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Abstract

Renormalized energy momentum tensor from the Gradient
Flow
by
Francesco Capponi.

Strongly coupled systems are elusive and not suitable to be described by conventional pertur-
bative approaches. However, they are ubiquitous in nature, especially in particle physics.
The lattice formulation of quantum field theories provided a unique framework in which the physical
content of these systems could be precisely determined. Combined with numerical techniques, the
lattice formalism allowed to precisely determined physical quantities describing the thermodynam-
ics, as well as the spectroscopy of strongly interacting theories.
In this work, the lattice formulation has been employed to probe the effectiveness of a recently
proposed method, which aims at determining the renormalized energy-momentum tensor in non
perturbative regimes. The latter plays a fundamental role to quantitatively describe the thermody-
namics and fluid-dynamics of hot, dense systems, or to characterize theories that enlarge the actual
standard model. In all these aspects, only a non perturbative approach provides physically reliable
results: hence a non perturbative determination of the energy momentum tensor is fundamental.
The new method consists in defining suitable lattice Ward identities probed by observables built
with the gradient flow. The new set of identities exhibits many interesting qualities, arising from
the UV finiteness of such probes, and allows to define a numerical strategy for estimating the renor-
malization constants of the lattice energy-momentum tensor.
In this work the method has been tested within two different quantum theories, with the purpose
of understanding its effectiveness and reliability.
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Introduction

Quantum field theory (QFT) is recognised as the natural theoretical framework for describing
the dynamics of fundamental particles and their interactions. Since its inception [1], it has been
subjected to a continuous evolution process, characterized by several significant phases. Among
these, one could recollect the formulation of Fermi theory of beta decay, the adoption of Feynman
path integral formalism in perturbation theory, or, last but not less important, the establishment
of the Standard Model.

Along this evolution path, one of the most important landmarks is surely represented by the
emergence of the renormalization group (RG) apparatus. Its first appearance is dated back to the
works of Stueckelberg and Petermann [2], Gell-Mann and Low [3], who studied the ambiguities in
the regularization procedures of divergences that plague perturbative quantum field theory. They
realized that, in renormalizable field theories, the ambiguities in the energy scale, introduced during
the renormalization procedure, can be used to relate the behaviour of the theory at small and large
energies. In this scenario, the parameters of the renormalized theory depend on the energy scale
according to a set of identities called renormalization group equations, the most famous one being
the well known § function [4, 5]. The RG machinery has been successfully applied to Quantum
Chromodynamics (QCD): in this case, the integration of the QCD S function showed how the
renormalized coupling tends to zero at short distances (asymptotic freedom [6]), while it increases
at the large ones. This theoretical result allowed to explain the famous scaling phenomenon that
Bjorken observed in deep inelastic experiments, as well as making plausible the idea that the quarks
would be confined inside hadrons. At the same time, it also limited the applicability of perturbative
methods to the high energy regime, pointing out that new strategies had to be employed to probe
low energy properties of the theory from first principles.

Initially confined to renormalizable field theories [2, 3, 4, 5], the RG was then reformulated
by Wilson [7, 8, 9, 10], opening the way for applications also in condensed matter and statistical
mechanics. The Wilsonian RG was based on the concept of a scale-dependent effective action,
obtained by integrating out degrees of freedom at energies above a given cut-off A. In this setting,
as long as the theory is studied at energies well below A, the correctly normalized correlation
functions should be independent on its value. From this assumption, one can derive a set of RG
equations describing how the effective couplings vary with the cut-off in order to leave the physics of
the system unchanged. The behaviour of the theory at small and large scales is totally determined
by analyzing the possibly existing RG fixed points and the cut-off value at which they occur. Since
the all apparatus can be constructed without making any strong assumption on the structure of
the theory (such as renormalizability), it has a more general use than its original version. Through
the concepts of universality and universality class, it has allowed to understand why different high
energy theories flow to look the same in the infrared (IR) regime, showing how it is possible to study
a physical problem, at a given scale, without worrying about what the degrees of freedom at much
higher energies are doing. This result had important consequences in the study and characterization
of critical phenomena in statistical physics. Similarly, the same concepts have been the premise for
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the definition of a continuum limit in quantum field theory, a fundamental prerequisite for proving
the existence of continuum, renormalized interacting theories.

Along with the Wilsonian RG, another important step has been its effective representation
within the framework of lattice field theory [11]. The lattice regulator enabled to efficiently apply
Wilson’s idea of RG, and became an essential device for studying quantum theories non pertur-
batively. For example, it has allowed to consistently verify the triviality of the O(n) models with
quartic interaction in four dimensions [12, 13, 14], leaving little doubt that the current Standard
Model can only be interpreted as an effective theory bounded by a cut-off. On the other hand,
lattice QCD has made possible to tackle several problems characterizing hadron phenomenology,
like quark confinement, spontaneous chiral symmetry breaking, hadrons spectroscopy, running of
couplings and thermodynamics. All these theoretical issues characterize the low energy regime of
the theory, where quantitative results, based on perturbation theory, are not reliable: the lattice
regularization, combined with the application of numerical methods, allowed to quantitatively in-
vestigate them, bringing new insights about the world of strongly interacting particles. Nowadays,
the lattice formalism is widely recognized as an essential tool for investigating non perturbative
properties of quantum field theories.

In this work, the lattice regularization has been the technical framework for studying a well
known, hot topic of quantum field theory: the renormalization of composite operators. The main
goal of this procedure is to render Green’s functions containing the insertion of some local operators,
which are not in the action, finite as the cut-off is removed. These operator insertions are usually
related to order parameters, like the chiral condensate, or physical observables, like the energy
density: their renormalization then plays a crucial role for quantitatively describing the physical
properties of a system.

Usually, the whole procedure can be performed writing the renormalized operator as a sum
over local terms, with mass dimension less or equal than the original operator. With respect the
latter, each of these terms has to share the same symmetry properties. In the sum, each operator
is multiplied by a possibly divergent coefficient, called renormalization constant [15]. The renor-
malization constants encode the divergences that have to be subtracted to make insertions of the
renormalized operator finite, and are determined using some specific local conditions (e.g. Ward
identities). In perturbation theory, the all method can be carried out using analytic calculations,
giving the renormalization constants as a power expansion in the couplings of the theory, up to a
given order. Non perturbatively, the same procedure can be implemented only imposing a renor-
malization condition for the original operator, and then solving it with numerical methods: in this
case, the lattice formulation represents the perfect candidate for the execution of this task.

Here, all the interest has been focused on the non-perturbative renormalization of the energy
momentum tensor. It is important to determine the renormalized form of such operator in many
aspects of quantum field theory. In thermodynamics, it is needed to correctly measure the energy,
pressure and entropy density of a system at thermal equilibrium, or the shear viscosity of a fluid
medium. It can also be used as an order parameter for probing fundamental properties of a theory,
like translational and conformal invariance, the latter being particularly relevant when beyond
Standard Model (BSM) theories are under investigation.

The energy momentum tensor is related to the Noether current of translational symmetry: in
quantum field theory, the invariance of a physical system under this symmetry results in a collection
of Ward identities that can be used to define the corresponding renormalized operator [16, 17,
18]. In the continuum formulation, Poincaré invariance and, if any, other internal symmetries,
play an important role in limiting the number of possible operators that come into play during
the renormalization process. However, when a lattice regulator is adopted, Poincaré invariance is
broken and its restoration is only guaranteed in the continuum limit. For this reason, at finite
lattice spacing, the correctly renormalized energy momentum tensor is obtained as a mixing of all
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operators allowed by the lattice symmetries [19, 20], i.e. those of the hypercubic group. This is
not an insignificant detail, since the lost of Poincaré symmetry could cause an impressive growth
in the number of operators to be added, and this would make definitely more difficult the all
renormalization procedure, as well as affect its outcome. The assumption that Poincaré invariance
is recovered in the continuum implies that it is possible to tune the renormalization constants in such
a way that translation Ward identities are satisfied up to terms that vanish when the lattice spacing
goes to zero. Unfortunately, the main problem of all this approach is that local Ward identities
are plagued by additional divergences (contact terms) which make the numerical extraction of the
coefficients incredibly challenging.

A possible strategy to overtake this obstacle can be the definition of a new kind of observables,
whose employment for probing the Ward identities does not give rise to contact terms, and then
allows to get a better signal from numerical simulations. The fulfilment of such a strategy is possible
thanks to a particular, exact-smearing procedure, firstly introduced in the framework of strongly
interacting theories [21, 22, 23, 24], and then extended to other interesting cases [25, 26]: the
gradient flow. Starting from an initial field configuration, the gradient flow evolves the field as a
function of a parameter ¢t > 0 that is referred to as the flow time. The nature of the evolution is
governed by the gradient of a “flow action”, whose form depends on the theory under study. The
outstanding property of this evolution procedure is to render the renormalization of correlation
functions, built with flowed fields, really simple, if not totally absent. During the last year, the nice
features of the gradient flow have been employed in many different fields, like the study of running
couplings [21, 27, 28, 29, 30], thermodynamics [31, 32, 33], and the emergence of topological sectors
in gauge theories [21, 22]. For what concerns the renormalization of the energy momentum tensor,
the smoothing properties of the flow can be used to formulate a set of (local) translation Ward
identities that are probed by observables built along the flow, following the methodology proposed
in [34]. The new set of identities is characterized by the total absence of contact terms, and then
represents an appealing solution to the numerical issues encountered in the past. The purpose of
this research work is to test the efficiency of this new method, applying it to different physical
models, and reporting the numerical results.

It should be said that, in addition to the above mentioned method, other two alternative
strategies have been proposed.

The first one is based on an interesting property that characterizes composite operators built
along the flow: the so-called small flow time expansion. It has been shown [23] that, for sufficiently
small flow times, operators composed with flowed fields allow an expansion in terms of renormalized
operators, at zero flow time, coupled with coefficients that encode the remnant flow dependence.
Once the value of this small flow time coefficients is known, it is possible to setup a set of identities
from which the numerical value of a given renormalized operator can be extracted. The small flow
time coefficients can be determined analytically in the perturbative regime. However, the method
has been applied very far from this regime, to study the thermodynamic of pure SU(3) gauge
theory, close to the scale of the critical temperature[31, 32, 35, 36].

The second strategy is totally orthogonal to the previous ones and employs a different paradigm
to renormalize the energy momentum tensor. In this case, the lattice theory is formulated on a
finite box, with shifted boundary conditions along the temporal direction, the value of the shift
given by a free parameter £. Requiring that rotational invariance is restored in the thermodynamic
limit, it is possible to derive a set of thermal Ward identities, parametrized with &, from which the
renormalization constants of the energy momentum tensor can be extracted [37, 38]. The advantage
of this strategy relies in the possibility to determine the renormalization constants using one-point
correlators, which usually can be numerically well measured. The method has been successfully
applied for measuring thermodynamic quantities in SU(3) pure gauge theory.

This work is structured as follows.
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In the first chapter, the Wilsonian RG is presented in a quite generic manner. Then, it is effectively
integrated within the lattice formulation of a simple scalar ¢* theory, with the aim of focusing on
all the fundamental details of the lattice regularization.

The second chapter is centred on the definition of the energy momentum tensor in the clas-
sical theory, and the renormalization of its continuum, quantum counterpart. Then, the lattice
formulation is considered, as well as the additional difficulties that arise during the renormalization
procedure.

The third and fourth chapter constitute the core of this research work, and study the renor-
malization procedure for two different models

e A SU(3) Yang-Mills theory in four dimensions. This represents a first test bench for physically
interesting, strongly interacting theories, with the idea of including matter fields in the future.

e A scalar \¢* theory in three dimensions, a good playground for testing both the method and
its possible applications in BSM theories. In this case, the existence of an infrared fixed point
(also known as the Wilson-Fisher fixed point), would allow to probe dilatation invariance
using the renormalized energy momentum tensor.

In these chapters, the gradient flow, its properties, and applications in the definition of the new
Ward Identities is explained in detail. The method for measuring the renormalization constants is
explained and numerical results are reported and discussed.

In the last chapter all the interesting results of the project are resumed, and conclusions, along
with possible future applications, formulated.
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Chapter 1

Wilsonian RG and lattice field
theory

1.1 Introduction

This chapter is dedicated to the lattice regularization of quantum field theory and its interpretation
in terms of Wilson’s idea of RG. In the first section, the Wilsonian RG is presented for a generic
quantum field theory, with the purpose of underlining its main features. The concepts of RG flows,
critical points, and universality, as well as their importance in the definition of a continuum limit,
are explained. Here, the exposition closely follows the approach of [39]. The second section aims at
including Wilson’s ideas within the lattice formulation of quantum field theory. Firstly, the basic
notions and formalism are introduced, then a simple lattice A¢* theory is considered, and its phase
structure explained. In the third section, the perturbative analysis of the theory is carried out, and
then the lattice renormalization group equations are written: here an effective application of the
perturbative Wilsonian RG is shown.

1.2 Wilsonian RG

1.2.1 Effective action

The starting point for the formulation of the Wilsonian RG consists in defining a euclidean QFT,
governed by the action

1 —ds
Snolee] = /ddx [23;&5/&‘*‘21&8 “gi00i(x)| - (1.1)

Here, local operators O;(z) have all dimension d; > 0, and can be SO(d) invariant monomials
involving n; powers of the fundamental field and their derivatives

Oi(x) ~ (99)" ™ 1+ 8i = n,. (1.2)

Explicit factors of some energy scale Ay are included in (1.1) to make the coupling constants g;o
dimensionless, for later convenience.

After having summed over all the possible terms allowed by the symmetry of the system, the
obtained action is totally general: it can be used to define a regularized path integral

Zp,(gi0) = / Dipe ol (1.3)
O (M)<n,
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where the integral is taken over the space C°° (M )<y, of smooth functions on M whose energy is at
most Ag. The integral in equation (1.3) makes sense, since it describes a regularized theory, with a
momentum cut-off given by Ag .

The integral can be performed in different ways: for example, one could first integrate out
modes with energy between Ag and A < Ag. The space C*°(M )<y, is naturally a vector space with
addition just being point-wise addition on M. Hence, a general field ¢(z) can be split as

d ~
#o= /p<Ao (Zﬂz)jd o) (1.4)
_ ddp eipx 7 ﬂeipm -
B /PSA (2m) o) /A<|p|§Ao (2m)d o(p) (1.5)
=: ¢(z) +&(), (16)

with ¢ € C°(M)<p and § € C°°(M)a,a,) being the corresponding low and high-energy part of
the field . The path integral measure on C*°(M)<p, likewise factorizes as

Dy = DYDE. (1.7)

Performing the integral over the £ modes provides an effective action at scale A

S?\H[¢] = —log [/C’W(M) DfeXp(—SAD[(ﬁ—Ff]) ’ (18)
(A, AQ]

that actually depends only on the low energy modes. This process of integrating out modes is called
changing the cut-off of the theory, and it can be iterated, providing a new effective action, defined
at a scale A’

S [¢] := —log V DEexp(—Salop+£])| (1.9)
Co° (M) (ar,a)

whit A’ < A. Equation (1.8) is known as the renormalization group (RG) equation for the effective
action: its successive iterations describe how the effective action used to describe the regularized
theory changes as the cut-off is lowered.

1.2.2 Running couplings and functions

The original path integral, Za,(gi0; Ao), is the same as the one rewritten in terms of the effective
action (1.8)

Za(gi(A)) = / Dipe= 5% (1.10)
C>(M)<a

the difference among the two being just how the integration over the entire range of momenta up
to Ag is performed. For this reason, the following identity holds

Z(9i(A)) = 24, (gi0; Ao). (1.11)

L All the difficulties in defining a QFT reside in the definition of the path integral measure Dy. Since a classical field
has an infinite number of degrees of freedom, it is a non trivial issue to integrate over such an infinity. In perturbation
theory, this difficulty is mirrored by the high momenta divergences that occur in loop integrals. Regularization
procedures, like sharp momentum cut-off or lattice discretization, provide a method to well define the integration
measure, and make radiative corrections finite.

