermion transforming in a representation of G. In addition to the metric g, the

set of sources J consists of

e the marginal couplings A = gauge, Yukawa and scalar quartic couplings

e the gauge fields AZ‘ of the flavor symmetry group G g of the kinetic term; this symmetry

is in general broken by the Yukawa and quartic couplings’.

e mass terms m® for the scalar bilinears.

The general relation between the bare and the renormalized sources is obtained by considering

all the terms allowed by symmetry and power counting

A

O~

() = W (N + L)

Ag(x) = Al(w,p)+ NPV
mi() = ((0f + Z8) m"(x, 1) + Z°Rlg) + Z§V2N + 28,9, N V0T (A12)

where LI, N IA, Zy, 4%, Z}, Z}; are series of poles in € whose coefficients are polynomial series

in \. The coefficients k! (understood not to be part of the summation convention) correspond

! As we assume our theory respects parity we just need to focus on the maximal vector-like subgroup of Gr.
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to the dimensionality of the bare couplings in 4+¢. The k! equal —1, —1, —1/2 for respectively
gauge, scalar quartic and Yukawa couplings. Notice that the dimensionality of A()“H and mg
is not affected by dimensional continuation. Notice also that the bare and the renormalized
metric can be taken to coincide. The effective action is renormalized by adding the most
general set of diffeomorphism invariant counterterms: these can be absorbed in redefinitions
of the fields and sources in Eq. (A.12), with no need to redefine g,,,. By inspection of the
most general dimensionally continued bare action S™), the Weyl transformation of the bare
sources is simply given by

(g™, )\f’), Aglu, my)  — (e2gh, ek’“’)\(l), Ag‘#, ezgmg) (A.13)
By Eq. (A.12) this can be univocally translated into the, generally more involved, transforma-

tion law for the renormalized sources
5oT = (209", 6,M, 55A7L, 5,m) . (A.14)

In practice, the first of Eqgs. (A.12) fixes ;A\, and once that is fixed the second equation
fixes 6JA;:‘. Finally, once all other transformations are fixed, the third equation can be used
to deduce 0,m®. By applying the logic described in section 2.2.1, we thus conclude the

renormalized action must satisfy an equation of the form

D i _ D (2) _ D
/d x<5gj6j)W - /d 26,9 [j]f/d 2 A, (A.15)

By this equation, given the finiteness of g*” 59‘1,,)/\/ and the finiteness of derivatives with

respect to the renormalized sources, one deduces that (6,\!, 60Aﬁ‘, dom®) and A(z) must

also be finite. In other words: given T is finite, then the coefficients of its expansion in
terms of renormalized operators must be finite, along with the contact terms associated with
the anomaly. The condition of T finiteness is at the basis of the derivation of consistency
conditions given in ref. [32]. Finiteness then allows us to safely take the n — 4 limit in the
above equation. This is the formal derivation of the local CS equation. In the following

sections we shall describe in detail the structure of (50.)\1, 60Aﬁ, dym®).

A.2.1 The variation of \/

dsA! can be found using the following manipulation

MM (2) = e k' (M (@, ) + LT (A, 1), €) )
= M (M@ e )+ L (M, e 7)) (A.16)

where we used the p independence of the bare sources. In other words, a Weyl transformation

for the bare sources is equivalent to a change in the renormalization scale:

N = e“kI)\é = Mz, 1) — M(z,e™p) (A.17)
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In assigning these transformation properties it was essential that the sources are x dependent
by definition. This can be translated into the following infinitesimal transformation law for

the renormalized sources

d
dlog

5o\ (1) = —o(a)——N(a,p) = —of (A.18)

In agreement with the local CS equation.

The last step is to relate the B—function to the poles in the counterterm. This is done by using

the invariance of the bare parameters under change of renormalization scale:

o _

Wy =0 (5{,+3JL1) Mdi] — (/\I+LI) (A.19)

dp
Using the finiteness of A\; we find in the ¢ — 0 limit

gl — gl =KL+ kN oLt (A.20)

A.2.2 The variation of A;‘

Unlike A\, A()“M is invariant under the local scale transformation. Using this in Eq. (A.12) we
find

(5 + (NATB))A) ) 0,48 = o (B70;Nf + N0rB7) VM + NIV 0 (A21)
and we can identify the functions p and S from the local CS equation:

379, N — N{ors7

(62 + (N4TpA)) o
(62 + (N4Tp))) 87 = NfBT. (A.22)

Focusing on the € independent terms in these equations, and using the finiteness of the

renormalized sources, we find
s4 = —EMNFY
pt = k(NN + NfY)
P

% (a N — aINj}l) (A.23)
where L{ and N fl are the coefficients of the simple poles in L/ and N7

Let us now derive the consistency condition B - P = 0. First, we multiply the first line of
(A.22) by B = BT — (SAT4N)!

(6 + (NATEX)) Bl = —ploy (NJ37) + SPBlo; (53 + NATB))  (A24)

where we used the covariance of 3, namely (T/\)I orp! = (TB)J . Next, we substitute the
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second line of Eq. (A.22) and find
(62 + (NATA)) (B'pf + Bo1S) = 0. (A.25)
We conclude that
B'Pf = B (o +015") =0 (A.26)

where we used the covariance of S4 to show that (ST)\)I 0rS = 0 and hence E18[SA = ﬁfa,SA.

A.2.3 Dim 2 operators

Once the Weyl transformations of g"*, Al and Af} are fixed the expression for the bare source
mg = (05 + Z8)mb(u) + Z°R+ Z§V°M + 23,9V, A0 ) (A.27)

as well as its Weyl transformation equation mg — e?**mg, fix the coefficients functions in

Oom®.

(200 + Zeyvy = LIZ5]

(268 + Z¢)Ct = L[Z%]

(263 + Z)D} = L[Z]]

(207 + Z§)Ep; = 225010,8" +2L[Z1)

(205 + 2300 = —22¢ —2250:37 — 257 7},

(208 + z b = plz8 —6z° (A.28)

(for brevity we have ignored the contributions in the transformation related to global symme-
tries). From these expressions it is possible to derive the remaining consistency conditions
(2.50).

A.2.4 Consistency conditions for the anomaly coefficients

As an example for the derivation of the consistency conditions for the anomaly coeflicients we

present the computation for the 2d case where the anomaly is given by (see [26]):

1 1 1
ﬁAg = 0 (75@1% + §XUV,,AIWAJ) + Vo (vaW) (A.29)

For simplicity we will ignore the contributions from dimensionful sources. The coefficients in

this anomaly satisfy the consistency condition

O1Bs — x17687 + Llwy] = 0 (A.30)
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In dimensional regularization this anomaly can be understood as the result of the non-invariance

of the following counterterms in the effective action
D (1 1 I J
W o /d yV=gne (PR + Sers VA TEA (A.31)

where b and ¢y are understood as a series of poles in € = D — 2, where the finite part is

assumed to vanish.

Defining the symmetry generator of the regulated theory as

A, = /de o(x) (57(233) - BId)j(x)) (A.32)

where 37 = —eX + B!, we find

T
A, / APy /=g <§bR + §CUVH/\IV“/\J>

14 1
= / V=gd"x (a (—5% + S X1V N VA ) +V,0 (wIV”/\I)> (A.33)

where

Bo = pRokb—eb
Xrg = —Lglers] +ecry
wy = 7(1 +€)a]b7 C[JBJ . (A34)

The finiteness of T" ensures that these specific combinations are necessarily finite. In other
words, in the e = 0 limit we find B¢ — Bo, X1 — Xx1J and w; — wy. Moreover, these

coefficients satisfy the relation
Orba — XrsB” + Lylir] = e (*313@ + @I) (A.35)

which, in the e = 0 limit, gives Eq. (A.30).

A.3 Unitarity and anomalous dimensions of currents

In this appendix we would like to study in more detail the scale and conformal transformations
of the operators, Eq. (2.31), at a conformal fixed point. In particular, we would like to
distinguish the primary scalars operators from the descendants of the non-conserved currents.
Let us suppose the background couplings A! break the flavor group G down to a subgroup H.
Let us to parametrize the coset Gp/H with indices A = 1,...,m, while the remaining indices
A=m+1,...,dimg, parametrize the generators of H. Using the notation 11114 = (TN, we

thus have that for A=1,...,m, U,Iq # 0 are m linearly independent vectors, while vﬁ =0 for
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A > m. In block matrix notation we can write

v= (O O) (A.36)

where 0 is a m x m matrix. The rows of v run over the indices A, while its columns run
over the indices I = 1,...,N: v is a rectangular dimg, x N matrix. Since ”1{1 are m
linearly-independent vectors, © can be taken invertible by a proper linear transformation in

I-space.
The anomalous dimension matrix for Jg is:
B =i PE. (A.37)

By the properties of unitary representation of the conformal group it must vanish for the

v = (Z g) (A.38)

with 4 a diagonal and strictly positive definite (thus invertible) matrix acting on the subspace

conserved currents and take the form

of broken generators. Now, using Egs. (A.36-A.38) P is constrained to have the form
6-1(4 — ab) —p-1
P ( (- ab) - ap) (130
b p

with b an (N —m) x m matrix and p is an (N —m) x (dimg, —m) matrix. Notice that P is
a transposed rectangular matrix with respect to v: rows run over I and columns over A. We

can now go to a basis in I space such that v and P are block-diagonal:

10
v =08l = (A.40)

00

/ 0
P—>P:SP:< ) (A.41)

0 p

0 a

S = A .42
(—bﬁlﬁ (1- bﬁ/la)> ( )
In the new basis, by Eq. (2.33) the operators O7, I = 1,...,m are the descendants of the
broken currents J%, A =1,...,m. On the broken generator subspace P equals the anomalous

dimension matrix 4. Correspondingly Eq. (2.31) gives, as expected, K*O, = —Ang for
a,f=1,...,m. However, as long as p # 0, Eq. (2.31) also implies K*O; = ZA>mP§4J,ﬁ #0
for the supposedly primary operators described by I > m (notice the sum is over the conserved

currents). We thus expect p should vanish. The proof comes by using unitarity as follows.
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Let us consider the 2-point correlator of a scalar field and an unbroken current:
(J4(p)O1(=p)) = f(*)p" (A.43)
The conservation of the current p,J/ (p) implies f(p*)p* =0, thus f(p?) = 0.
(J4(2)0r(0)) =0 (A.44)
If we act with a conformal transformation:
0= ([K”, J4(2)]01(0)) + (J4(2)[K", 01(0)]) = pf (J4(x)J5(0)) (A.45)

where the B runs only over the non-conserved currents, since otherwise the 2-point function

vanishes. In a unitary theory (J4(z)J%(0)) is invertible, thus p? = 0.