Beside this issue, on a non-compact space-time manifold M, IR divergences could occur. This is a separated issue,
not related with renormalization. It can be avoided if the theory is considered in a large box of side L, with periodic
or reflecting boundary conditions on fundamental degrees of freedom. In this case, momentum gets quantized in
units of 27/L, and the space C°°(M)<,,, is finite dimensional.
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Allowing the scale to be lowered infinitesimally, the following differential equation is obtained

200) _ (1 D0 2A) 0

A=A oA O\ By

)zum—a (1.12)
A

where repeated indices obey Einstein’s summation rule. Equation (1.12) is known as the RG
equation for the path integral, and is an example of Callan-Symanzik equation [4, 5]. It says that,
by integrating out modes, the couplings of the effective action S§ vary to account for the change
in the degrees of freedom over which the path integral is taken. In this way, the path integral is
independent on the scale at which the theory is defined, provided such a scale is below the original
cut-off Ag.

Starting from a generic initial action, the effective action will also take the general form

S5t = / diz lZzAamam +3 AT ZE P (M) 0i() | (1.13)

where the wave function renormalization factor Z, takes into account quantum corrections to the
kinetic term coefficient, arising from integrating out modes. At any given scale, it is always possible
to define a renormalized field

0= 7Z)/%¢, (1.14)

in terms of which the kinetic contribution is canonically normalized (powers of Z, have been also
included in the definition of the other couplings. In this way, when the action is rewritten in terms
of renormalized fields, this renormalization factor cancels out.).

The running of the couplings is clearly an important feature of the theory, and is given a
particular name through the definition of the so-called S function [4, 5]

0gi
ON’

which is the derivative of the couplings g; with respect the logarithm of the scale. For dimensionless
couplings, it takes the form

Bi=A (1.15)

Bilg;(A)) = (di — d)gs(A) + B (g), (1.16)

where the first term compensates the variation of the explicit power of A in front of the coupling in
(1.13). The second term in equation (1.16) represents the quantum effects arising from integrating
out high-energy modes. To actually compute this contribution requires to perform the path integral.
This will generally introduce dependence on all the other couplings that appear in the original action
(1.1), so that the § function for g; is a function of all the couplings 5;(g;(A)).

Likewise, even if at any given scale it is possible to remove the wave function renormalization
factor, moving to a lower scale will usually cause it to re-emerge. Then one can define a sort of 8
function for Z, as

1 Ac')ln Z
which is called the anomalous dimension of the field ¢. Besides the difference of definition with

(1.17)

respect (1.15), «y4 really expresses the variation of the “kinetic term coupling” with the energy
scale. The reason for such a name comes from the behaviour of correlation functions under scale
transformations and will be more clear in the next section. If the theory contains more than one type

of field, then there are a wave function renormalization and a corresponding anomalous dimension
for each field 2

2More generally, one would have a matrix of wave function renormalization factors, allowing different fields (with
same symmetry properties) to mix their identities as modes get integrated out.
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1.2.3 Anomalous dimension

The wave function renormalization plays an important role in the definitions of correlation functions.
Suppose to compute the n-point correlator

(@(@1).-0(0)) ;:% o= (a1) Doe SN 6591 (A0 g(2,)... () (1.18)

using the scale A theory, with field insertions at points ¢(z1)...¢(x,,), without having canonically
normalized the field in the effective action. In terms of the renormalized field (1.14), the following
identity holds

(1) (wn)) = 21" o). (), (1.19)

and, performing the path integral over ¢?, one evaluates the r.h.s. correlator as some function
Fg\n) (1, ..., xn; g;(A)) that depends on the scale A, the couplings and the fixed points z;. In principle,
the field in coordinate space always involves all modes. However, when large distances with respect
to A™! are considered, it is reasonable to assume that only low-modes contribute. Then it should
be possible to compute the same correlator using just a lower scale theory: the operator insertions
will be unaffected as one integrates out modes in a range (A/s, A] for some factor s > 1. Taking
into account the wave function renormalization, one obtains

Zy 2T (@, 03 91(A/5)) = Z3 TN (@1, s 3 90 (M)) (1.20)
For infinitesimal lowering (s = 1+ ds, ds < 1), one finds

d _(n) _ B 0 0
AT i) = (A + 51

+ ”%) D8 (21, .o w03 (M) = 0, (1.21)

which is the generalized Callan-Symanzik [4, 5] equation for correlation functions. As in the case
of equation (1.12), it simply states that couplings and wave function renormalization change with
the scale in order to render correlation functions unaltered.

If the theory is Poincaré invariant, correlation functions depend on the distance between pairs
of insertion points. The typical size of these separations defines a new scale, quite apart from
any choice of A. The former can be used to obtain another interpretation of the renormalization
group. One could in principle integrate out the modes in the range (A/s, A], and then apply a scale
transformation

't =t /s (1.22)
¢ () := s\ 17D/ 2p(x) (1.23)
A= sA (1.24)

according to which the form of the effective action does not change, the couplings are not touched
(since rescaling does not have anything to do with integrating out modes), and the energy scale
A/s is restored to its original value A. Under these combined operations, one finds

n/2
n Z n
T 1, o s g1 (A)) = [ZAA/ | e i) (1.25)
n/2
A
:{SHA} T (21/s, . 20 /55 9:(A/)5)), (1.26)
ZA/s

3The change in the integration measure cancels out since the correlator is given in terms of a normalized path
integral.
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where the wave function renormalization and the couplings g; in the last line are taken at the scale
A/s, since their value is not affected by the previous rescaling.

Equation (1.25) admits the following, interesting interpretation. If one would have started with
insertions at points sx;, then one could equivalently write

n/2
T\ (51, .0y 5203 95 (A)) = {SHZZAAJ T (21, 0y 03 9:(A/5)). (1.27)
S

The Lh.s. of (1.27) shows a correlator computed with the A scale effective theory that probes
separations s|z; — x;|. So, as s — oo, this correlator is is testing the long distance, or infra-red
properties of the theory. On the other hand, the r.h.s. tells that the same correlator could be
obtained studying correlation functions where the insertions points are held fixed, but the effective
theory employed runs over different values of g;(A/s). This makes perfect sense: the IR properties
of the theory are governed by the low-energy modes that survive as more and more high-energy
modes are integrated out.

Equation (1.26) also yields insights into the meaning of the anomalous dimension 7,;. Looking
at the r.h.s. of (1.26), one could recognize the factor s"(?=2)/2 as the classical scaling behaviour
for a correlation function with dimension n(d — 2)/2. However, this classical scaling is modified
by the factor [Zx/Zx /5]”/ 2 that arises when high-energy modes gets integrated out. To quantify
such departures from the classical behaviour, one could look for the effect of an infinitesimal scaling
transformation, parametrized as s = 1 + ds, with 0 < s < 1. Expanding (1.26) up to O(ds) gives

n/2 _
[Sd—2ZA] :n{1+ [H +7¢] 5s+...}, (1.28)
ZA/S 2

with 7, given by (1.17). From equation (1.28) seems that correlation functions behaves as if the
fundamental field scaled with the following mass dimension

Ay = (d—2)/2+ 7, (1.29)

rather than the classically expected value. Ay is known as the scaling dimension of the fundamental
field, and the anomalous dimension 74 represents the difference between the scaling dimension and
the naive classical dimension.

1.2.4 RG flows

To better understand what happens under renormalization, it is important to study the RG equa-
tions of the couplings g;. The easiest way to do this is by starting from a theory, whose initial
couplings g;o are defined such that all the 8 functions vanish

gio =9; 5j|gj:g; =0. (1.30)

Hence the couplings do not depend on the scale. This theory represents a particular configuration
in the evolution described by the RG equation, and is defined as a critical point of the RG flow.
The most simple example of critical point is given by the prescription

9; =0, (1.31)

where all the operators but the mass-less kinetic term are zero. This theory is know as the Gaussian
critical point, and has clearly vanishing 8 functions since it has no interaction responsible for the
emergence of vertices as the cut-off is lowered. Nonetheless, with a proper tuning of the initial
couplings, it should be possible to induce quantum corrections to cancel precisely the classical
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rescaling term in (1.16) and let the /5 functions vanish. Hence, even if not so easily, other critical
points, beside the gaussian one, could be defined.

The independence of the couplings g; on the scale yields important implications for the correla-
tion functions of the theory. The first thing to note is that, being 74 a dimensionless function of the
other couplings, it is scale independent at the critical point. Then the Callan-Symanzik equation
(1.21) for the two-point correlator becomes

(2)

AaFAT(\I’y) = 23T (2, ), (1.32)
with 7 = 74(g;). Equation (1.32) tells that I'® is a homogeneous function of the scale: because
of SO(d) invariance, it can only depend on the insertion points through |« — y|. Using dimensional
analysis, one shows that

I (x,y) = AT2G(Az — yl, g), (1.33)

with G(Alz — yl, gf) being a dimensionless function of the dimensionless combination A|z — y| and
couplings gf. Plugging this formula in equation (1.32) results in

c(g; c(g;

FS\Q)($7 y) = Ad7228 |z _(?jlgAd) ~ B _(ZZ|2A¢ ) (1.34)
where A, is the scaling dimension defined in (1.29). The power law described by (1.34) is typical
of correlation functions of a scale-invariant theory, i.e. a theory with zero mass gap and infinite
correlation length. Well known examples of this kind of behaviour can be found in the theory of
second order phase transitions, where actually the Wilsonian RG was originally formulated[7, 8].

The next step to characterize RG flows is to study small deviations from the critical point:
starting from a neighbourhood of g; = g; and linearizing around it, one gets

09;

A
oA

= By;0g; + O(3g%), (1.35)

g;+0g;

with dg; = g; — g7, and B;; being a constant (infinite dimensional) matrix. Equation (1.35) can be
better studied working with a vector basis that diagonalizes the matrix B;;. Let o; be one of the
eigenvectors 4, then equation (1.35) becomes

aCTi 2

A = (A; —d)o; + O(07), (1.36)

oA
A; —d being the eigenvalue of ¢;. Naively, one would expect the coupling to scale with a power of A
given by the classical dimension of the operator coupled to o;, so one should have A; = d;. However,

quantum corrections modify the scaling behaviour close to the critical point, the deviations being
given by the eigenvalues of the linearized  function matrix B. In total analogy with the definition
of 74, an anomalous dimension for the operator o; can be defined

Vi = A — d;, (1.37)

where A; represents the scaling dimension of the operator. At this order in perturbations away
from the critical point, the solution of equation (1.36) provides the following RG flow

oi(A) = (&)Aido—imo). (1.38)

4To be precise, o; is a linear combination of couplings associated to operators with classical dimension d;. It
should be also stressed that the matrix B is generally not normal. If this is the case, then o; represents a left
eigenvector of B.
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The above equation is the starting point for characterizing a quantum theory in the IR, as well as
in the UV energy regime.

Starting from eigenvectors o; with A; > d, equation (1.38) states that, as the theory gets
probed in the infrared, these deformations shrink to zero. So, as the scale is lowered, the theory
flows back to the critical point along the directions identified by ¢;. Couplings, and corresponding
eigenoperators, that behave in this fashion are called irrelevant. The condition A; > d can be easily
fulfilled by operators with higher and higher mass dimension (all of them included in the original
action): for this reason, the critical point g} is expected to sit on an infinite dimensional surface C
of the couplings space, such that, turning on any combination of operators that moves along C, the
RG flow will make the theory flow back at the critical point. C is known as the critical surface and
the couplings of irrelevant operators can be thought of as provided coordinates on C, at least in the
neighbourhood of ¢ (figure 1.1). On this infinite dimensional subspace of theories, the mass gap
vanishes, and the fixed point represents a non trivial IR limit at which only the massless degrees of

freedom survive. °

Figure 1.1: Schematic plot of the RG flows, taken from [40]. The region within the blue contour represents
the critical surface, on which the RG acts driving a given theory towards the fixed point g;. All the quantum
theories that lie on this surface have been obtained switching on only irrelevant couplings. The red line
emanating from the fixed point represents the renormalized trajectory, whose evolution is obtained only
by deforming the relevant couplings from their critical value. Black solid lines are lines of constant physics
starting somewhere off the critical surface, and then driven away by the relevant operators.

Conversely, eigenvectors with A; < d grows as the scale is lowered, so their separation from the
critical point increases as the theory is probed in the IR. For this reason they are called relevant
couplings. Starting exactly from the critical point and then deforming only relevant operators gen-
erates a particular flow called the renormalized trajectory. As one investigates the theory deeper
and deeper in the IR, the latter evolves according to the flow described by the renormalized tra-
jectory®. Since every power of field or derivative of the field increases the classical dimension of an
operator, at fixed space-time dimension d there will be just a finite number of relevant operators.
This implies that the critical surface has finite codimension.

5In statistical physics, the critical surface identifies a region of the coupling space where a second order phase
transition takes place: in this case, the study of the linearized RG transformation around the IR fixed point provides
quantitative knowledge of the critical exponents of the theory. The latter are intimately related to the eigenvalues
of the relevant couplings. Knowledge of such exponents allows to determine how correlation length, correlation
functions and other physical observables behave as the phase transition is approached.

6When more than one relevant operator is deformed, infinite renormalized trajectories are created.
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The other possible case is the one described by marginal operators, whose eigenvalue is zero
and then do not evolve under the action of the RG. At the Gaussian point, where no interaction
occurs, the scaling dimension of these operators just equals their engineered dimension, so one would
expect d; = d. Close to a critical point, higher quantum corrections could result in weak (usually
logarithmic) dependence to a classically marginal operator, turning it to marginally relevant or
marginally irrelevant. If the value of the eigenvalues is sufficiently small, one would expect that the
size of nearly marginal couplings could stay unchanged for long “RG flow times”, and then finally
turn to relevant or irrelevant. From a phenomenological point of view these operators play a really
important role.

The final possibility is represented by couplings whose eigenvalue is zero at all orders: this is
the case of a truly marginal coupling, for which the original fixed point is actually part of a whole
line of fixed points.

The most general QFT is characterized by several different types of operators, and then could
be represented by a specific point, in couplings space, positioned somewhere off the critical surface.
As one turns on the RG machinery, the theory starts to evolve, the irrelevant couplings converge
to the fixed point, while the relevant ones depart from it as the scale is lowered. Thus, the flow
line of a generic theory will strongly focus around the renormalized trajectory, and in the IR a
generic theory will resemble the theory emanating from the critical point, characterized only by
relevant operators. Hence, many different high energy theories will look all the same in the IR: this
phenomenon is called universality, and it guarantees that only a finite set of couplings, the relevant
ones, is needed to study the properties of a theory at the large scales. Theories whose RG flows
focus around the same renormalized trajectory” are said to belong the same universality class®.
Theories in a given universality class could look very different at the microscopical level, but they
will all end up looking the same at large distances. This is not a trivial fact, since it explains why
is it possible to study a physical problem, at a given scale, without worrying about what higher
energy degrees of freedom are doing.

1.2.5 Continuum limit

The original action (1.1) is characterized by an explicit cut-off Ag, which guarantees the mean-
ingfulness of the path integral (1.3) and the finiteness of the correlation functions of the theory.
Up to now, it has been showed how the couplings, starting from their initial value g;q, evolve as
the theory is probed at a lower scale A. For a theory described by the effective action (1.8), this
evolution results in an independence of the correlation functions from the cut-off A. The remaining
question is: what about the dependence on the cut-off Ag? In QFT this is an important question,
since ideally one would like to send Aq to infinity, allowing the field to fluctuate on arbitrarily small
length scales, without affecting the value of physical observables. This procedure is called taking
the continuum limit of the theory and plays a fundamental role in the definition of renormalized
quantum field theories. To better examine this issue, it could be useful to start from a given low-
energy, effective theory (whose validity could have been probed by the results of some experiment)
and wonder how is it possible to remove the cut-off without affecting what the theory predicts for
low-energy phenomena.

In taking the continuum limit, the concept of universality of RG flows plays a key role. The
easiest way to study this procedure is first looking at a theory defined on the critical surface, within
the domain of attraction of the critical point g. In this case, only irrelevant couplings have been
deformed from their critical value and, as can be seen from equation (1.36), as A is sent to infinity

"When more than one relevant operator is deformed, a surface of relevant trajectories has to be considered.
8In statistical physics, a universality class is usually identified by a specific set of critical exponents. These
exponents are related to the RG eigenvalues of the relevant operators that parametrize the renormalized trajectory.
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while keeping A fixed, such deformations goes to zero, driving the theory back to the critical point.
Here, the theory is scale invariant, and then the cut-off can be easily removed. To be precise, given
a theory Sy, on the critical surface, the following limit

A()*)OO

lim l / DE exp(—Sa, [0 + €] (1.39)
C> (M)A, rg)

exists, provided the cut-off is removed after having computed the integral. The critical surface has
finite codimension, so one just needs to tune a finite number of coefficients, i.e. those of the relevant
operators, in order to guarantee that the set g;o belongs to C .

Physically interesting theories, like Yang-Mills theory or QCD are not scale invariant, but their
actions rather have relevant and marginally relevant operators. In this case, the continuum limit
can be understood through the concept of universality. This kind of theories have a starting point
that lies somewhere off the critical surface. The RG flow moves them towards the critical point
for a while, and then drives them away, close to the renormalized trajectory (1.1). The theory will
pass close to g7 at an energy scale p, whose value is determined by the initial conditions of the RG
flow. Using dimensional arguments, one could write

w = Ao f(gio), (1.40)

with f(gi0) a dimensionless function of the initial couplings satisfying the condition

f(gi0) =0, gio €C. (1.41)

If one wants a theory with relevant or marginally relevant operators at the scale y, then the initial
couplings g;o have to be tuned in order to keep p finite as Ay — oco. If this is possible, then the set
of couplings {gio(Ao = o0)} will define a UV fixed point of the RG, that lies on the critical surface.
The question is: how many couplings have to be tuned to get the correct continuum limit? The UV
fixed point will be characterized by an infinite number of irrelevant couplings and a finite subset
of relevant and marginally relevant ones: these are the couplings that need to be tuned in order
to remove the cut-off and leave the IR physics unchanged. These couplings will equal in number
exactly the parameters that describes the physics of the system at the IR scale . The corresponding
RG flow emanating from the UV fixed point will be a renormalized trajectory that defines a theory
on all length scales. Both how the IR physics is fixed and how the irrelevant couplings of the UV
fixed point behave in the UV can be chosen in different ways. As a consequence, there can be many
“RG schemes” to take the continuum limit, which all lead to the same continuum theory.

The tuning procedure of the relevant UV couplings is usually achieved adding a counterterm
Scrle, Ao] to the original action, characterized by and explicit dependence on the field as well as
the cut-off.

Snale] = Snol] + Scrle, Ao). (1.42)

In principle, Scr[p, Ao] does not add anything new, since, in eq (1.1), all the possibly allowed
interacting terms have been included. The reason of making Scr explicit is to make contact with
the familiar picture of perturbation theory, where the values of the counterterm couplings are tuned,
order by order, with the purpose of render the path integral, and its correlation functions, finite
when the cut-off is removed °. So the following limit

Ao*}OO

e ST = lim l/ DE exp[—(Sao[d + &] + Scr(d + &, Ao])] (1.43)
C (M) (a,n0]

9From this requirement, one can extract the dependence for the original couplings, also-called bare couplings, on
the cut-off Ag: this dependence is again described by an RG flow.
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exist. Here again, one should stress that the limit has to be taken after having performed the
field integration. If the limit defined in equation (1.43) exists, then the procedure of sending Ag to
infinity will define a renormalized QFT with renormalized relevant couplings at scale A.

When it is not possible to send Ay to infinity, without affecting the IR physics, then the theory
is not renormalizable, and it does not have a continuum limit. This could happen when, in order
to explain some experimental result, some UV irrelevant operators need to be included. When the
cut-off is removed, these operators will be arbitrarily suppressed at any finite energy scale. Their
presence then indicates that the theory cannot be valid up to arbitrarily high energies. However,
this does not imply that such a theory is useless for study the physics of a system, but only that
its applicability is limited to a definite energy range, upper bounded by a cut-off A§. In order to
go deeper in the UV regime, new physical input is needed.

1.2.6 RG flows and perturbation theory

The RG flows of a theory can be determined in several different ways. When the analytic approach is
preferred, approximation methods are usually needed to get some insights about the theory under
study. These approximation could depend also on the regulator adopted, whose choice, usually,
depends on the symmetries characterizing the quantum theory. In this chapter, for example, a
sharp momentum cut-off has been applied to regularize the theory: this regulator is usually quite
good for study the RG flows of scalar theories. For a generic d-dimensional scalar theory, the
Lagrangian density is

1
L= 50up0up + V(p), (1.44)
where g
_ n—n(d—2)92n 2n
Vi)=Y A A (1.45)

n

is what is called the effective potential, and a Zs symmetry has been assumed. Equation (1.45)
represents a first level of approximation: using classical scaling arguments, derivative couplings
gets ruled out. This procedure is called the local potential approrimation, and it tells the shape of
the effective potential experienced by a slowly varying field. Within this formulation, Wilson’s RG
approach can be straightforwardly applied: one has to first split the field in fast and slow modes,
as in equation (1.6), and then apply equation (1.8) for an infinitesimal RG transformation.

S[Z(A — A2 g5 A — SA, gan(A — GA)] := —log VC o DE exp(—S[p + & A, gan(A)])
o (A—8A,A]
(1.46)

Expanding the action on the r.h.s. of the above equation gives

3

S0+ 6 M) = ST A (W] + [ [ 5062 + 3V @)+ SV @)+ | )

Now the fast modes £ need to be integrated out. The Feynman diagrams that contributes to the
path integral (1.46) have only £ on internal lines, contributing with propagator

{ =======- £~ 57— (1.48)

and only ¢ on external lines (but with no propagators). The interaction vertices are provided by
the expansion (1.47) in powers of ¢ and £. As an example, there will be a vertex of the form
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S ~ Bgte (1.49)
¢ \\\ 412! ’
¢ 3
Each loop involves an integral over the momentum of £ in a shell between radii A and A + dA in
momentum space
dp ATISA
/ 5 () = < / daQ)(...), (1.50)
A-sa<lpl<a (2) (2m)® Jga—

where S9! is the d — 1 dimensional unit sphere. Here a second level of approximation has to be
done: since each loop integral contributes with a factor A, then, to lowest non trivial order, only
1-loop diagrams have to be considered. It can be shown that, in order to keep track just of 1-loop
diagrams, only vertices with 2 ¢ fields have to be retained in equation (1.47), which becomes

1 1 "
S0+ €MD) = S1oi A gna (0] + [ {3006 + 37 (9)]. (151)
The path integral (1.46) can now be evaluated, giving as result
5AS[¢] = aA?T15A / d?zlog[A? + V" (9)], (1.52)

where a = Vol(S9471)/[2(27)4] = (47)~%2/T'(d/2) and
oaS[¢] = Sl A — OA, gan (A — 6A)] — S| A, gan(A)]. (1.53)

Notice that no wave function renormalization has been generated in this case'®

Lh.s. of (1.52) to order JA, one obtains

. Expanding the

9 dgan 0 d—1 d 2 "
9 9 ‘A, gon(A)] = —aA dizlog[A , 1.54
(55 + 2 55 ) S Auan()] = —ad™! [ dtogla? + v (0) (154)
and expanding the r.h.s. in powers of ¢ allows to extract the beta functions for the couplings
directly
dgon oy Cna—z) 4" 2 1
A = (n(d —2) — d)gon — alA ——log[A* + V" (¢)] (1.55)
dA d¢?n oo
From (1.55), the first beta functions in the hierarchy can be easily written down
ado2 Ly, a9 (1.56)
dA ]. + 927
dga 3ag} age
A——=(d—4)gs + — , 1.57
ax et T e T T, (157)
dgs 30ag3 15a9496 ags
A—— =(2d —6)gs — — . 1.58
ar = ¢ )96 (1+g2)%  (14+g2)? 1+g (1.58)

It should be noticed that, with this renormalization scheme, quantum contributions involve inverse
powers of 1 + go, which physically is 1 + (m/A)?, m being the mass of the field. These factors
are generated by the propagators of the fast modes inside the loops: when A < m, quantum
contributions gets suppressed, as one wold expect on the basis of decoupling.

10In this theory, at 1-loop order, the only Feynman diagram with two external legs has no external momentum
dependence, so it cannot give rise to terms like (9¢)2.
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The method used above for the scalar, Zs-invariant theory is one of the possible strategies
that could be employed to get quantitative knowledge about the RG flows. RG ideas can be also
implemented in the context of perturbation theory, using regularization schemes different from the
sharp momentum cut-off'!. In this case, only relevant (and marginally relevant) couplings for the
UV fixed point are considered, since they play a fundamental role in determining the continuum
limit of the theory, while the irrelevant ones can be set to zero. Writing down the path integral
as a power series in the relevant couplings, one evaluates correlation functions up to a given order
in the couplings: in principle, this correlation functions will depend on the external momenta, the
parameters of the theory and the adopted regulator. The perturbative expansion can be carried out
in terms of the bare parameters of the theory, those defined at the cut-off scale Ag in the Wilsonian
formulation. However, this is not the only possible choice: in principle, one could also expand the
theory in terms of the “renormalized” couplings, defined at a physically relevant scale A. In this
case, one has simply to write the original action as

S[¢w; Mos gu(Ao)] = S[or; A, gr(A)] + Scr[Z(A) ™ 2¢r; Ao, A, gr(A)], (1.59)

where the subscripts b and R mean bare and renormalized. The Lh.s. of equation (1.59) is in-
dependent on the scale A, and this is ensured by the appropriate dependence of ggr(A) and Z(A)
on A according to the RG flows. The role of the counterterm action on the r.h.s. is to render
(renormalized) correlation functions finite as the regulator (the cut-off Ay in this representation)
is removed. This is mirrored in S[ép; Ao, g»(Ao)] by the appropriate tuning of g5(Ag) (as described
in equation (1.42), but, at this point, adding also a counterterm for the bare action sounds only
redundant). Both representations allow to extract quantitative knowledge about the RG flows, the
difference being simply the way these flows are obtained. Whichever formulation has been chosen,
it is necessary to check the consistency of perturbation theory, making certain that the parameters
adopted for the expansion are actually small at their proper energy scale.

As already mentioned, tuning the bare parameters (or adding counterterms) is fundamental to ren-
der correlation functions finite and regulator independent, as the latter gets removed: this procedure
is usually accomplished imposing specific renormalization conditions on renormalized correlation
functions. There are several ways this conditions can be formulated: for example, one could use
the following tower of equations

I (p) = —(p* + m?),

dar$?) (p)
dp?

p2=—m2

3 *
F%)(pl,pz,ps) =93,

Fgg)(plap27 apn) = g:m

that fixes the physical mass and couplings in terms of the renormalized two, three and n-point vertex
functions, at some specific momentum scale g, such that p? = p2. Using the r.h.s. representation
of (1.59) one finds counterterms explicitly depending on the scale p (which is now the physically
relevant scale) and, once divergences have been removed, the Callan-Symanzik equation (1.12) can
be used to determine RG flows of the couplings gr as a function of u. Nonetheless, one can also
use the Lh.s. representation in (1.59), write ¢, = Z'/2¢g, and impose renormalized correlation

1 This kind of formulation is usually very useful to introduce the concepts of the RG flow. However, it has also its
frailties. When gauge theories are under investigation, it is not obvious how to make the sharp momentum cut-off
consistent with gauge invariance.
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functions to be regulator independent up to violations that reduce to zero when the regulator is
removed: from this condition one determines the RG flows of the bare parameters as functions
of the regulator itself.!> What is really important is that, independently on the specific “RG
scheme” adopted, the first two coeflicients of the perturbative expansion of the beta function will
be universal. Therefore, one can study the nature of perturbative RG flows choosing the method
he prefers.

In this work, the lattice regularization has been adopted, the role of the regulator being per-
formed by the lattice spacing, usually called a in the literature. From the Wilsonian point of view,
it allows to define a theory with an effective action at a cut-off Ag ~ a~': within this formulation,
Wilson’s ideas of RG can be straightforwardly applied, both in perturbative and non perturbative
regimes. As a proof for that, the perturbative study of the RG flows of a scalar A¢* theory will be
described in the next sections.

1.3 Lattice formulation

In this section, the structure of a scalar quantum field theory on a lattice is presented, with the
aim of defining the basic formalism to be then employed in the next sections. The geometry of the
system consists of a flat, four-dimensional, euclidean space-time, discretized as a hypercubic lattice

A={zecaZ'l0<x,<a(L,—1)}, (1.60)
where a is the lattice spacing, L = L; i =0,...,3, Q = H?:o L; is the total number of lattice
points. Functions defined on the lattice satisfy periodic boundary conditions

fle+aply,) = f(z). (1.61)

In analogy to the continuous case, it is possible to define a scalar product in Hilbert space as
(f,9) =a* )y fx)g(x)", (1.62)

and a discretized derivative operator, using, e.g., the forward representation

1 N
aﬂpg(x) = E[f(x + au) - f(l‘)], (163)
where [ is a unit four-vector along the direction u. A possible alternative is given by the backward
formulation 1
Oupg(x) = _[f(2) = flz —ap), (1.64)
the two being related by the following relation
(Oupy(x), h(z)) = —(9(2), Op gh(z)), (1.65)
from which one deduces that
(auF)T = _auB7 (1.66)
and
3
O=>0upOup- (1.67)
pn=0

12This is true for renormalization schemes like lattice, sharp momentum cut-off and Pauli Villard, where the
regulator has the dimension of an energy. Things are slightly different in dimensional regularization. When the latter
is employed, the coordinate integration measure changes dimension and a scale parameter (usually called p) has to
be introduced to keep the action dimensionless. In this case, the dependence on p is encoded only in the renormalized
parameters of the theory.
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A function defined on the lattice can be expanded in Fourier modes as

1 L
f@) = —5 > e fp), (1.68)
p
where the allowed lattice momenta are constrained inside the Brillouin zone
2
Dy = mnu, n,=0,1,...,L,—1, (1.69)
and the Fourier transform of f(x) is
flp) =a*d e f(x). (1.70)

The theory is described by a scalar field ¢(z) whose action has the following form
S[¢, al = So[¢] + Si[¢], (1.71)

where So[¢] represents the free field contribution to the global action

1

Solé] = 5(9, (O +mf)9), (1.72)

while Sr[¢)] is the interacting contribution 3

SONDY S0 (0 0(2)0,0(@)" ()" (1.73)

T j;éka

In four space-time dimensions, keeping only relevant or marginal operators, the interaction simply

6] = a* 30 22 o(a)", (174)

with A\g = g40. The generating functional for this theory is given by the following path integral

becomes

ziigd =5 [ Didew{- o0 rmdo) +sidl| + o)} o)

where J represents the usual source term, and

= [ Didlexn { - | 306.0+ md)o) + 51t | (1.76)

is the vacuum normalization. With this formulation, a generic, lattice connected correlation function
is obtained as

) ) é
8J(x1) 8J(x2) "8 ()

(0(x1)¢(22)...¢(2n))e = In Zo[J, a] (1.77)

J=0
At finite lattice spacing, the integration measure

= [[ d¢(=). (1.78)

rEA
is well defined, so the path integral (1.75) and the expectation value (1.77) can be evaluated either
analytically, in perturbation theory, or, since the integrand e~% is strictly positive, numerically in

the non perturbative case. Before going on with the perturbative analysis of the theory, it is better
to stop for a moment and take a look at its phase structure.

13 According to the notation of the previous sections, go = aZm%
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1.3.1 \¢* theory: phase structure

The A¢* theory is characterized by two different phases, yielding two different minimum configura-
tions of the field. Writing down the action

1
S:/ddl' |:28#F¢aﬂp¢+U(¢) )
_m% 2, Ao 4
U(@—?(ﬁ +]¢7

one identifies the ground state of the theory as the field configuration with lowest energy. This
corresponds to

8/LF¢* =0,

ou

—| =0, 1.79
.. (1.79)

where obviously A > 0, so S is bounded from below for all values of ¢. The constraints in (1.79)
are satisfied by a constant-field configuration that takes the value

¢* =0, U(¢") =0, m2 > 0; (1.80)

3(mg)? 2 _ _6m(2J

¢" ==xv, U(tv) =-— mg < 0;. (1.81)

DSV W

— Po=5
Po=1
po=0.7

— po=0.5

Figure 1.2: Values of U(¢) as a function of ¢ when m2 < 0. Here different theories, characterized by the
ratio po = Ao/mo have been considered. It can be seen how the theory exhibit two degenerate minima at

The case in (1.81) leads to a doubly degenerate ground state. When the theory chooses one
of the two minima, the Z; symmetry of the action (¢(z) — —¢(x)) is broken, and one speaks of
spontaneous symmetry-breaking. Hence the theory is characterized by two different phases, one in
which Zs symmetry is conserved, and one in which is broken: the action characterizing each phase
will be

3 2
— 4 my o Ao 4
S=a ; (;_O OppPOu 9 + - o” + m o ) unbroken, (1.82)
> oA A
0 0
S =at %: (;_0: Op p€0, € — m3&% + e e+ i g4> broken. (1.83)
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When m2 < 0, the transition between the two phases occurs at a specific value of the couplings of
the theory: in the (mg, Ao) plane the subset of values (mqc, Aoc) represents a critical line at which

the phase transition takes place.

mo

L L L L L L L L L L
20 40 60 80

Unbroken

.. Broken

Figure 1.3: Schematic plot of the phase diagram in the (mg, Ao) plane. The symmetric phase comprises

the m2 > 0 and part of the m? < regions.