A.4 The consistency conditions for the Weyl anomaly

The most general parameterization of the Weyl anomaly given in Eq. (2.63) can be reduced
by a change of scheme. More specifically, the terms proportional to d, Uy, Vi, §( s Trik,

kq, and j,7 can be eliminated by adding to the generating functional W a local functional

‘FVQR = /d4$\/§,ﬁv2R (A46)

with

1 R? R 1. R R
=(d+>B'U;) = VAN 4 2V =V AR 4+ ok, —
Lon < 3 U’) 56 TUIg VA T RVisg Ve VIAT Fimhag

1 1. 1/~ 1 1.
+ ZTIJKHIJAK + ijaIHaAI +t1 <5(1J) + §TIJKBK + §Ja193> ATAY

(A.47)

In addition to eliminating the mentioned terms, this operation also changes the remaining
anomaly coefficients (the specific expression are not particularly illuminating). In the following
equations we assume that all the coeflicients are given in the scheme where these terms are

indeed vanishing.

A key observation is that in this scheme the consistency conditions can be written as algebraic
constraints. Here we list the equations, and the terms in the Lh.s. of (2.60) to which they are

related:
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1
U[lVHUQ]V“R C B = _ZX§BI
1
onVuog VIVIA 1 G = —oxi,B7

1
Vza[lvuag}v*‘)\l DY —xi= *§S[IJ]BJ

1 1
ou V2o VXV s Xy = oxds + Xk BY — 0y (i B)

2
. 1
U[1V2crg}m“ D Qe = iraIBI
. 1 1
0[1V#02]V“)\1m“ . TaJUIJ = _isaIJBJ - ipabg?
1 1
a[lvuag}V“/\(IAJ) : X‘}{LUIKU} = Zpalﬂﬁeg + §SG(JK9?)BK

*%BKX%(ILU}) - %xf’,KUﬁ
o Vo VEARV NV o P Uk = —%sa[ 2% + X9 5 — X B + Syt
*% (qupf1 + CAIKPf) - (ﬁAJa[KPﬁ + UAIa[KPﬁ)
Vuon Voo VANV Sy = dywy + napg Pif (A.48)

The three non-trivial consistency conditions and the corresponding terms in the commutator

are
o Vyuoy GV AN Llw)] = —801By + X%]BJ
oy ViagFa VA o Linal = kapPP + CargB? — x4 ,(TaN)’
Vho VYo i, : nmarBl = —w(TaN)!

The coefficient of the last term in the commutator, o;V 09 VHAIAYL vanishes by imposing

the three unresolved consistency conditions, without introducing new constraints.

The anomaly coefficients appearing in 2.2.3 are related to the ones appearing in the original

formulation of the anomaly via

a = ﬁlﬂ c= 7ﬂ(la
bab = DPab
b = e
alJ = SalJ — JaK7VIJ>
1 1
brikr = Xisxr — iTIJM’Y%L -3 KLMYTY - (A.49)
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Appendix B

Local CS equation in d =6

B.1 Derivation of the consistency conditions

In this work, in order to derive the consistency conditions it was necessary to write the
variation (2.64) in a linearly independent basis. This was technically nontrivial due to the
large number of terms (~ O(100)) and redundancies related to integration by parts. Our
approach is outlined in this appendix. First, by integrating by parts, we took all the derivatives

off either o or o/. As a result, we ended up with terms such as
(00,0" — 0’ 0,0) f1(N\) N R? (oV,0y0" — o'V, 0,0) F(N)HI™ . (B.1)

However, there are still redundancies related to anti-symmetrization with respect to o, ¢’. For

example, consider the trivial equation
(0,00,0" — 0,0 0,0) fF(N)HYY =0, (B.2)

where H{" is symmetric. Upon integrating by parts and writing this equation in the same
basis as (B.1), we get

oV,0,0" —d'V,0,0) fFN)HY + (00,0" — ' 9,0) 01 f(N\) O N HIY =0, (B.3)
1 I 1 1 1

since V,H{"” = 0 in this example. This allows to eliminate the second term in (B.1). Similarly
one can get rid of all the terms with an even number of derivatives on o, ¢’. This prescription

fixes unambiguously a complete basis for (2.64).

B.2 Conventions and basis for the anomaly

We define the Riemann tensor via

[v,ua VU]Ap = RPUMUAO— ) <B4>
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Appendix B. Local CS equation in d =6

and the Ricci tensor and Ricci scalar as R, = Rf,,, and R = g"”R,,,. The Einstein tensor is
defined in d > 2 by
G

5By — 59 R), (B.5)

while the Weyl tensor is defined in d > 3 by

2 2
Wiwpe = Ruvpe + 723 (9uio Boly + GufpRoln) + mgu[pgv]vR' (B.6)
At dimension four we consider the tensors
Es = gaja—s (B Ruvpo — AR Ry + R, 1= WHPTWpps
Hypy = Y295 g g — 4(d — 1) Hapy + 8Hzp + 8Hapy — AR, Rpory

HQ;U/ = ﬁRRMV ) H3;u/ - RppRpua H4p,1/ = RpoRpuauv
H5;w = VQR;LU7 H6u1/ = ﬁv,uauR

(B.7)

A complete basis of scalar dimension-six curvature terms consists of [72]

K\ =R,  Ky=RR"R,,, K3=RR""“Ru,,, Ki=R"R,R,,
K5 = Rm/RpaRupal/ 3 Kg = Rw’RupaTRypaT ; K7 = R#VpaRpa'rwRTwuv ;

Kg = RHDPURTprRHTwU ) Kg = RVZR, Ky = RM V2Rﬂl/ y Ky = RHvPe szquU y

K1 = RV, 0,R,  Ki3=V'R""V,R,,, Ku=V"R"V,R,,,

15 = VIR 7N ,Rypor Kig = V?R2, K17 = (V?)?’R.
(B.8)

In d = 6 a convenient basis is given by

I = 43Ky — 160K2+40K3+176K4—9K5—§K6+K8,
Iy 200K1 5K+ 15 K3 + 5Ky — 5 K5 — 3K + K7,
Iy = -1 Ky + 20Ky — 8Ky — Ky + 6K5 + 2K7 — 8Ky
+2Kg — 6K10+ 6K11 +3K13 — 6K14 + 3K15,
Es = K, — 12Ky + 3K3 + 16 K, — 24K5 — 24K + 4K7 + 8Kz,
Ji = 6K —3K7 +12Ks 4+ Kjg — 7K1 — 11K13+12K14 — 4K15, (B.9)
Jy=—1Ko+ Ko+ (K12 + K13,  J3=Ki+ K5 — 5 Ko+t K12+ Kua,
Ji=—1tKg+ K1+ 2K+ Kis, Js = K, Jo = Kz,

800

Ly = —55 K1 + 1Ko — Ko, Ly = =155 K1+ 55 K2,
Ly =~ 6000K1+ 1;;0K2 K3+T0K5+T5Kﬁv Ly=~— 150K1+20K3’
Ls = 35 K1, Lo = —555 K1 + 55 Ko, L7 = K5,

where the first three transform covariantly under Weyl variations, and Eg is the Euler term in
d = 6. The J’s are trivial anomalies in a six-dimensional CFT defined in curved space, and the
first six L’s are constructed based on the relation d, fd%\/—g Li. 6= fde —goldi,.6-

In six space-time dimensions there are ninety four independent terms that can contribute to
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B.2. Conventions and basis for the anomaly

the anomaly [71]. In general, we can write
) 65 ) 30 ,
/dbx\/—gAg = Z/d(’:c —g09,+ Z/dﬁx\/—g oo Z}', (B.10)
p=1 q=1

where 7, and 2} are dimension-six and dimension-five terms respectively, that can involve
curvatures as well as derivatives on the couplings A\!. In writing down the various terms below,

we neglect total derivatives.

If only curvatures are included, then we have the terms

N =—alr, Ty = —cala, T3 = —c3l3, Iy = —aFEs, 5.1 =—b1,.. 7L, 7
(B.11)
We also have the terms
1
2= bOB, A= -wOl A= -fhoROR.

1 2 3
Zl = —1b11 0"V?R, Xor=—bi21314 Vi Hys .

Actually, the terms in (B.12) overcomplete the basis of trivial anomalies. This is because
there are six trivial anomalies, but seven terms in (B.12). If we integrate the (B.12) terms by
parts, then we may require that V,2/" . do not affect the coefficients of Ly 7. This forces

us to impose

24 A(d — 6) 5
st 6T am2 T g (B.13)

biz = —

With (B.13) it is guaranteed that L; 7 are vanishing anomalies', and we also see that the
coefficients of g, I 23 are unaffected by V, 2/ ;. Thus, with the condition (B.13) the terms
fff‘ 7 substitute exactly the trivial anomalies Jy _¢.

Next, we have

Fo=T1 0N OBy,  Fiz3=T; 0N 0",  Tu=5I; N RO'R,

14 I 2 5,6,7 I v (B.14)
%5 = EII 8M>‘ o'V R, %6,17,18 = II’ ’ 6u)\ VDH2’374,

and
Z =010\ By, 2 =010\ L, 2= 5G] 0"\ R,

2 = 161N VIR, 2y o=Hy PN HY 4, (B.15)
2l =FIV N VG 2 =1 VN 'R,

!By “vanishing” anomalies we mean those which are set to 0 at the fixed point by the consistency conditions.
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With more O\’s we have

g = 2G1,0,\ 0"\ Ey,
Ty = +G71, 0NN VPR,
Tog = Frj 0N V29N VEGM

and

2y = +€11 "N\ O'R,
2y = C10, V2N G,
2= LtBry "N VAN R

Furthermore, we have

T = SFr 0N N 0N VG,
Ty = €1k NN N O'R,
Fs = 1D1yicr O N N 0 N0, N REA
Tz = 3C; V0NV O,NT G,
Ty = Clyrc QN N VEONE G|

Tis = 1581 VAN VN R,
Tis = 1Bryk OGN N VAR R,

Ty =

Tao = 26,0, M0\ T,
a3, ...
_ I J oA Rk
%0—]:]‘]85)\ V)\ap)\ VG 5

Tae =

Tor = &G, 0, 0"\ R?,

_ 1q941,...6 I J rrpv
28 = §HIJ 8,)\ O\ Hl,...,ﬁ’

(B.16)

X = D1y 0N VNN R
P = Cry 0 N'V,0" ) GH
2 = Ay 0,VAN VOV

Zh = Cl; 0N VAN g,
Py = Ag "N (V)N
(B.17)

Ty = +€17 0, V2N O'R,

Tss = Dy 0N N VO NE REMY

Te = Cry V0, V2N G|

Ts = 2Crix 0N 0N VAN GHY |
To =
T = Crixr N O\ 0NN G

1CY K 0N O NIV L0, N G
Tip = 1B (V?)2N R,

LB, V0N VN R,

LB N 0N VRN R,

(B.18)