To better understand this fact, the original lattice action has to be rewritten in the following

way (lattice units, a = 1 have been adopted)

=—*ZZ¢ Z[ 8+m0¢2—|—%¢4 .

r pu==+0

Then, the following parametrization

1—-2\ 6\
¢ =V2kp, mi= -8, do=—

brings the original action into the new form
+3
S==r> > @)@+ + Y [¢*+Mp* - 1)7,
r p==40 T
and the path integral becomes

z= [ Dutg)exp (Qj S o )>.

r p==20

The integration measure

) = [T du(o(@), dulp) = dpexp(—¢® = A(¢* = 1)%)
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sets a constraint on the magnitude of ¢ as a function of A, which has to be positive in order to
make the integration [ du(p) meaningful. Equation (1.87) shows the path integral as the partition
function of a generalized Ising model'*. When A — oo the distribution du(y) peaks at p? =1

[ du(e) f()
[ du(p)

Hence, for infinite A\, one gets precisely the Ising model in 4 dimensions. The representation of the
theory given by (1.87) allows to better understand the transition between the two phases. For a
fixed A, the system could be in a ferromagnetic (broken) or in a paramagnetic (unbroken) phase,
such that, in the infinite volume limit,

4)

S+ 7(-1)] (1.89)

(o) =v, k>keN),
(p)y =0, k<kc(N).

The critical line k.(\) represents the boundary between the two phases in the A — x plane. It is
possible to give a mean field estimate of the critical coupling k. using the following approximation

+3
£Y Y pl@)pla+ 1)

r pu==40

(1.90)

+3
=rY) > [0+ (pl@) = v)(v+ (plz + ) = )] (1.91)

r p==10
~ —2kVdv® + 4dr Y o(x) + O(5¢?) (1.92)
= —8k(LoL1LyL3)v* + 165 > (), d =4, (1.93)

(1.94)

where higher powers in the variation d¢ = (¢ — v) have been ignored. Within this approximation,
the mean value of p(z) becomes

_ Jdu(p)p exp(16kvp)
J du(e) exp(16kvep) -

(1.95)

One now impose () = v and uses the path integral formalism to get

1 0
(p) = m@zu)

b

J=16kv

Aﬂ:/wwmmw)

The integral z(J) can be evaluated analytically in various limits, numerically otherwise: the two
extreme cases are

e )\ = 0: this case is called the gaussian limit, the integral defining z(J) can be easily done

2(J) = /7 exp(64k*v)

and the corresponding critical value is k.(0) = 1/8

14T his is true because all the four directions have been compactified.
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e )\ = oo: this is the Ising limit, where one obtains

z(J) = z(0) cosh(J),
v = tanh(16kv).

As k approaches k. from above, v — 0, then the following expansion is legitimate
1
v~ 16kv — §(16kv)3 + ..,

from which one get

K
Broken
06
04
ozp Unbroken
— Critical line, k<0
. : . : . . A Critical line, k>0
0.02 0.04 0.06 0.08 0.10 0.12 0.14
024
-04
08l Broken

Figure 1.4: Schematic plot of the phase diagram in the (x, \) plane.

Close to the critical line, the behaviour of v o (k — k.(\))? is typical of a second order phase
transition, with S = 1/2 representing a critical exponent in the mean field approximation. As
the critical line is approached, the correlation length of the system will diverge with (k — ko (X)),
according to another critical exponent. In the language of the RG, the critical line represents the
intersection of the critical surface with the theories subspace (mg, Ag). As can be seen from (1.55)
in d = 4 dimensions, there exists only one fixed point that lies on such a surface, and this is the
Gaussian fixed point. For the statistical theory represented by (1.87), the full critical exponents
(which in general are different from their mean field approximation counterparts) are determined
by the RG eigenvalues of the relevant couplings around the Gaussian fixed point.

Since only the Gaussian fixed point is available, a continuum limit for the interacting theory, if
existing, can only be represented by a renormalized trajectory emanating from such a point in the
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(mg, Ao) plane. To check for this possibility, a perturbative study of the theory can be performed
to determine the nature of the perturbative RG flows. The analysis can be carried out both in the
broken and in the unbroken phase. For simplicity, only the symmetric phase will be considered.

1.4 Perturbation theory

The perturbative study of a QFT is performed by expanding the path integral in powers of the
bare parameter Ay and then evaluating correlation functions like in (1.77). The expansion can be
represented in terms of Feynman diagrams both in coordinate and momentum space. From now
on, the momentum space representation will be adopted, focussing on the determination of the
(connected) two and four-point vertex functions at leading order in the coupling.

1.4.1 Perturbative expansion

The two fundamental pieces for constructing the diagrammatic expansion are the free theory prop-
agator

~ 1

G(p) = — 1.96
1) = i - (1.96)
and the tree level four vertex function
P2 y2!
T (p1,p2,ps,pa) = —Xo = (1.97)
4! b3
Where lattice unit a = 1 have been assumed and
3
P2 =2 Z(l —cospy).
pn=0
The leading contribution to the two-point function is given by the following diagrams
G (p) = _— + . (1.98)

The corresponding two-vertex function is obtained taking the (negative) inverse propagator

A
r®p) = — |m2 +p* + ?OI(mO) ) (1.99)
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On the other hand, the leading contribution to the four-point vertex function is given by

D2 P4 D2 D4
I+ p1+p2
T (py, pa, p3, pa) = +
l
D1 p3 D1 P3
D2
I+ p1+ps3 l+p1+pa
(1.100)
l
p3
re (p1,p2,p3,p4) = {Ao - 3 [J(mo, p1 + p2) + (P2 <> p3) + (P2 <> pa)] } (1.101)

where the functions I and J are given by

™ 4
I(mo):/ (di ! (1.102)

Ny 1
J(mo,p)—/ (2m)* {m —|—l2} |:m(2)+22#(1—(308(l+p)u)}- (1:105)

Here the infinite volume limit >, — [d*l/(2m)* has been assumed. The integrals I(mg) and
J(mog, p) diverge quadratically and logarithmically with the cut-off a=!. To determine how the bare
parameters get tuned, one has simply to retain the divergent and non vanishing terms arising from
the expansion of I(myg) and J(mg, p) as a — 0. There are several ways this procedure can be carried
out [41, 42], here only the final results are reported

log(a®mg) + O(a®),

Co , 1
Imo) = 5 = Como + 155

1
Jmo,p) = ~1gm /0 drlogla®(mg + (1 —2)p*)] + Cp — g5 + Oa”,
Cp = 0.154933...,
Cs = 0.0303457...
The two and four vertex functions are then given by
Ao [ Co 1
r®(p) = {mo +p* + 5 [QQ — Com? + ﬁmg log(Qng)} } , (1.104)

T (p1, pa, p3, pa) = =\ +>\j Cr——
1,P2,P3, P4 0 2~ 672

_ 16;2 /0 dxlogla®(m§ + z(1 — z)(p1 +p2)2)]] + (p2 ¢ p3) + (p2 < p4)} . (1.105)

1.4.2 Renormalization

To determine the perturbative RG flows, the Callan-Symanzik equations for renormalized two
and four-point vertex functions have to be solved. This can be done after having specified a
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renormalization condition for correlation functions'®. One possible choice could be represented by
hInO Z()\Oa mO)F(Q)(pa A07 mO; Cl) = _(m%% + p2 + O(p4))7
a—
111’% Z()‘Ov mO)F(4) (07 Oa 0; 0; )‘07 mo, a’) = _)‘Rv (1106)
a—r

where, following the notation adopted in (1.2), correlation functions have been written in terms of
the cut-off 1/a and dimensionless couplings Ao, Mg = moa. The above conditions state that the
bare parameters have to be tuned with the lattice spacing to make the renormalized correlation
functions finite and cut-off independent as continuum limit is approached. The quantities mg
and A are defined as the renormalized mass and renormalized coupling of the theory. These are
physical observables that define a specific interacting theory in the continuum. More precisely, mg
fixes the scale for all the dimensionful quantities'®, and Ar the strength of the interaction at zero
momentum. At leading order in Ag, no divergences proportional to p? have been introduced, hence

Z(No,moa) = 1+ O(N\2) (1.107)

From the set of equations (1.106), one infers

A9 £ 2 A2
o MG Mo | Co mg mg 9
MR= 2 Ty [2 ~ Ot e log(mo)} ’ (1:105)
33 2 1
= —_— 1 7 — — 5 | - 1.1
AR = X + 39,7 [og(mo) Cy + 1672 (1.109)

Using A as an expansion parameter, the set of equations (1.106) allows to rewrite the bare couplings
as functions of the renormalized ones

A2 2 AR _ o, (amp)’ 2,2 2

ms = (ampg) 5 Co — Ca(amp)® + 6.2 log(a“m%)| + O(A\g), (1.110)

Ao = A _ 3% log(a®m%) — Cy + ! +O(\%) (1.111)
0T ART g2 |8\ TR TE2T 10 R '

With this definitions, one determines the renormalized vertex functions in terms of Az and mpg

TR (9 Ar.mp) = —(m3, +p?) + O(\R), (1.112)

Ny f 1t my, + x(1 — ) (p1 + p2)?
T ) =-dp- L2 / dzlog | —2
® (P1,D2,P3,P4; AR, MR) BT\ 1622 , z log mZ +

(p2 < p3) + (p2 & p4)} +0(\%), (1.113)

which are, indeed, independent on the lattice spacing a. It has to be noticed that the constants
Co and Cy are absent: all reference to the lattice has disappeared from the renormalized vertex
functions. Quantitative knowledge of the RG flows can be obtained studying the behaviour of the
bare couplings: one has simply to require renormalized vertex functions to be independent on the
cut-off. At finite lattice space, one should write

Z()\OJ mO)F(n)(ph ceey Pns )‘07m07 a) = Fgg)(pla ceey Dns )\R7mR7 a)? (1114)

151n the following, the momentum space version of the Callan-Symanzik equations will be adopted.

161t should be noticed that mpg, in principle, does not represent the physical mass of a particle, which is usually
identified with the pole of the propagator, or the zero of I'(®) (p). In the low momentum expansion defined in (1.106)
the two quantities coincide only at tree level.
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where, from a detailed analysis in perturbation theory [43], it can be shown that
Fg) (P1y s Pn; AR, MR, Q) = Fg) (P1, ey Dn; AR, MR, 0) + O(aQ(log a)k), (1.115)

i.e. the renormalized vertex functions differ from their continuum limits by terms O(a?(loga)*) in
k-loop order. Consequently, the Callan-Symanzik equation for these correlation functions will be

d (n
a= T (b1, e P Ary g, @) = O(a* (log a)*). (1.116)

The terms on the r.h.s. are the so called scaling violations: close to the continuum limit, these
contributions are small and then can be neglected'”, and then it is possible to set the r.h.s equal to

zero. Writing the renormalized vertex functions in (1.116) in terms of the bare ones, one obtains'®

0 . 0 .. 0 n .
(CL + Bmo()‘07m0)7 + 6)\0()\07m0)70 + 7’7/’)/¢> F( )(pla ceey Py )‘Ovaaa) = 07 (1117)

Oa 87?10 o\
where
. drng
Brmo(Aos10) = a=a=
. d)g
Bxo (Ao, 110) = a
_ 1 dlogZ
=9 e
are the § functions for the dimensionless couplings and field renormalization in terms of the cut-off

scale a~!. Equation (1.117) is a sort of Callan Symanzik equation for the bare vertex function.”

Since Z is 1 at leading order, the contribution from the anomalous dimension -4 in (1.117) can be
removed, and one can solve the following system of equations.

0 0 0
— + By (Ao, 1120) 22— X0, 10) = | TP (p; Xo, 1720, a) = 0 1.118
(aaa’—i_ﬁ 0( Oumo)amo +ﬁ)\o( Oamo)ﬁ)\(]) (p7 07m07a) ) ( )
angﬂA (A m)i+ﬂ (A m)i 4 (0,0,0,0; Ao, 70, a) = 0 (1.119)
da Mo \ N0y 7780 8’]7%0 Ao \ N0,y 170 a)\o s Uy Uy Uy AOH 110, — Y .
with respect By, and fSy,. Plugging equations (1.104) and (1.105) in the above system, one finds
rg— B2 (Card _ Co _ miglog (1ig) | _ 2uiig (1.120)
2 a? a? 1672a2 a?
Camyg mo IOg (m%) mo 2mg
o | o [ — =0, 1.121
+ Big [ 0 ( a? + 1672a2 + 167202 + a? ( )
3log (M) | 3N
N 1 1] = 0 . 1.122
Pra | do <C2 1672 om T6n2ring  © (1.122)
The system can be solved using brute force, and at leading order in A\g gives
. Co mo 2
o “o Mo ) A2), 1.12
Brino m0+<2m0 327r2) 0+ 0 (\) (1.123)
3\2
Bro = ———25 + 0 (Xo.”) (1.124)
(4m)

17In the previous perturbative analysis, this is mirrored by ignoring terms that vanish when a — 0.

181n principle, equation (1.117) holds only when contributions from irrelevant couplings are also included, otherwise
violations appear. To a first level of approximation, these violations can be neglected, and equation (1.117) used just
to determine the running of relevant and marginal couplings.

19 As a matter of fact, the real Callan Symanzik equation involves renormalized couplings and vertex functions
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Figure 1.5: Qualitative plot of the RG flows in the (mo, Ao) plane. The arrows describes the vector field
associated to RG trajectories evolving towards the infrared (increasing lattice spacing). As can be seen,
the mass parameter is a relevant coupling for the Gaussian fixed point (as one could have expected on the
basis of classical scaling), while the quartic coupling Ao is marginally irrelevant.

The above set of differential equations can be solved: ignoring the subleading O(\g) contribution
t0 By, the following identities are obtained

o ar .

mho(a1) = —rho(az), (1.125)

a2
)\0 (az)

Xol(ay) =
ola1) 1+ 125 ho(az) log 2

, a1 < as (1126)

(1.127)

which describes the perturbative RG flows of the dimensioless couplings.?’ From figure (1.5) one
could see that the direction identifying Ao is “UV-repulsive” to the Gaussian fixed point: following
the RG flows backward, it is impossible to reach the fixed point, because the bare coupling diverge.
The only possible theory emanating from the Gaussian fixed point is represented by the free field
one. This means that scalar theories in 4 dimensions are trivial. Looking at the RG group equations
(1.125-1.126), one could estimate the value of the cut-off at which A\ diverges

. __(am?
al = aze” Dol (1.128)

the value of aj is called a Landau Pole for the coupling Ag: the name is due to Landau, who first
observed the triviality problem studying the QED coupling. Equation (1.128) tells that the only

20This result could have also been obtained in an easier way imposing o = amp in the O(Xg), O(A3) terms of
equations (1.104),(1.105)
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possible way to let a; vanish is setting Ag(az) equal to zero, which effectively means to rule out the
quartic interaction. However, the perturbative analysis shows a flaw in one aspect: as the lattice
space is lowered down, the value of )y increases: this means that perturbation theory will lose its
reliability at a certain point. To gain a better knowledge of the RG flows in the non perturbative
regime, other methods have to be employed.

Numerical investigations of the A¢* triviality have been performed by Liischer and Weisz, who
determined the RG flows of O(n) scalar models both in perturbative and non perturbative regimes.
The authors addressed the problem for n = 1 component fields [12, 13] and the general n case [14].
Combining results from the high temperature expansion with numerical integration of the Callan-
Symanzik equations, the authors determined the renormalized trajectories (where Ag is fixed) in
the entire (mg, \g) plane?’. The outcome of their numerical study is that the only available RG
fixed point is the Gaussian one, and is UV-repulsive. This implies that O(n) scalar models with
quartic interaction do not have a continuum limit, and can only be regarded as effective theories,
bounded by a cut-off.