T = s Bryxr NN O NN R,

and

P = Ak AN VHI N VANK

2y = Apgic 0N VFON VSN,

(B.19)

2L = L A1k O N OV NTOMAR VAN

Finally, we also have the terms

Tis = A (V2PN
T = LAV VAGN VAV N
Trz = A7 11 Vi@ N VE9 N VRO AK
Tss = Ay N VHONT 9V VINE,
Ty = LA 11 N 0N VIO VINE,
Trg = Y AL i NNV 0,V AL
Tor = L Ar1r 0N 9N VIO NEVINE,
Tos = 2 Arsic s N N 9N OV NEVIAM,

Tig = A1y (V2PN V2N,

Tro = s A7, 0, V2N 92N,
Ty = A1k VAN VN VINE
Ty = Al e N VN 9PN

Tro = Y AL 9NN (V2)2NE
Frs = 1 A17k0 N N VENE VAL,

Too = s AL 11, 0N NV ONEVA PN,
Tio = Y AL 1 N N ONE VTR
Toa = Y AL i pas ON "N ONE DNV NN

T = %AIJKL]MN aﬁ/\laﬁ/\']a)\/\KaAALauAMaH/\N.
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Appendix C

Perturbative checks of Hamiltonian

truncation

C.1 Zs-unbroken phase

We computed the first two perturbative corrections to the ground state energy density A and

the physical particle mass for the ¢* theory defined by the action (5.2)

21
A/m? = — C@gQ +0.0416485g° + .. .,
1673
3
Am?/m? = (m2y, —m?)/m* = —592 4 2.86460(20)g° + . .. (C.1)

(g = g/m?). Recall that A at g = 0 is set to zero. Because the interaction is normal ordered
the O(g) contributions are absent. The O(g?) coefficients are numerical with a shown number
of significant digits and an error estimate if needed.! The size of the coefficients suggests that

the series are perturbative for g < 1.

The coefficients were obtained by numerical integration of Feynman diagrams. It is much easier
to perform this integration in the coordinate space, since the propagator (5.49) is exponentially
decreasing at large distances, and also because parallel lines in multi-loop diagrams correspond
in the 2-space to trivially raising the propagator to a power. For example, the O(g?) correction

to Am? comes from the diagram

N
<

(C.2)

evaluated at the (Euclidean) external momentum p? = —m?. In the z-space this gives the

Tt’s likely that exact expressions for these coefficients can be found, but since this is not the focus of our
work, we have not invested the effort.
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Appendix C. Perturbative checks of Hamiltonian truncation

integral (we omit the combinatorial factors)

[ [ e Gila -y Gyl 6l (©3)

We pick p = (im,0), introduce the polar coordinates and evaluate the integral via Monte
Carlo.

In figure C.1 we compare the above perturbative results with the numerical spectra obtained
with our method for m = 1, L = 10. Perturbative computations refer to the infinite volume,
but L = 10 is sufficiently large so that the expected exponentially small corrections should
not disturb the comparison. We use the cutoff Ey.« = 20. Notice that mpy is extracted as

&1 — &y, where & is the lowest Zy-odd eigenstate, while A is extracted as &/ L.

0,042
~0.044

C\]Q [l

& = 0016

B 0,048

—0.050

0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5

Figure C.1: Comparing perturbative and numerical predictions; see the text.

To facilitate the comparison, we plot A and Am? divided by ¢g?. The reasonably good match
in the region of small g < 0.1 shows that our numerical method agrees with both O(g?) and
O(g?) coefficients of the perturbative expansion. At the same time, higher order corrections

are clearly non-negligible—they would become comparable to the O(g%) correction at g ~ 0.5.

C.2 Zs-broken phase

We repeated the perturbative computation performed in the previous chapter in the presence

of a cubic coupling, corresponding to the potential density
Lo 2 3 4
Y= §M Ny (67) + 93Nu (¢°) + gaNa (¢7) (C4)

The symmetric double-well case of Eq. (6.3) can be recovered by setting g4 = g, g3 = /294 M,

but we will keep the couplings independent for the sake of generality.

For comparison with numerics, we will need results for Am? = mf)h — M? and A up to the

second order in g. In terms of g3, g4, we need to include all diagrams up to order O(g?), O(gg),
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C.2. Zs-broken phase

O(g3g4) and O(g3). The results are? (g3 = g3/M?, g4 = ga/M?):

A/M2—@+@+@+®+@+... (C.5)

21¢(3) »

1678 94
— (0.0109030(51) + 0.026854(32))g3 + 0.0799586(41)73g4 + . . -

= —0.044528973 —

and

4 Q+q>+%+

= —/37% — 1.553 — (2.2492(37) + 2.8020(70))gs

+ (1.06864(15) + 1.9998(10) + 5.50025(91))g2gs + - . - (C.7)

In figure C.2 we compare the above predictions for g4 = g, g3 = \/294M with the numerical
spectra obtained with our method for M =1, L = 12. We use the zero-mode cutoff s = 4 and

adjust Fpax so that the basis dimension is ~ 10000 in each sector.

In the left plot we show the renormalized results for Am?, computed both in the Zs-even
and Zs-odd spectra, with an error estimate given by variation of the normal ordering mass.
We observe a reasonably good agreement for g < 0.04.> For larger g, the deviation may be
attributed to higher-order perturbative effects and to the finite-volume splitting affecting the

numerics.

In the right plot we show instead both the “raw” and renormalized results for the ground state
energy density, extracted from both Zs-even and Zs-odd spectra. Again, an error estimate
for the renormalized values is attributed by varying the normal ordering mass. We see a
perfect agreement with the perturbative prediction until the finite-volume splitting between

the eigenvalues kicks in.

2We do not report explicitly the symmetry factors for the diagrams. Most of them were evaluated numerically
by Monte Carlo integration using coordinate space propagators. We did not invest much effort in analytic
results.

3We haven’t investigated the reasons behind a small residual deviation visible in this region. One possible
reason is that we may be underestimating the renormalization corrections by including contributions only from
the Hy ® Hp part of the high energy Hilbert space. See appendix D.2.
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L =12 1 =0.9-1.1 L =12, =0.9-1.1
—34 12, p=09 —0.082 =12 p=0.51
—-35 —0.084 | i
—0.086 | ,
> 30 —0.088 |- E
NE -3.7 S ’
3 —0.090
—3.8 —0.092
= Zs = — N T
=390 = . —0.094
— 0(?) W
740 T 1 1 1 1 1 1 70096 T 1 1 1 1
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.00 0.02 004 0.06 0.08 010 0.12
g g

Figure C.2: Comparing perturbative and numerical predictions; see the text.
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Appendix D

Computational details for the

Hamiltonian truncation

D.1 Speeding up the Hamiltonian matrix computation

In our computations, most time is spent in matrix diagonalization. Still, matrix evaluation
should also be organized efficiently. Here we list some tricks useful to speed it up. These

tricks are realized in our python code, included with the arXiv submission.
Diagonal/offdiagonal decomposition

Let’s split H into three parts,

H = Hdiag + Hoffdiag + HT

offdiag (D 1)

where Hgiag /ofidiag have only diagonal/off-diagonal matrix elements. Hgjag includes Hy and

the terms in V of the form!
alzlalzgakaakm {kla kQ} = {k3a k4}- (D.2)

The rest of the terms in V' get assigned to Hogdiag and H, f Only the matrix elements

offdiag*
of Hofdiag need to be evaluated, while those of H :)rﬁdiag are obtained by transposition. We

include into Hofgiag the atafatal, ataata terms in V, as well as the operators

a};la;rﬂgak'&alﬂ’ {kth} # {k37k4}3 (D3)

satisfying the following lexicographic ordering condition,?

sort(|k1], |ka|) < sort(|ks], |ka|) (D.4)

'Here and below {z1,22,...} denotes an unordered set.
2It’s not hard to see that sort(|ki|, |ka|) = sort(|ks|,|ks|) is impossible given {ki,k2} # {ks,ks} and
k1 + k2 = ks + k4. So any operator (D.3) gets assigned either to Hogdiag O to Hjﬁdiag,
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Appendix D. Computational details for the Hamiltonian truncation

Notice that this condition depends only on the absolute values of momenta, hence it is
P-invariant. This ensures that all three terms in the decomposition (D.1) are separately
P-invariant. This will be important below, when we describe our method to evaluate the

matrix elements.
Keeping track of the energy

Each elementary operator O € V', a product of ladder operators, increases/decreases energy
of any basis vector it acts upon by a fixed amount AEy». Since we will be working in the

space of low-energy states H; of energies 0 < F < Fyax, we can drop from V' all operators for
which
|AEO| > Fax - (D.5)

Moreover, when acting on a basis state |¢) the result is guaranteed to be zero in H; unless

0< E(w) + AEO < Enax - (D6)

Combinatorial factors for oscillator ordering

To reduce the number of elementary operators in V, it’s worth ordering them. We have

Z Ay Ao Q3 Ay = Z f4(kla ks, ks, k4)ak1 Ay Ay Ay (D'7)
k1,k2,k3,ka k1<k2<k3z<ky

where the symmetry factor

24 a<b<c<d,

12 a=b<c<dora<b=c<dora<b<c=d,
fila<b<c<d)=K6 a=b<c=d, (D.8)
4 a=b=c<dora<b=c=d,

1 a=b=c=d.

P-conservation

In this paper we work in the Hilbert space of P = 0 states of energies E < Fyax. Internally we
represent a state |1), see (5.9), as a sequence of occupation numbers 7, for each momentum
mode,

[V) < [Zn : —Nmax <1 < Nmax (D.9)

where npax i the maximal possible mode number for the given L and Fyax.

The matrix H;; is then computed as follows. The diagonal part from Hj is trivial so we do
not discuss it. For the rest, we take a particular state [¢);) and act on it with elementary
operators O € V, one by one. Each operator gives one particular state |¢;) times a numerical

coefficient. We accumulate this coeflicient in the matrix element H;;. Thus the matrix is
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D.2. Renormalization in the Z,-broken phase

generated column by column. As discussed above, we can do this computation for Hogdiag
and get H iﬁdiag by transposition. We generate the matrix separately in each of the Zs = £+

sectors.

The computation we just discussed produces the matrix H in the full Hilbert space of P = 0,
E < Eax states. However, in this paper we are interested in the P = 41 subspace of this
space. The basis of this subspace consists of symmetrized linear combinations (5.25) of the
basic P = 0 Fock states. In principle, the matrix in the P = +1 subspace could be obtained
once the full matrix is computed, but this is wasteful. We will now describe a method which

generates the matrix in the P = 41 subspace directly.