21Renormalized trajectories have been initially determined in the unbroken phase of the theory. Extensions to the
broken phase have been done using mass perturbation theory.
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Chapter 2

Renormalization of the energy
momentum tensor

2.1 Introduction

This chapter focuses on the renormalization of the energy momentum tensor in QFT. The procedure
is described using both continuum and lattice formulations. First, the definition of the conserved
energy momentum tensor is given through the Ward Takahashi identities. Then, its renormalization
is discussed and a continuum example is given. Finally, the lattice formulation of the problem,
along with its related issues, is introduced. Some known results in lattice perturbation theory are
presented and then a strategy for a non perturbative determination of the renormalized energy
momentum tensor is discussed.

2.2 Ward-Takahashi Identities
Consider the following path integral in the continuum formulation
Z[J) = /D[aﬁ]e_SH 'ylada, (2.1)

where the index a could in principle represent a Lorentz index, or an internal index (like color in
QCD), or a collection of both. The value of the path integral is clearly invariant under a change
of the variable of integration ¢,(x) = ¢q(z) 4+ d¢a(z). If the integration measure is left unchanged
by the infinitesimal deformation §¢,(z)!, the following identity holds
0=46Z(J)
= [ plgtemsstmnen [ty (=25 nw)) st
don(y)

One now can take n functional derivatives with respect to Ju,(z;) and set J = 0, to get

0= /D[gﬁ]e’s/ddy [%ml(m)m%n(rn)

D Gay (21)06,.0,0(Y = T5)---Ba,, (Tn) | 06(y). (2.2)

j=1

IThis point is crucial. If this condition is not fulfilled, then other terms appear, usually defined as quantum
anomalies. A quite famous example is given by the U(1) 4 anomaly for chiral theories [44, 45, 46]
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Differentiating both sides with respect d¢,(x), one finally gets

6 n

- xl aa dx_x a, \Ln .
<5¢a( )Qbal('rl) djan Tp) —jz:; ¢a1 J(S( J) ¢n( ) (2.3)

These are the Schwinger-Dyson equations for the quantum theory: they simply state that classical
equations of motions are satisfied by a quantum field inside correlation functions, as long as its
space-time argument differs from those of all other fields

(w7 %a: (1), (T5)) =0 for #2150 (2.4)

5%( )
If this is not the case, extra contact terms arise, whose nature will be explained later. More
information can be extracted from (2.2) when §¢,(x) is a symmetry transformation of the classical
theory. In this case, the Noether theorem has to be recalled: “To every differentiable symmetry
generated by local actions, there corresponds a conserved current”
08

g (x =—0,J,. 2.5

¢a( )5¢a<x) ne R ( )
If the field ¢,(x) satisfies the classical equation of motions, then the current J, is a conserved
quantity. However, in the quantum theory, not only classical configurations contribute to the path
integral. So, from equation (2.2), one infers

(0T (@) bay (@1)--a, (€0)) = = D (Pay (€1)-.06a, (2)0% (@ = 25).--ba, (1)), (2.6)

j=1

which are defined as the Ward-Takahashi identities (WI). At the quantum level, the conservation

of the Noether current holds inside correlation functions up to contact terms?

. The specific form
of these violations depends on the details of the infinitesimal (local) transformations. A different

version of (2.6) is obtained by integrating both terms of the identity over a space-time volume 2

n

/ doyJ, T)Pay (21)--Pa,, (Tn)) :_Z<¢a1(1'1)"-6@13‘(xj)'-~¢an(xn)>v (2.7)

j=1

where, on the left hand side, a surface integral over the boundary of € is obtained.> Equation (2.7)
represents the global version of the Ward-Takahashi identities. A more general form of the WI can
be derived coupling the source term in (2.1) to a generic operator O, (z) = O(¢(z))q: in this case

one gets
n

(04 (2)Oay (11).-0u, (1)) = = 3 (O (21)-1-0, O (17) -0t (), (2.8)
j=1
where 50
5204, (;) :/dd 6;;((”3;)5@( )64 (x — 2). (2.9)

The main feature of equation (2.8) is that composite operators enter in the definition of correlation
functions. Such operators are built with fields coalescing at the same point, so they could generate
contact terms too.

2Said in another way, the Ward-Takahashi identities probe the response of the theory under ultra-local infinitesimal
diffeomorphism §¢q (z)5%(z — y).

3Usually, one requires fields to vanish at spatial infinity and sends  — oo in order to obtain an equation for the
Noether charge Q = [ d?1zJo.
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At the quantum level, it is important to understand under which conditions the identities (2.6-
2.8) hold. These equations involve correlation functions of fields and other complicated operators
and will generate divergences in the bare theory. After having rewritten everything in terms of
renormalized fields and parameters, one obtains

(0udu(2)PRa, (21) .- OR 0, (T0)) = —Z<¢R)a1(x1)...(5¢3ﬂj(x)5d(x — @j)- PR, (Tn)), (2.10)

Jj=1

which is an expression that still contains divergences arising from the insertion of J,(x) and
0¢R,q,;(x): these operators usually represent vertices that are not present in the action of the
theory, and whose divergences need to be subtracted.

Both sides of (2.10) can be proved to be finite, if the following conditions are satisfied:

1. the regularized action and path integral measure are invariant under the transformation de-
scribed by 0¢r,q; (2);

2. the symmetry transformation 6¢r 4, () is linear in the fundamental fields.

If this two conditions are satisfied, then, integrating equation (2.10) over a small sphere Q centered
around one of the fields, the following identity holds

/69 dau<Ju(I)¢R,a1(-rl)~-~¢R,an(mn)> = _<¢R,a1(ml)“-é(bR,aj('rj)"'(bR,an(xn» .7 = 1a-~-ana

(2.11)

In the above equation, none of the fields but ¢r 4, (2;) are contained in the sphere €2,,. On the r.h.s.
no divergence can be produced, since the variation d¢r,q,(z;) is proportional to the renormalized
field. This is true for all the field inserted. Hence the r.h.s. of (2.10) is finite and, as a consequence,
also 8,“]#4.

Whenever the conditions (1-2) do not hold, then the insertion of .J,(x) and d¢r,q, (z) generate

divergences that need to be subtracted. In this case, a set of counterterms, to make both sides of
(2.10) finite, is needed. The role of these counterterms will be that of defining new renormalized
operators (J,)r and (6¢r,q; (7;)) r, whose insertions in the Ward-Takahashi identities are free from
any UV divergence. The process of determining the right counter terms is called renormalization
of composite operators and it will be discussed in the following section.
It should be stressed that the whole procedure works if the field insertions in (2.10) are taken at
separate space-time points. If this is not the case, then the arising contact terms produce further
divergences. This is a situation that is better to avoid, since it makes the renormalization of the
operator .J, and §¢g 4, (;) harder.

In this work, a specific composite operator has been studied: the Energy Momentum Tensor
(EMT) of the quantum theory.

Classically, the EMT is the generator of infinitesimal translations, and is related to the Noether
current J, by

a, T = J,, (2.12)

where o, is a vector parametrizing the direction of an infinitesimal translation. More generally, the
EMT is related to a larger class of fundamental space-time symmetries. The latter, for a non-zero

4J, can still contain a divergent contribution K, with vanishing total divergence 9, K.
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spin field theory, are described by

6a®a(r) = aududa(z) translations,  (2.13)
daba ([E) O‘/W [( 0y — xvau)aab + (S;w)ab]d)b(x) SO(d), (214)
daa(z) = (d¢ +2,0,)dq(2) dilatation, (2.15)
datda(x) = a,[(z au — 22,20, — 2dgx,,)00p — 22, (Suw ) ab) P () special conformal, (2.16)

where ¢, transforms according to a given representation of SO(d), spanned by the index a. The
matrices (Su)qp are the generators of the group in such representation.
To each of the previous symmetries corresponds a (canonical) Noether current®, given by [16]

(Tuw)e = 8(5527&) Oy pa — 0, L (2.17)
(Mu,u)\)c = [xu(TuA)c - x)\(T,UJ/)C] + (Hﬂ)b(SvA)bcd)C(x), (2.18)
(Du)c = zp(Tpu)c + d¢(Hu)b¢b(1')7 (2.19)
(K)\M)c = [21‘>\$,} - 6/\1/-772](Tu1/)c + 2xu(Hp)b[6uA6bcd¢ - (SVA)bC}(éC('r) - 20A;47 (220)

9p0ap = (11p)s[0apdbcdy — (Sap)be]c (@),
(2.21)

where iy

()a = D00 (2.22)

and (7)., ). represents the canonical EMT. Unless spin-zero fields are concerned, the canonical EMT
(2.17) is usually not symmetric under the exchange of indices. A corresponding symmetrized form
can be obtained using the fact that the EMT is always defined up to terms with vanishing four-
divergence

(T,u,u)imp = (T;Lu)c + O/_wa (223)
a,uo,uu = O, (224)

where on the Lh.s an improved EMT has been defined. When a theory with non zero spin field is
considered, the following tensor

(Ty)B = (Tyv)e + 0 Xpuvs (2.25)
(506" — (IL)(85)°6° — (IL,)*(S5,) 0] (2.20

is symmetric and defines an improved conserved current for SO(d) rotations
Myux = [ (T2 B — 22(Tyw) B)- (2.27)

Here (T),,)p is defined as the Belinfante tensor [47]. In terms of (2.27), the generators of the SO(d)
group can be easily determined

Xpuv =

[\)

Mﬂ)\ = /dd71$M0uA. (228)

Another improved version of the EMT is obtained when invariance under dilatations is studied.
Rewriting the canonical current (2.19) in terms of the Belinfante EMT, one obtains

DY =, (T")p + V*, (2.29)
Vi =105 [6°0pudy — (Spu)™] 8", (2.30)

5In literature, Noether currents are defined disregarding the infinitesimal parameters that define the symmetry
transformation.
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up to terms whose four-divergence vanishes. The term on the second line is called field virial. An
improved EMT can be defined provided the field virial can be rewritten as a total divergence

Vi = 0a0ua- (2.31)
If the above condition is verified, the improved EMT is given by the following definition
1
T = (Ty)p + §apaAXAPW, (2.32)
where 1 1
XA — § Y — 53,08 = Ox 0t 4 8,00 — gaxpawaﬁﬁ + gamapuaﬁﬁ (2.33)
and
ol = (o™ + o¥r), (2.34)
o = L(oh —o¥h). (2.35)

This new EMT is symmetric and defines improved currents both for dilatations and conformal
transformations

w=TpTpy, (2.36)
K)\H = [2‘7")\‘7’.11 - 5)\1/:[:2]Ty,1/' (237)

In section (2.4), an example of improved EMT will be given for a A¢* scalar theory. The interesting
feature of equations (2.36-2.37) is that the conservation of dilatation and conformal currents is
related to the trace of the EMT ©

Dy = Typ, (2.38)
a#K)\H = Qan#Du. (239)

When theories with local internal symmetries are considered, the Belinfante improvement is
not sufficient to define a symmetric EMT satisfying such symmetries. The same statement holds
also for the improvement related to dilatations. A conserved current with the correct symmetry
properties can be obtained by requiring invariance under a more general transformation. The latter
is a composition of a local space-time transformation and internal symmetry transformations that
leaves the action unchanged. A clear example will be given in section (2.6.2), where the EMT for
gauge theories is considered”.

When derived from the path integral, the WIs for space-time symmetries involve the Noether
currents written in terms of the canonical EMT. With some manipulation, it is always possible to
rewrite these identities in terms of the classically improved operator. For example, the Dilatation
Ward identities (DWI) take the following form [16]

5;w<T;w(x)¢a1 (w1)~~¢an ($H)>
= <THN($)¢(J«1($1)"'¢QH (xn» —dg Z5d(x - xj)<¢’a1 ('xl)"'(ban (J}n)>, (2.41)

Jj=1

6Indeed, it can be shown [16] that the condition for expressing the dilatation current as in (2.36) also guarantees
conformal invariance.

"There is also an easier way to obtain the improved energy momentum tensor. If the original QFT is coupled to
gravity, then the EMT can be found varying the action with respect the metric g, (z)

68
Sgu ()
The resulting ©,,, will be symmetric by construction and will also preserve all the internal symmetries of the theory
(like gauge invariance, for example). This happens because the variation in (2.40) acts on the geometry of the system,
leaving the internal symmetries unchanged.

Oy = (2.40)
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where the first insertion on the r.h.s. includes terms that could violate the symmetry at the classical
level. These terms are identified by having dimensionful couplings®.

From a classical point of view, a EMT with vanishing trace describes a scale invariant theory,
as can be seen from equation (2.38). At the quantum level, this is not true anymore. Even if
dimensionful couplings are absent, a scale dependence on dimensionless couplings is induced by the
renormalization of the quantum theory.

In the perturbative regime, this is quantitatively described by the so-called trace anomaly, which
directly relates the renormalized trace of the EMT to the beta functions of the quantum theory. A
simple example of trace anomaly can be found in non abelian gauge theories

B(gr)

(Tup)r = PAE (tr{FpFup})Rs (2.42)

where gr denotes the renormalized coupling of the theory. Equation (2.42) tells that the trace of
the EMT yields information about possibly existing RG fixed points. Indeed, the latter could be
identified by a theory whose renormalized EMT has vanishing trace.
Non perturbatively, the above statement does not hold, since equation (2.42) loses its validity.
However, RG fixed points could still be determined by studying the space-time symmetries of the
system. Indeed, RG fixed points denote theories which are invariant under scale transformations.
Such invariance should be mirrored in the corresponding DWI. Non perturbative studies of the
latter can be performed only if the fully renormalized EMT has been previously determined. Hence,
knowledge of the renormalized EMT is crucial to probe a fundamental property of quantum theories,
both in perturbative and non perturbative regimes.

Moreover, the renormalized EMT can also be used for other physical applications. For example,
it is fundamental for the determination of extensive quantities, like®

e pressure density
(€ — 3p>T = - <Tuu>T . (2.43)

e entropy density

3
(s)p = ( {Too)r + Z <Tii>T> /T. (2.44)

i=1

These observables enter in the equations of state of a thermodynamic system, and their numerical
determination is important, especially in non perturbative regimes.
Another physical application consists in the determination of the shear viscosity

n=m lim Im{ [z /OOO dte'? / d*z (Tio(t, ) T(0, 0)>T} } , (2.45)

which expresses the resistance of a fluid to shearing flows, where adjacent layers move parallel to
each other with different speeds. This quantity is crucial in describing the dynamic of hot, dense
matter (Quark Gluon Plasma) in heavy ion collisions.

These few examples should have made quite clear why the renormalized EMT plays a key
role in different aspects of QFT. The latter can be quantitatively determined only if a proper
renormalization procedure has been established. As it will become clear in the following, the
renormalization of this operator can be performed using the WI for space-time symmetries.

8Equation (2.41) shows that the trace operation does not commute with taking expectation values. This is because
the regularized theory is not scale invariant, even if dimensionful couplings are excluded.
9All these quantities are defined subracting the expectation value of the EMT at zero temperature.
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2.3 Renormalization of composite operators

As already mentioned, a composite operator consists of a product of elementary fields (and their
derivatives) at the same space-time point. At tree level, its insertion can be seen as a new kind of
vertex that, in principle, is not present in the action of the theory. For example, the operator ¢
can be described by the following Feynman graph

1

5(6(@)0*(0)e(y)) = /\ (2.46)
0

T y

at tree level, in coordinate space. When loop corrections are included, UV divergences arise. In
principle, these divergences are not the same that appear in the Green’s functions of elementary
fields. To make expectation values of ¢ finite, an ad hoc renormalization is needed. This is
performed looking for appropriate counterterms for the insertion of ¢2. In the perturbative regime,
this procedure can be carried out order by order in the couplings of the theory. For example, the
1-loop renormalization of $¢? for a g¢® theory in 6 dimensions [15] is given by

—€/2

3 = 1= ] 30t = B+ D0+ O (2.47)

 6473e 647m3e

where dimensional regularization (d = 6 — €) has been adopted. The renormalized operator is
represented by a sum of bare operators coupled to divergent coefficients. The first thing to note is
that the operators that enter in the definition of ¢% have dimension smaller than or equal to the
original operator ¢2. Moreover, the only operators of such dimension are those actually appearing
in (2.47). The renormalization (2.47) can also be written as a matrix equation

2(0)r Zo w2 Zym? =22, 3(6%)
on =0 0 x| ¢ | (2.48)
Uér 0 0 Zy O

where the values of Z, ;. can be read off from equation (2.47). In this case, the operators ¢, O¢
are said to mix with ¢? under renormalization, because the matrix (2.48) is not diagonal. In a more
general form, a renormalized composite operator Ag is given by

Ar =Y ZapB, (2.49)
B

the sum running over all the operators that
e have dimension dg < d4
e have the same SO(d) structure of A
e transform as A under the action of a given internal symmetry

The (possibly divergent) entries of the matrix Z4p are called the renormalization constants of the
operator Ag. In perturbation theory, these constants are determined from the renormalization of
the operator insertions, at a given order in the couplings. Non perturbatively, their determination
is achieved through the imposition of specific renormalization conditions.

The role of symmetries is crucial to constrain the operators that could mix with A and then minimize
their number. However, these symmetries are usually derived from the regularized theory; some of
these could be broken by a specific regularization, and will be restored only after the regulator has
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been removed. As a consequence, the number of mixing operators could increase in the regularized

theory. A clear example is given by the lattice regulator and space-time symmetries, as it will be

explained later. Other interesting properties of renormalized composite operators are '°

e Linearity

The above equation has to be intended inside Green’s functions.
a{ArX) 4+ b(BrX) = {(aA+ bB)rX), (2.51)
where X is a product of fields and their derivatives.

e Differentiation is distributive. Suppose A is a composite operator
n
A=]]¢i@), (2.52)
j=1

where ¢;(x) is an elementary field or one of its derivative. Then

D pp= (‘M)R, (2.53)

Oz, Oz,
where, again, the equation makes sense only inside correlation functions.

o Ward Identities. If the Noether current, as well as classical violation terms, are rewritten in
terms of their renormalized counterparts, then the renormalized WI hold

O RX) R = (ART) + (sole) ) (2.54)
q[)(x) R
where the subscript b means that transformations of the bare action are considered. The
above equation plays a fundamental role in the definition of renormalized Noether currents.
It can be used to determine the renormalization constants of J,, both in perturbative and non
perturbative regimes.

e Non renormalization of current. Under certain assumptions, it can be proved that Noether
currents do not renormalize at all.
To show this, let consider a quantum theory, whose bare action is invariant under a given
symmetry transformation. To the latter a classically conserved Noether current corresponds.
Then, two basic conditions need to be satisfied (cfr. (1)-(2)):

1. the symmetry is preserved by the regularized theory;

2. the symmetry transformation is linear in the fundamental fields.

If these two conditions are verified, then it can be proved that 9,J, is finite (cfr. section
(2.2)): however, nothing guarantees the finiteness of J,. The latter could still be defined
up to a divergent term K,, whose total derivative vanishes. The form of K, depends on the
symmetry under study and on the dimensions of the system. In the following, the case of four
space-time dimensions is considered.

10The proofs of the above properties can be found in [15].
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— Internal symmetry: in this case K, is an operator with mass dimension 3, and takes the
following form
K, = ®,[0,0, —06,,]0(x), (2.55)
with @, a dimensionless vector. The operator O(z) contains only matter fields. Since
K, has dimension 3, O(z) can only be proportional to a single scalar field

K, = a,[0,0, — 06,.]0(z), (2.56)

where ¢ is complex or real. Noether currents for internal symmetries are hermitean, and
always invariant under phase transformations, being quadratic in the matter fields. For
complex scalar fields, these properties cannot be satisfied by (2.56): for real fields, the
same statement holds if the Z» symmetry is used. Hence, J,, cannot mix with divergent
terms with zero total derivative, and the following identity holds

(Ju)r = Ju- (2.57)

— Space-time symmetry: the operator K, has the same form as in (2.55). However, it has
mass dimension 4, a fact that allows different types of fields to be included

K, = a,[0,0, —06,,]0(x), (2.58)
O(z) = ¢*(z), ¢'¢... matter fields, (2.59)
O(x) = A,A, gauge fields, (2.60)
O(z) = éc ghost fields. (2.61)

Combinations described by (2.59-2.60-2.61) provide a K, with the same properties of
the usual Noether currents of space-time symmetries, and cannot be ruled out. A clear
example will be given in section (2.4), where the renormalization of the EMT for a \¢*
theory is considered.

The term described by (2.60) and (2.61) are in principle allowed when theories with a
gauge fixing are investigated. In this case, one can still use BRST symmetry to check if
some of these contributions can be excluded.

When gauge invariant theories are considered, a gauge invariant EMT can be formu-
lated using a properly generalized symmetry transformation. In this case, the terms in
(2.59-2.60-2.61) can be ruled out and the corresponding bare Noether current does not
renormalize'!

Coming back to the EMT, it should be clear that a renormalized form of this operator can be
obtained imposing equation (2.54). Given the renormalized EMT as'?

Ty)r = Zz (1) —(T)), (2.62)

then, if the space-time symmetries are exact and not broken by the regulator, the renormaliza-
tion constants can be obtained by imposing space-time WI. For example, the WI for translation
invariance can be applied

a,uZZ T(Z ¢R ay xl) ¢R,an (51771» =

Z ¢R a1 331 U¢R,aj (.T)éd($ — xj)---(bR,an (Z‘n)> (263)

Jj=1

1 The corresponding VEV needs always to be subtracted.
12When the renormalized operator is defined, also a possible mixing with the identity has to be considered.
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In this case, one would need just a set of n TWIs, as many as the mixing operators, and could solve
the system with respect the renormalization constants Z;. It should be stressed that this procedure
can be performed only if

e The arguments of each field insertion are separated, otherwise contact terms arise. In the
latter case, one has to take care separately of the divergences related to T},,, and those related
to fields coalescing in the same point. From the point of view of equation (2.8), this means
that each operator O,(x;) has to be substituted by its renormalized counterpart, as well as
the variation 6,0, (). After this, the renormalization of the EMT can be take into account.

e The arguments of each field (or operator, if one is using (2.8)) have to be different from that
of the EMT. If this is not the case, then another kind of contact term appears. One will have
to renormalize the operator given by the product of the EMT and a collection of fields (or
operators). A possible example is represented by

O(@) = W(x)qSQ(:c). (2.64)

This is an operator of dimension dr + 2dy, defined by a different mixing with respect 7),, .
Clearly this is not the operator that one wants to renormalize.

In the following section, an example of renormalized EMT, using continuum formulation, is pro-

vided.

2.4 Renormalized EMT: a continuum example

To give an idea of how the renormalization of the EMT has been implemented, an example in
the continuum will be rapidly shown. The theoretical framework is a A¢* theory in 4 space-time
dimensions. For this theory, the renormalization of the EMT has been addressed by Coleman,
Callan and Jackiw [17]. They provided an improved version of the energy momentum tensor that
does not need any kind of renormalization, beside the ones coming from the underlying theory. The
Lagrangian density of the theory is

1 m2 /\0
L= iamam + 7%2 + I¢4' (2.65)
The improved operator is given by
1
Ou = (Tyw)e — g(aﬂau —gw)¢?, O, =0,,, (2.66)
where (T),,). is the canonical EMT, given by equation (2.17). The first thing to note is that the

extra term on the L.h.s of (2.66) does not violate the conservation of the current. The second detail
to appreciate, is that the dilatation current can be written elegantly as

Dy =7,0,,. (2.67)

This is a consequence of a general result: the canonical dilatation current is

(D;L)c = :CL/(T’/LV)C + V[La (268)

Vi =1(z)o(x), (2.69)
oL

= 5557 (2.70)
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The term V), is called the field virial. The reason behind this nomenclature is that V,, consists of
the product between the field momentum 1I,, and the field ¢, a structure analogous to the virial
in non-relativistic Lagrangian theory'3. It can be easily proved that the vanishing of the trace of
(Tyw)e does not ensure scale invariance

Dy = (Tup)e + 0V, (2.71)
however, if the field virial is a total divergence
Vi = O¢oep, (2.72)

further simplifications can be obtained. The following substitution has to be adopted

1
O = (T)e + 58[,8AX’\F’“’, (2.73)
where 1 1
XAnv — Oap0't" — Oauot — S0 + 5wgip - §5Ap5uuaiﬁ + gfsku‘spvaiﬁ (2.74)
and
ot = (o™ + ovr), (2.75)
ot = %(o‘“’ — g¥H). (2.76)
Substituting for (7, )., one finds
1
D, =2,0,, — §8p3>\(X’\p“”x,,) + dgo*’. (2.77)

Since the last two terms have zero divergence, they can be dropped, allowing to recover equation
(2.67). What is really interesting is that the condition (2.72) is also the one that allows the theory to
be conformal invariant [16]. In their work, Coleman, Callan and Jackiw proved that the space-time
WI are fully satisfied (i.e. free from any divergence) only if the renormalized EMT is represented
by ©,,,. This means that the canonical EMT, (T, )., which is derived from a variation of the basic
action, does not suffice to make all the possible insertions finite when the cut-off is removed. This
is exactly one of the cases that has been presented in (2.59).'* They proved the finiteness of O,
using a combination of translation and dilatation Ward Identities:

au<@/w(x)¢a1(xl)m¢an (xn» = - Z(sd(x - xj)<¢a1 (x1)~--8u¢aj (xj)~-~¢an (mn»a (278)

j=1

5,uu <®;w(x)¢a1 (xl)mqsan (xn)>

= <®uu($)¢a1 (21)--@a, (Tn)) — Zéd@ - mj)<¢a1(xl>---¢an (zn)), (2.79)

Jj=1

In momentum space, these identities take the following form

kHFEZL) (k;plv 7pn) = - Z(pl + k)UG(n) (pl + kap2a "'apn)a (280)
P
5#11]-—‘5;711/) (k;ph 7pn) = F(n) (k;plv 7pn) - ZG(n) (pl + kap2a "'apn)a (281)
P

13When non-zero spin fields are included, the field virial acquires also a contributions from the Lorentz generators,as
can be seen in egs (2.18-2.19-2.20).

148aid in another way, the canonical EMT can only renormalize the translation WI, but not the identities related
to dilatation invariance.
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where FEZL) is the insertion of the EMT, T the insertion of its trace and G(™ is the n-point

correlation function. The sum in the above equations is on the ciclic permutations of the indices 1
to n. Another equation that has been used is the following corollary

I((0;0,...,0) = —(n — 1)8,,G™ (0, ...,0),, (2.82)

which can be obtained deriving (2.80) with respect k, and then setting all momenta to zero. Using
the BPH approach [48], the authors started from the analysis of the trace term whose form is, using
the equation of motion

O = m2e2. (2.83)

One of the advantages of using the operator ©,,, is that the violation of scale invariance is charac-
terized by a single operator, which is close under renormalization'®, i.e.

(©uu)r = ZoOpup- (2.84)
The renormalization constant can be fixed imposing
' (0;0,0) = Z, (2.85)
however, from equations (2.81-2.82) follows
' (0;0,0) = —2G@(0,0). (2.86)

Since G(?(0,0) is finite, then also c is. This means that all the insertions of ©,,, are finite. For the
non-diagonal components, the operator mixing is defined by

{5;w¢2; 5uua)\¢a)\¢7 6#V¢D¢7 aﬂ¢au¢» ¢aua,u¢a 5uu¢4} (287)

which represents a closed set under renormalization. The bare operator ©,,, is just a linear combi-
nation of these operators. Therefore, a proper counterterm for it could be given by

6
(Ow)or =Y _ 2,00, (2.88)
i=1
According to the BPH procedure, the Z; can be chosen in order to cancel the first relevant terms'®
in the Taylor expansion of divergent diagrams about the point zero (which is identified by zero
external momenta). This means that the coefficients Z; could be, in principle, divergent. The
renormalized operator could then be given by

6 6
(Ou)r =0 +Y_ 2,00 =>"Z;08) (2.89)

i=1 =1

To show the finitess of ©,,, the key point is to prove that the coefficients Z; are finite. The

counterterms can be chosen such that the two and four point insertions obey

L@ (k; p1,p2) = 60 (Z1 + Zod? + Zsk?) + Za(kuky — 8, k) + Z5dyuqy + . (2.90)
I((0;0,0,0,0) = Zsbu, (2.91)

with triple dots indicating higher terms and ¢ = p; — p2. Equation (2.80) tells that kurff,‘) is finite,
since the r.h.s. does not diverge when everything is written in terms of renormalized fields. As a
consequence, one has that

(Zy+ Zoq® + ZskP)ky + Zs(qk)au,  Zoky, (2.92)

15Disconnected contributions can be avoided defining ©,, = ©,, — (0,,).
16The number of these terms is given by the superficial degree of divergence of the diagram
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have to be finite. Working on the coefficients multiplying k, and g,,, it is possible to show that all
the Z’s are finite, with the exception of Z4. Since the trace is finite, then the dilatation identities
can be used to write

U2y + Zoq® + Z3k?) — 3Z4k* + Zsq? (2.93)

The finiteness of 5WFLTL) automatically implies the finiteness of Z,. Hence, no counterterms are
really needed to renormalize ©,,. The bare operator is already the renormalized one. As a consis-
tency check, Coleman, Callan and Jackiw probed the space-time WI at 1-loop level, finding that
the above result is correct.

2.5 Renormalized EMT: lattice regularization

When a lattice regulator is adopted, the renormalization procedure becomes more cumbersome.
The main problem is that fundamental space-time symmetries are broken at finite lattice spacing!”.
Starting from the simplest symmetry, i.e. translations, one finds
. 58 . .
8 jvna’L’U‘3 — _%aygh + Xy, (294)

wtpv

where

e 1707 is the naive discretization of the classical energy momentum tensor'®.
e X, is a dimension 5 operator that vanishes in the continuum limit, when translational invari-
ance is restored.

At the quantum level, the corresponding TWI becomes

(OpTy + X)) ()P, (1) Pa,, (20)) = = Y (Day (1) (02,0 P, (25)).. P, (), (2.95)

J=1

Here the representation in terms of a generic, renormalized operator @a(x)w has been preferred,
the reason to become clear in the next chapter. In the above representation, the operator 51;,,,
produces (discretized) local translations on fields or composite probes. For the latter, the action of
Swyy can be syntetized by the following formula

0%, (2;) Soudn(2), (2.96)

Gl (o)) = o' 3 2=

where Sw,ngb(z) is the discretized form of a local translation applied to elementary lattice fields.
For the theories considered in this work, it will be described by the following equations

bpp(z) = (5z,zi§#¢(z) scalar field, (2.97)

0w U(2) = 02 F,Uu(2) gauge field. (2.98)

The set of transformations described by (2.97-2.98) represents one of the possible discretized forms
that can be employed on the lattice. In principle, any formulation of 0, , ¢y (2) which converges to
the correct transformation in the continuum can be adopted. This is not a trivial fact, since the

17Said in another way, the Leibniz rule does not hold.
18From now on, lattice operators will be denoted with a"symbol.

19The subscript g for renormalized operators é’a(x)R is omitted to lighten the formulation.
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renormalization of &w,fi)aj (x;) depends both on the choice of the composite probe <i>aj (x;) and the
specific form of 0, , ¢(z) adopted on the lattice.