When we store the symmetrized state [¢)™) internally, we only store [¢). If |¢)) # P|t)), then

we keep only one of these two vectors (no matter which one), since they give rise to the same

).
We have to compute the matrix with respect to the symmetrized basis, which we will call S;;,
H[p2™) = Sijli™™) . (D.10)

Consider also the matrix H;; with respect to the Fock basis, whose computation was discussed
above. Let’s split it into three pieces,

H|i) = Hii5) + Hislw) + HGPlyy) (D.11)

where the index j runs over P-invariant |1;), and the rest of the Fock basis is split into |t/1)’s
and P|y)’s. Since [P, H] = 0, we have

HPp;) = P(H|Ws) = Hlw;) + HEPlow) + Hilv) (D.12)
and finally

H|™) = Bi)(H i) + HPJi)) = (i) 2H5|5) + (Hy; + HE) (0e) + Plo))]
= B(wn)[2HG[0F™) + V2(HE; + HE) ™)) (D.13)

From here we obtain a recipe for an economic way to compute S;;. Namely, we compute
H{t;) and accumulate the coefficients 2Hf; and V2(H}, + HE,;), and then multiply by 58(t;).

Notice that we used the P-invariance of the Hamiltonian in the first step of (D.12). When
this method is combined with splitting H into the diagonal/off-diagonal parts, it’s important

that every part be P-invariant by itself. As mentioned above, condition (D.4) ensures this.

D.2 Renormalization in the Z,-broken phase

The following discussion extends the renormalization procedure introduced in Section 5.3 to

the basis presented in Section 6.2.1 for the Zs-broken phase.
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Let us start from the full eigenvalue problem,
Hc=~Ec. (D.14)
The full Hilbert space can be split into “low” energy and “high” energy subspaces,

H=HoH, (D.15)
Hy, = (Hy @ H) & (Hy @ Hp) ® (Hp @ Hy) . (D.16)

Accordingly, (D.14) can be projected onto these subspaces,

Hy.cp+ Hyp.cp = E¢p, (Dl?)
Hpyp.c; + Hyp.op = Ecyy . (D.lS)

“Integrating out” ¢p via the second equation, we get

(Hll + AH)C[ =E&q, (D.19)

1 1
AH=—-Hjp——Hp = -Wpy——W, D.20
g n gkt (D.20)

where we used that in the Hamiltonian (6.24) only W will mix the low and high subspaces.

At leading order one can neglect W in the denominator, which gives

1 1
AH~ -Wp———=Wy=— PW i) (i|W P, D.21
ey L ighEi_gl ) (i|[W By (D.21)

where a summation over all the states in Hj appears.

It turns out that the effect induced by the truncation of A is less significant than for H. It’s
also less expensive to control. We found that fixing the corresponding cutoff s to 4 or 5 basically
stabilizes the results. For this reason we will only take into account the renormalization effect
coming from the nonzero field modes. This means that we will restrict the sum in (D.21) to

go only over the H @ Hy, part of Hj. Therefore, we approximate

Z Z k W|¢a, ><wa7k|W (D_22)

waE’Hl kQ’H} +

where we dropped the projectors P, to avoid cluttering. The potential matrix W can be
schematically written as

W= > m,aV,, (D.23)
a=2,3,4

where 71, and V, are matrices in the # and H, respectively. Therefore,

- (malwa %Imb) ® (Z Al_f/akka) . (D.24)

b et ke?—ilhgajLEkig
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D.2. Renormalization in the Z,-broken phase

The matrix elements (ma|¢a><¢a\mb> can be computed explicitly, while the second factor in

(D.24) is evaluated with the same technique developed in [3]:

) LI 7] . / dB—— M), (D.25)
o Gt B¢ e B0t B¢
h
M (E);; dE = > (Va)ir (Vi) » (D.26)

k:E<E,<E+dE

where the matrix elements Mi“jb can be related to the non-analytic behavior of two-point

functions of the potential operators,

— _ o0
Coh(r)iy = Va2 Vo(=r/Dli) = [ B gy, (D2m)
0
V(1) = eflomy e HoT (D.28)
The quantities C%(7);; are computed as in [3] using the Wick theorem. The only difference is
that the boson two point function G(p) in the present case does not include the contribution

from the zero mode,
(D.29)
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Appendix E

Semiclassical ground state splitting

E.1 Ground state splitting

We will review here the derivation of Eq. (6.36).! We start from the Euclidean action
1 2
§— /d% {5(6¢)2 19(62- ) } , (B.1)

which entails the perturbative particle mass m? = 8gc?. The normal ordering prescription for

renormalization adopted in this work is equivalent to the mass renormalization?

om? 6g [ 1
—— [ Pz ¢? 0 2:—/ dk——— . E.2
§o 5= [dagt omt =2 [k (E2)
We will compute the matrix elements
As = (6= £cle™™|p =) =N [ Do 519, (E:3)

where the path integral in the r.h.s. is defined with the boundary conditions ¢(z,79/2) = *c,
o(x, —79/2) = c. The path integral measure normalization factor N will be fixed below. The

results for the matrix elements will then be translated into the energy splitting.

Consider first the transition amplitude from ¢ to —c in the one-instanton approximation. The

instanton takes the form

¢o(x,T) = ctanh @ , (E.4)
where the center 7. is arbitrary. This solution has action
m3 2 [ mr m3 om?
So+65 =L _ 15 27/ d (t hQ——l):L— A E.5
0+ 050 = Lo Ty T\ 129 g ™ (E-5)

!See [128] for a pedagogical discussion in quantum mechanics, and [129] for an analogous computation for
the partition function at finite temperature, which can be interpreted as a computation of the coefficient x in
(E.10).