The operator X, that appears in equation (2.94) vanishes at tree level when a — 0. However,
radiative corrections can make its insertion to produce finite and divergent contributions to the WI.
These contributions need to be subtracted if one wants to recover the correct WI in the continuum.
This implies that the naively discretized EMT will not suffice to render the WI finite when the
regulator is removed. To remove divergences (and finite contributions) generated by the lattice
regularization, a properly renormalized form of T;w has to be determined. For the latter, a mixing
with operators with mass dimension < 4 has to be considered. Their classification is accomplished by
taking into account the internal symmetries of the action and the remnants of Poincaré invariance,
i.e. hyper-cubic symmetry. It comes out that the possible mixing takes the form

X, ~9,0,,, (2.99)
the approximate identity to be understood inside Green’s functions. Then a renormalized energy
momentum tensor could be devised imposing

(T,LLV)R = T:;zi'ue - Ouu = Z ZZT(Z) (2100)

and the lattice WI can be written as

(10,(Ty)r + Ry (@) ®a, (1) R0, (20)) = = Y (P, (1) (02 0P, ()., (), (2.101)

Jj=1

where the quantity R, is a finite operator whose insertion vanishes in the continuum limit. The
above equation does still not represent the correct form of renormalized lattice WI. Renormalizations
coming from the term
(51’,}1)%. (a?j), (2.102)
have also to be taken into account. The operator mixing that defines the renormalized version of
0z, Pa; (z;) depends on:
e the specific lattice formulation of 5957,,&)@ (x5);

J

e the choice of composite probe ‘i)aj (x;).
Once these two conditions have been specified, the renormalized form of &W@% (x;) can be written
as a sum of bare lattice operators coupled to specific renormalization constants2. Collecting all the
pieces together, one can write down a proper lattice WI, which converges to the expected continuum
form, when a — 0

n

<[Z Z:0u T + R (2)®a, (21).. P, (2n)) = = Y (P, (€1)--(00.0Pa, (7)) - Pa,, (2)). (2.103)

j=1

It is important to clearly explain what does it mean to recover the correct continuum limit. The
renormalization constants of (7},,)g and (&,yi)aj (zj))r can be expressed in terms of the bare
couplings of the theory, the lattice spacing and logarithms of dimensionless combinations like (amg)?
or similar. These constants encode all the subtractions needed to render equation (2.103) finite and

20 At finite lattice spacing, these operators will be non vanishing only in a small region of the spacetime, defined
by a radius § = |z — zj|.
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lattice independent in the a — 0 limit. As a consequence, when correlation functions are written
in terms of the renormalized parameters and fields of the theory

<[Z Ciaﬂf;@ + RV}(‘Q:)@(II (71)...@q, (Tn)) — <aﬂ(THV)R(:E)(I)a1(xl)"'q)an (7)) + O(a),
=1

a—0

Z;@al (@1)-- (000 a, (27)) e Ba, (@) = Z;@»M(xl)...(am,ycpaj (2;))--Pa, (z0)) + O(a).

So, continuum TWI are recovered up to lattice artefacts that vanish, at least, with a?'. This is
the result of the so-called Symanzik improvement program [43] and plays an important role both
in perturbative and non perturbative lattice field theory. Taking a look at the previous chapter, it
exactly corresponds to what has been shown in section (1.4) for the renormalized vertex functions
of A\¢* theory.

Even if only the case of translations has been treated, the renormalization procedure can be
straightforwardly extended to the case of SO(d) rotations and dilatations. In the following, an
application of the method in perturbation theory is provided.

2.6 Lattice Perturbative EMT

The perturbative renormalization of the lattice EMT has been pioneered by S. Caracciolo, G. Curci,
P. Menotti and A. Pelissetto, who studied the problem for different kind of theories and defined a
method for a systematic renormalization of this operator??. In the following, two examples will be
given. The first will be the, now well known, lattice A¢* theory [19] , while the second one is the
case of lattice gauge theory [20, 49, 50].

2.6.1 Scalar lattice EMT

Scalar field theory represents the best laboratory for studying the restoration of space-time sym-
metries broken by the lattice. In this case, the attention was focused on the recover of translational
invariance, studying the TWI. In the continuum, these identities are satisfied by the canonical EMT

A
Ty (@) = 0u(2)0u0(r) — B | 50,006 + L () + 06 ()| (2.104)

The interest, in this case, was to determine a lattice-renormalized EMT, at one loop, satisfying the
Ward identity up to O(a).

To perform this task, a specific strategy, based on the local effective lagrangian, has been
adopted.
Given the A\¢? lattice action (1.82), and the corresponding generating functional (1.75), lattice
correlation functions can be computed in weak coupling perturbation theory. At small lattice
spacing, they admit the following expansion

G" (P1; .-y Pni Ao, g, @) = ZZaj(log a)kKJ(-Z) (P15 +er Py Ao, Mo0)- (2.105)
§=0 k=0

The same expansion can be obtained in terms of a local effective Lagrangian [51] defined in the

continuum, at scale 1/a

oo
LN = Loont + Y 'L, (2.106)
j=1

21This is a general result that could be modified according to the theory under study. For example, the TWT in
Yang Mills theory are supposed to converge O(a?) for symmetry reasons.
22 Actually, they devised the renormalization procedure presented in the previous section.
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Each term in the equation above contain continuum operators coupled to a specific low energy
constant. The value of the latter can be fixed by double expanding lattice correlation functions
with respect a and Ay and requiring the following identity

Gn(plv"'vpn;)\(]vm07 ) Gn( P1, 7p’n7)‘07m07 )eff

o0 o0
=33 @ (loga) K\ (p1, -wey P Mo, 7in0). (2.107)
=0 k=0

to be valid up to a given order in @ and A\yg. On the r.h.s, continuum correlation functions are
computed using dimensional regularization, the value of the arbitrary scale p having been fixed to
1/a.

Hence, the identity (2.107) defines a mapping between two different regularizations, one that violates
translational invariance and one that preserves it.

In this case, only the leading order terms in the expansion in a have been considered, disregarding
contributions which vanish as @ — 0. As a consequence, the identity (2.107) becomes

(N)

Gl((]z\iz (pla <y Dns )‘07 a, m()) ~ Gcontinuum(pl’ <oy Pny )‘0, mO)l/a (2108)
where Ggon)tmuum(pl, vy Py A0, M0)1/q i computed using the continuum Lagrangian Leon:. The
latter is given by

1 1 A
Leont % 5 Zg0u$0ud + 5mi Znd® + 33 2y 0", (2.109)

where the factors Z;(\g) are finite renormalizations that link the two different regularizations, and
have been determined at one loop [19].

With this identification, at one loop order in perturbation theory and at leading order in the
expansion in a, the lattice EMT is given by

1e)] = ZyN[0,60,¢] — 8,,N|L], (2.110)

where the operation N|[] represents the renormalization procedure in a continuum scheme. Then,
the whole procedure is reduced to define a lattice form of 7},, such that??
Ty ~ Te1T. (2.111)

%

At tree level, a possible lattice discretization of (2.104) is given by
rnaive 1 1 2 2\ 12 /\0 4
T, () = 04 gP0ug® — Oy §8p5q58psqb + i(m +0m®)p® + E(ﬁ . (2.112)

where dm? is an additive renormalization of the form a=2f()\). The value of this term can be read
off from the set of equations (1.110), in section (1.4)

A

2 R

om* = ——QCLQCO,
Co = 0.15493...

and can be determined requiring the self energy to vanish at zero mass and momentum. This
kind of renormalization is motivated by the possibility to relate m? to a physical correlation length
&, such that the £ — oo limit represents a massless theory. The operator 0,4 represents the
symmetric derivative, as described in section (1.3). This choice allows to preserve the hermiticity
of the tensor, and ensure O(a?) corrections to physical quantities in the continuum limit. When

23The approximate equality has to be intended inside correlation functions.
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radiative corrections are included, the tree-level operator T;jl?i”e does not suffice to absorb all the
divergencies, and it has to be modified with a proper operator mixing. Following the strategy
explained in the previous section, one has

Ty = T787¢ — Oy = TS (2.113)
where
A b b
O (2) = b10,1580050 + Sy | 5 Op 500,56 + 5?%;52 + 118+ S 0000 - (2.114)

In this way, all the b’s are at least O(\g). Note that the last term on the r.h.s of the equation is not
SO(4) covariant, since the index p is not summed. This is a simple example of how breaking the
SO(4) symmetry induces new contributions in the mixing which are not expected in the continuum.
The renormalization of T}, is now established imposing the WI for translations. The structure of
T, suggests that the restoration of continuum WI has to be checked just for two and four-point
functions. The renormalization constants have been determined imposing the WI for 1PI (fully
propagator amputated) vertex functions at zero momenta: for the four vertex function one gets
rraive(0;0,0,0,0) — 04)(0;0,0,0,0) = —46,,I'4(0,0,0,0), (2.115)

ng

the insertion on the r.h.s being the four-vertex function of the theory. The above equation serves
to fix the value of the constant bs: the relevant diagrams for the insertion of T"“”’P

naive(4 _
I7ee9(0,0,0,0) = >< <:§ ><><

4 7T 72 2
o *5,w 43N d=l 2l#l,, - 5W(l +m ) 4 5#1, 7
(27T)4 (l2+m2)3 (l2+m2)2

and exhibit just a logarithmic divergence?*. The value of b, is set to

1
(4m)?
Zoooo = 4.369... (2.118)

3
by = 5)% (272 Zoooo — 1) (2.117)

The same procedure is done for the two-point function. In this case, the contributing diagrams

l
e
Lppe(0,0) = /\ + * -@
l

_ 3 d4l Aa2ZZ N AZLZ?
0T (2m)4 16(12 +m2)2 (12 +m2)? ’

24In this case 1
I, = —sinlya, I, ==sin-£= (2.116)
a a
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are quadratically divergent, then two subtractions would need to be done, in the spirit of the BPH
approach. Since the renormalization is carried out at zero external momentum, no dependence on
external momenta is generated, so the constants by 2 5 will be determined only at two loop level®®.
This leaves only b3 to be determined. The final result for 7},, is given by the following equation.

. 1 A
TM,,(J?) = 6u5¢6us¢ — (5wj {26p5¢8p5q5 + |:m2 (1 + 2(4;)2 (271'220000 — 1))

Ao ]¢2

C 16a2| 2

+ {1 + 2(?;7?)2(%220000 - 1)} % 4} (2.119)
An analogous calculation has been carried out using the continuum effective theory at scale 1/a.
The renormalized operators defined in (2.110) have been transcripted in terms of lattice operators
imposing the equality O(a) of the Green functions computed in the two different regularization
schemes. Then the transcription has been applied to equation (2.110). The result obtained is the
same as equation (2.119), showing that the Tw is the correctly renormalized operator on the lattice.
As a proof of consistency, the authors investigated the form of the trace identities, showing that
the trace of (2.119) exhibit the correctly expected anomaly.

2.6.2 Gauge lattice EMT

The lattice gauge theory presents some additional difficulties arising from the necessity of defining
an EMT that could be symmetric and gauge invariant. The canonical EMT, defined from the
variation of the action under canonical translations of the field, is neither symmetric nor gauge
invariant. In pure Yang-Mills theory, a tensor that satisfies such symmetries can be obtained from
the following transformation

A, = ay(x)Fyy, (2.120)

which is simply the composition of a (local) canonical translation and a gauge transformation
parametrized with the gauge field [52]. Equation (2.120) can be also generalized to gauge invariant
theories that comprise matter fields.

A more general method consists in defining the theory on a curved manifold and varying the
action with respect the metric, holding the other fields fixed?6. A simple example can be given by
considering a pure gauge theory. Disregarding the gauge fixing term for a moment, the action on a
curved manifold is described by

1
S = / d4x\/—g§tr{FATFW;}gMgT‘s, (2.125)

25The tree-level contributions of the counterterms coupled to b1,2,5 are polynomial in the external momenta. If
the latters are set to zero, then these counterterms can contribute only at two-loop order. From the BPH point of
view, this means that only the zeroth order in the Taylor expansion of the loop integral has to be subtracted.

26There is an easy way to understand this. On a curved manifold, the action is invariant under local coordinate
transformations. These transformations induce local deformations both of the metric tensor, as well as of the other
fields. For the latter, a generic local diffeomorphism can be described by

dp=—£"0u9, spin zero, (2.121)
8A, = —EY0L A, — 0uEY Ay spin one, (2.122)
(2.123)

For a constant vector &, the set of transformations (2.121-2.122), reduces to a global infinitesimal translation, whose
generator is exactly the EMT of the theory. This result can be used to trade variations with respect the fields, from
which the EMT is usually derived, with variations with respect the metric.

08 "L 5S
— Oguv = 0B; 2.124
69;“/ In ; 6Bz ! ( )
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The variation of the action with respect the metric brings

59/_w = \/7 t-/I‘{F‘/\T 75}( 6353976 - guug)\’ygﬂSL (2126)

from which one infers (g,, — d,.)

1 65 Ouw
Ty = ﬁég“" =2tr | F, Fr — TF,\TF,\T . (2.127)
The above EMT is clearly gauge invariant and symmetric, and its trace is zero, as it would be
classically expected from a theory with massless particles?”

When matter fields are included, a similar approach can be followed. In this case the action on the
manifold is given by

/ d*zy/=g {w <DA+ ;0“1’ “b)w+mww+ —tr{Fa Fys}g™ g™

+?§tr{VpAPVMA”}—i—g“”auéDyc . (2.128)

where also gauge fixing terms have been included. The operator D, is the covariant derivative for
gauge transformations

D, =0, +1ig90A, fundamental,
D, =0, +igo[Au] adjoint,

for fundamental and adjoint representation. V, represents the covariant derivative in the metric
g“’

VW Vi =0V + TV =TV (2.129)

where I';\ is the Christoffel symbol and 0% is the y-matrix commutator divided by four. The
vierbein field e}, are related to the metric by the following relations

a_a __
€,6y = Guus

e =+/—g = det(e})
They represent a coordinate transformation on the tangent space that diagonalyze the scalar product
Ty = Gy’ = Sap(egat)(haT). (2.130)
On the other hand, the spin connection w,’ b is given by

wuab = eV‘lF"We"b +e,0,e"" = eVaF"aNe”b — " e,p (2.131)
and is necessary to construct a generally covariant Dirac equation.
To derive the EMT, the following quantity has to be defined?®
08

oy = —le‘j—a. (2.132)
e 5%

27This method can be adopted also when theories with gauge fixing are studied: in this case, clearly, the corre-
sponding EMT will no be gauge invariant.
28Variations with respect the metric are here traded with variations with respect the vierbein field.
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Then, the invariance of the action under the following reparametrization

0B = 7§V6VB5 B = {Cv 57 1/}5 /l/;}? (2133)
0A, =—-£"0,A, — 0,8 A, (2.134)
dey, = —§"0yey, — 0,87 ey, (2.135)
is employed to write
, OHr — OrH 5S 08 65
ul/ o _ v 1/—7 M oav v
eO! eepen’” 5 3 +0 + ¢3 77!1—1-81/1#}}
AV 68 08
V- — AY 2.1
+ (\ﬁ(SA ) WA, (21%9)
Further simplifications can be obtained exploiting the invariance under internal local SO(4) rota-
tions
dels = eqpel, (2.137)
1
5tp = §aabeabz/}, (2.138)
51 = —1peqpel, (2.139)
from which it can be shown that
— ,,08 68
mp _ P = ot 22 _ S shpy, 2.140
(0" = ) = gt 32 = Sty (2140)

Defining the energy momentum tensor as
1
T = 5(@‘“’ +OvH) (2.141)

and using equation (2.140), one finally finds

v 1 0S ., , 0S8 S .. § , 08
T;‘Z_—\/jg{ d"c+0"c +w8w+8ww+A#M}
AV 58 1 L0S 8S .
*“QﬁM> [Wg@“w WM@L

egey, L 05 oS,
v (w i w) (212

On a flat manifold, the above equation reduces to

vo__ &y I/—§ 5Su v
OuT" = (508 o ) (w‘”*”w)

S , 68 1, L8865
s o (e )] o8 o).

The r.h.s of the equation is proportional to the equation of motion, and tells that the symmetrized
TH is conserved at the classical level. Using the explicit formula for the EMT, one finds

Ty =Th, + T}, + TS5 + T, (2.144)
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where (sum over color indices is intended)

T, = i(%uﬁuw + 97, D 1)) — 6uu(%%p<ﬁpw + mapip), (2.145)
1), =FuFor — (Sf‘T”FATFM, (2.146)
T9S = % {_(Aﬂay + A,0,)00Ax + G %apA,JaAAA + A,\a,\apAp} } : (2.147)
Tghost = 9,eDyc + 0,eDyc — 0,028 e (2.148)

The operator described by (2.144) is symmetric, gauge invariant, but only the first two terms are

BRS invariant. However, one can writes the sum Tl%f T+ Tﬁf"“ as a BRS variation of an operator
Qu

Tgyf + Tghost _ 5BRSQ/LV;

nv

1
QM'/ = AM&,E + Auaué — 5#” §6AAAE + Ay0\¢

so that

A
£
where A is the parameter related to the BRS transformation. Since the above equation is propor-
tional to the ghosts’ equation of motion, then the EMT in (2.144) is BRS invariant modulo the
equation of motion of the ghost fields 2. This tensor is already finite [18], i.e. its insertions in the
WI do not generate further divergences beside the ones of the elementary theory 3°.