2Let us neglect the cosmological constant renormalization as it does not affect the energy splitting.
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where we included the contribution due to the mass counterterm. We need Sy > 1 for the

validity of the semiclassical approximation.

At the one-loop order, (E.3) can be approximated by
_ %8
J\//’Dgzb e ol ~ e_SON/Dn o155, (E.6)

Taking into account the presence of the zero mode of the quadratic fluctuation operator ‘g%

due to the invariance of S under a shift of 7., this results in

,/%e—sw [det’ (O + V")), (E.7)

where the prime indicates that the zero mode has been removed from the determinant, and

we replaced the integral over the zero mode with [128]
7'0/2

/dcoz,/@/ dr. (E.8)
27 J—ry)2

To fix AV, consider the 0 — 0 transition amplitude in the free massive theory, given simply by

Ay = {6 = 0le~H0m|¢ = 0) = A [det (~O+m?)] . (E.9)

In the ratio of the two amplitudes the normalization factor cancels,

~1/2
B 8o g [ det' (-O+ V")
A_J Ay =~ k719, K= 27r€ [m—2 det (—O 1 m?) m. (E.10)

Now, let us calculate the determinant ratio. We need to solve the eigenvalue equation

2 2 2 2
< d —d+129¢3—4gc2>¢=< o d +m2—3m21>¢=6¢~ (E.11)

Cdx? dr? Cdx? dr? 2 cosh? o

The eigenstates are of the form t(z,7) = e~ *n%4, (1), where k, = 27 due to periodic

boundary condition on the cylinder, and

d? s 3 5 1
Tarz T T T |Yn = 12

where we defined w? = k2 + m?. The eigenvalues of (E.12) comprise two bound states,

3
€n,0 = kiy €n,1 = ZmQ + k}ZL (E.13)

and a continuum (for infinite 79) of states with e, > w2 [130], which can be parametrized by
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the “momentum”
p=+/€n —wp>0. (E.14)

We consider 7o > m~! large but finite (but not too large—see below). Imposing the boundary

conditions ¥, (£79/2) = 0, the p’s take discrete values,
pTo — Op = 7l = Py70, 1=0,1,.... (E.15)
where the p; represent the eigenvalues in the free theory, and the phase shift is [130]
0p = —2m + 2arctan % + 2arctan 2 (E.16)
m m

Here the —27 term is added so that J, vanishes for p — oo, corresponding to the fact that
the effects of the potential disappear at high energies. In fact only [ > 2 gives p > 0, while
for p we have [ > 0. Taking into account the two bound states, we have the same number of

eigenstates with and without the kink. The determinant ratio in (E.7) at large 7 evaluates to

det/ (-O+V") ﬁ B2\TOR k- am? H P +wn (E.17)
m=2det (-O+m?) 21 ) \w? sy VIR '

We took into account that for n = 0 the first bound state of the kink theory is the zero mode

which has been already factored out.

Performing the product over n by means of the identity

sinh z H ( ﬂ-g;) 7 (E.18)

we can write the result in the form

det' (-O04+V") ( L)QemL(§—2)+Lz+2b

= E.19
m~2det (=0 + m?2) ’ ( )
oo
2= +mH)" = (57 +m*)?, (E.20)
=2
|- e 5mL / /
2\1/2 (52 2\1/2
b= log £+ Y g1 — e U g1 — B ()
=2
For ym > 1 we can approximate the sums by integrals,
®dp o d 4 2\1/2 :
E:/ —51,%(17 +m?)V2 =m(2 - 3/7 — 1/V3) + log.div., (E.22)
0o T

where the logarithmic UV divergence is canceled in the final answer by the counterterm in
(E.5).
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Analogously
V3
1—e zmk ®dp . d (2 4m2)1/2
bzlogm—i—/o ?(51,%105;(1—6 (P*+mS)7ELY — f(mL), (E.23)
3 2 [ 1 2 2 /2
f) =loglt ¥ = 2 [Ty <1+q2 + 1+4q2) log(1 — =(@+1'*) (B.24)

The function f(z) tends to zero exponentially fast for x > 1, whereas for intermediate x it

has to be computed numerically, see figure E.1.

f(x)

0251
020
015}
010

0.05F

L L L — X

-0.05%

Figure E.1: The function f(z) defined in Eq. (E.24).

Gathering everything, the coefficient x in (E.10) is given by (cf. [129], (3.27))

3 3
_ m — L Myink—f(mL) M — m- ( 1 _ i) E2
" \ 247TgLe ’ kink = 799 tm 43 2r) (E.25)

Not surprisingly, the leading exponential dependence of this result is governed by the kink

mass Myink in the one-loop approximation, first computed in [120].

The one-instanton approximation for A_ will break down for 7y so large that k79 = O(1). In
this extreme 79 — oo limit, both amplitudes A4 receive contributions from multi-instanton
configurations in the path integral, which are approximate solutions of the equation of motion.
We can use the instanton-gas approximations, where the centers of the instantons are far
apart, and resum all these contributions, to give

A, = Ag cosh k7, A_ = Apsinh k7g . (E.26)

We did not consider the purely perturbative corrections to these amplitudes, as they are the
same for the quasi-degenerate states and therefore do not interest us.

Taking the 79 — oo limit in (E.26), one can infer the presence of two exchanged states split in

energy by AE = 2k, which is our final result.
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