0Brs(0BRS ) = =[(AvOu + AL0,)0,Dpc — 6,,0,(A,0,D )], (2.149)

On the lattice, the naively discretized version of (2.144) does not allow to recover the right
WTI in the continuum, and a proper renormalization procedure is needed. Starting from the naive
operator, the authors chose a discretization that could preserve

e hyper-cubic symmetry;
e locality;
e hermiticity;
e BRS invariance modulo equation of motions.
The different terms contributing to this operator, which will be defined as Tﬁ;“ from now on, are

e Gluonic term (sum over colors is intended)

Pytree 0 v
T = FupFup = fZFApFAm (2.150)
p pA

where the Clover definition of the operator F, has been adopted

Fi () = g tr{[P (s 1, v) + P =i, ~0) + Plas v, —p) + P —v, )
= P(x;v,p) = P(x;—v, —p) — Pz p, —v) — Py —p, v)|T*}. (2.151)

291t has to be stressed that such a tensor cannot be obtained just through the Belinfante symmetrization procedure.
30The authors verified this property for the simplest case of continuum QED at 1-loop level [20].
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Here P(x;p,v) is the Plaquette operator defined in terms of the gauge links U, (z)

Uu(l') _ 6iagTCA;(z)
5ab

tr{TT"} = R

P(w; 1,v) = Up(@)Uy (@ + ab)Ul(z + )V} ().

)

e Fermionic term

e = 8%1/3(90)%[%(%)1/}(% +av) = Ul(2)y(x — ap)] (2.152)
+ [+ a0)U (2) — Bz — ad) U @)y (@) (2.153)

+ gV @)(o + o) = U)o — o) (2.154)

2o B+ AU, (@) — Bl — UL @) @) (2.155)
~Ow " (2.156)

where £F is the Wilson Lagrangian for fermion fields on the lattice.

e Gauge fixing and ghost terms, given as a BRS variation of

1
Q= 5005 Auuso(@) + Oy AuDygel(®) = 8 Y [ TOrstrp AN@)e@)] . (2157)
A

In this theory, the renormalized lattice EMT mixes with 7 operators

TV = [07.Dtp — Dty + (n < v)] (2.158)

T2 =6, (£5), (2.159)

T = 6,00, (2.160)

T = S (vyuDutd — Dty , (2.161)

. S

T = | Do FuoFvn =5 D FanFa | (2.162)

4 PA I

T;Sg) = 5;“/ Z F)\pFAp ; (2163)

pA I

7D =5, (z FF) , 21600
P L

the subscript L meaning the proper discretization of the operator inside brackets. As in the previous
section, it is important to stress the presence of terms

T;Si) = 6;w ('LEVMD;”? - Duz/;'}/u)L s

TIELZ) = JMV (Z ELpF}Lp> bl
P

L

that are manifestly SO(4) non-covariant in the continuum limit. The renormalized EMT has been
determined at 1-loop level for the QED case [20] and the QCD case [49, 50] imposing the translation
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WI for two-photon and two-fermion Green’s functions. As an example, here are reported the relevant
diagrams for the latter

(L (0)% (p)(—p))""" =

AAAAA
AL

The gauge dependence of Tw and its renormalization constants has been studied in detail for
the QED case, with the possibility to extend the results to QCD. The outcome is that all the
dependence on the R¢ parameter is confined on the 1/¢ factor multiplying the gauge-fixing term
and in the renormalization constant coupled to T,(“Q,) As in the scalar case, a consistency check
for the trace anomaly has been carried out. Moreover, the authors provided a method for a non
perturbative determination of the renormalization constants has been proposed. This will be the
subject of the next section.

2.7 Lattice non perturbative EMT

In principle, a strategy for a non perturbative determination of the lattice EMT can be devised
using the WI. Starting from the form of 7}, described by (2.158), the renormalization constants
coupled to each T,(“l,) could be determined using the TWI

O 0uT (0)Ar (21). A () =0 @i #0. (2.165)

Here, the /A\Z(xl) are gauge invariant, renormalized, composite operators. Since no gauge fixing is
required in non perturbative studies, the gauge fixing and ghost term will not contribute to the
above expectation values. For the same reason, the contribution from the operator Tﬁ) vanishes,
since no dependence on a gauge fixing parameter £ can be generated.

With this setup, the renormalization of the operator 3x,p[\j (x;) cannot be determined, since the
EMT and the probe do not coalesce on the same point. Hence, six renormalization constants have

to be determined.



It should be noted that TWI for non coalescing operators provide the renormalized T uv up to
an overall multiplicative factor. The latter has to be determined using another renormalization
condition.

The numerical strategy can be described in few steps: starting from the renormalized lattice EMT

7
(TuV)R = Z ZZT;S’97 (2166)
1£2

a first simplification is done fixing the renormalization of Tﬁ) to 1

7

(THU)R = Zl Z Zz AIEZ;/)» (2167)
i#2

Zy=1, (2.168)

Z3 4567 = 234567/ %1 (2.169)

Then, the lattice TWI can be used to determine the five coefficients Z3 4 56.7. One just needs a set
of five, gauge invariant probes such that the matrix

AT =3O T0)AD (2)), @ #0, i={3,456T} ;j=1,.,5 (2.170)
o

is not degenerate. For the following set of probes

AW = (a)p(x), (2.171)

A® — J(@)u U, (@)a + ab) = Ul (@bl — ap)] (2172)

+ [z + an)U, (2) — d(a — an)Uf (@) (x), (2.173)

AB) = g [ ¢($)%T“F§a($)¢($)] ) (2.174)
o L

AW = <Z pr(x)pr(x)> , (2.175)

AG) = (Z pr(g;)Fy,,(x)> : (2.176)

it has been proved [20] that the matrix A has a non vanishing determinant, and thus allow to
determine Z3 4 5 6,7. The remaining renormalization Z; can be determined equating the expectation
value of

H = / d32Too(%,0) (2.177)

on a state of known mass.

The strategy presented seems apparently a good one for determining the fully renormalized
EMT?3!. A set of field configurations can be numerically generated with a Monte Carlo algorithm,
and then expectation values defining the matrix A can be obtained averaging over these configu-
rations. However, it is at the numerical level that the strategy shows its drawbacks. Indeed, the
system defined by (2.170) can be solved only keeping the probe AJ and the operator Tuu at physi-
cally separated points, otherwise contact terms arises. The matrix elements of A can be represented
by correlators depending on the distance @ = |z — xa|. The signal arising from these euclidean

31Tt should be stressed that the renormalization of the TWI requires also the Zs factor.
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correlators decrease rapidly as the distance x increases. So there is a serious probability that the
signal-to-noise ratio could be not big enough to numerically solve (2.170).

What is needed is a strategy in which probe and the EMT could coalesce without generating di-
vergences. Clearly, composite operators built from elementary fields do not represent the right
candidate for devising such a strategy. In the next chapter, a powerful mathematical tool, called
gradient flow, will be introduced, with which well behaving probes can be created. The latter will
forbid the appearance of contact terms, even when they coalesce with the EMT, proving to be the
right candidates to numerically solve translation WI.
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Chapter 3

Energy momentum tensor and
Gradient flow

3.1 Introduction

The present and the following chapters represent the core of this work. In section (3.2), a detailed
description of the Gradient Flow (or Wilson Flow in lattice theory) is provided. The description
follows the lines of the paper written by Liischer and Weisz [23], where dimensional regularization
has been adopted. Then, in section (3.3), the gradient flow is used to define a new strategy for
renormalizing the EMT. The strategy consists in probing WI for space-time symmetries using
operators evolved along the flow. As will become clear in the following, the main advantage of this
specific method is the total absence of contact terms.

3.2 Gradient flow in Yang Mills theory

The fundamental properties of the Gradient Flow are here explained. The attention is focused on
the perturbative study of correlation functions made with flowed fields, the meaning of this definition
to become clear later. The outcome of the perturbative analysis is that composite operators built
along the flow do not need to be renormalized.

3.2.1 Gradient Flow prescription

In this subsection, the gradient flow is presented as an evolution equation for gauge fields over a
new temporal extensions. The evolution can be graphically represented in terms of directed tree
diagrams.

The starting point is a generic SU(N) Yang Mills theory, with a gauge field A, (z) normalized
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so that its action takes the form *

1
S=—— [ d°xtr{F,,(z)F.(2)}, (3.4)
295
Fu = 0,A, —0,A, +[Au, Al (3.5)

The Gradient flow is then described by the following differential equation [23]

6tBu = DI/GV,U,’ Bu|t=0 = A/u (36)
Guu :FMV‘A‘L:B“7 DV:aV+[BU7-~-]7

where the fictitious parameter ¢ will be referred to as the flow time. The form of the equation (3.6)
resembles that of the Langevin equation for gauge theories [53]

atA;L = DDFV/,L + n#(tv l’), (38)
(nu(t, z)) =0,
(tr{nu(t, 2)m(5,9)}) = 26,87 (x — y)d(t — s), (3.10)

In this case, correlation functions of the field A, can be averaged over the stochastic field 7, and,
when t — oo, they coincide with those of the Euclidean field theory described by the Yang Mills
action. This is the main result of the so-called stochastic quantization process. Equation (3.6)
differs from the Langevin equation for two points

1. The stochastic term is absent.

2. The initial distribution of the gauge field is not ignored, as usually happens when (3.8) is
solved.

Nonetheless, perturbative properties, like the renormalization of the field B,, can be studied follow-
ing the same approach applied to the case of the Langevin equation. The renormalization of the
latter has been thoroughly studied by Zinn-Justin and Zwanziger [54]. The first important result
coming from their analysis is that some technicalities can be avoided if a gauge damping term is

'In this formulation, the generators of the Lie algebra su(N) of SU(N) are identified with antihermitean, traceless
N x N matrices. Their normalization is fixed by

ab
tr{T°T?} = f%, (3.1)

The algebra is closed under the following commutation relations
[T, T = fobere, (3.2)

and any element Y of su(N) is given by
Y = vere, (3.3)
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added?.

0B, =D,G,, +ayD,0,B,, (3.14)
Bli=0 = A (3.15)

This procedure does not affect the evolution of gauge-invariant observables. Indeed, equation (3.14)
and (3.6) can be connected by a (time-dependent) gauge transformation

B, = A(Bp|a=o)A™ + AJ, AT, (3.16)

A(t,z) = —agd, BuA(t,z), Al = 1. (3.17)

Any gauge-invariant observable, built with the field B,,, does not change under (3.16), hence it does
not depend on «g. This means that the perturbative study of the flow equation can be done using
(3.14) without affecting gauge-invariant correlation functions.

Flow equation: analytic solution

The solution of equation (3.14) is obtained separating the linear part in the gauge field from the
non-linear one.

Bu = 'Q;UJBV + R;u (318)
€ =06, + (ap — 18,0, (3.19)
R, =2[B,,0,B,] — [By,,0,B,] + (ao — 1)[B,, 0, B,] + By, [By, B.]). (3.20)

The linear part of the flow equation can be solved using the following heat kernel?
ipz I eipz 2 —tp? —aptp?
Kt(z);w = e Kt(p) = pT [(5,uvp _p,upu)e + pupve } . (3'22)
P P

Taking into account the boundary condition in (3.14), the solution can be represented by the
following integral form

Bt = [ty [Kie =)+ [ dskiso—pukilon] . G2

It should be noted the retarded character of the above equation. The solution allows an expansion
in terms of the fundamental gauge field, obtained by recursively inserting the equation on the right

?Basically, the free gluon propagator, obtained from the solution of (3.8), takes the following form
A(k) = [(Suv — kpku /K?) + t(kuky)] /K2 (3.11)

The longitudinal part of A(k) is of order k® and gives a contribution that is not renormalizable by naive power
counting. The term coupled to ap in (3.14) is meant to suppress such longitudinal part. A similar problem arises
when the renormalizability of the Standard Model in unitary gauge is concerned [55]. In this case, the gauge
propagator

A(K) = (B + kpku /M2) ) (k2 + M?). (3.12)
scales like M2 at high momenta and power counting cannot be used to study the divergence of diagrams. The
problem is solved using the R¢ gauge fixing

(Ouv — kuku/kQ) Ekuky
k2+M2 k2(k2+§M2)

/p:/(ff)’d (3.21)

A(k) =

(3.13)

3From now on

(0]



of itself. In momentum space, it becomes
B(t,p) = Ki(p)u AL(t,p)

T z o / ER AR [ [ ey (p > %)

q1 dn =1
< X0 (p,qr, oy qn) bl BE(t, —q1).. BY (8, —qn). (3.24)

vUg...

Here, the flow-vertices X (29 X(3.0) can be worked out writing R,, in momentum space [23]: they are
totally symmetric only under the exchange of index-momentum combinations (q1, v1, a1)...(¢n, Vn, @n),
(p,v,a) excluded.

Flow equation: diagrammatic solution

The expansion of (3.24) at a given order in the fundamental gauge field can be obtained through
graphical methods. One just need to organize a small set of Feynman rules

e Flow line: this represents the heath kernel f(t_s(p), that drives from a time s to a time ¢ > s.

tnu’aa S,V7b

—?— = 5t — 8)K;_ (D) (3.25)

The arrow points toward increasing flow time. It has to be noted the step function, introduced
in order to keep manifest the retarded nature flow propagator.

e One-point vertex: this graphical element represents the boundary field A4,,.

W, a
— =0 = Ay (3.26)

e Flow-vertices: these terms come from the non-linear contribution R,,.

q2, V2, b2
P,y = XOOp,q1,q)0% (3.27)
q1, V1, bl
q3,v3,b3 g2, v2,bo
= XG0, q1,q0,q5)0000 (3.28)
b a q1,v1,b1

Each flow vertex is integrated with respect the flow time, from zero to infinity: the range of
integration is then bounded by the step functions in the flow propagator (3.25).
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At a given order n in the fundamental field, the general contribution to El‘j (t,p) is given by the sum
of all diagrams with up to n one-point vertices

ta H,a t, M, a
B =
B} (p) ——=0
t, 1, a i u,a
+ +

+ .. (3.29)

All the diagrams contributing are directed tree graphs with a single external line (denoted by the
little square at the end of such line). As can be seen from the example above, flow lines can start
at a one-point vertex, or a flow vertex, but can end only at another flow vertex (unless the line
considered is the external one). Each flow vertex has an outgoing line that brings the combination
(p, t,a). The complete solution (3.24) can then be represented as a sum over an infinite set of
tree-diagrams.

3.2.2 Perturbation theory

Gauge fields satisfying the flow equation can be used to define a new type of correlation function.
The latter can be analytically studied when perturbation theory applies. In this subsection, a set
of diagrammatic rules will be given to make the perturbative analysis easy to perform.

A n-point correlation function of B fields can be evaluated using the expansion (3.29) and then
averaging over the fundamental gauge fields. However, it can also be obtained directly from a set
of Feynman rules defined in a (D 4 1)—dimensional theory.

The flow equation is invariant under the following infinitesimal transformation

0B, (t,x) = D,w(t, ), (3.30)
w = agD,0,w, (3.31)
w(t,x) € su(N). (3.32)

It has to be noted that the initial value of w is not constrained, so it can generate the full gauge
group at ¢t = 0 and extend the SU(N) gauge symmetry to the bulk theory (the theory at positive
flow time). To allow a perturbative expansion, a gauge fixing procedure has to be applied: this is
usually achieved through the Faddevv-Popov procedure [56], which results in adding a gauge fixing
and a ghost action.

Syp = —gg / drte{, Ay ()0, A, (2)), (3.33)

Sgn = _g% /ddxtr{aué(x)D#c(x)}. (3.34)
0

(3.35)

It should be clear that gauge-invariant correlation functions built with B fields are independent on
the gauge fixing parameter \g.
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(D + 1) dimensional Feynman rules

To derive a new set of diagrammatic rules, the flow-line diagrams that describe the B field need to be
combined with the Feynman rules of the underlying theory. This can be easily done by computing
the two-point function of flow-evolved fields. At leading order, this corresponds to contract two
terms like the first diagram on the r.h.s. of (3.29)

(Ba(t,p)BY(s,q)) = (2m)*6*(p + 0)g56“* Diys (p) o + O(90), (3.36)
I _ 2 —tp? PuPv  _qotp?
Dt(p)lﬂf - (p2)2 (6ﬂup - pupu)e Pt Toe orp (337)
tauaa/ S, V, t,M,a S,l/,b
< y T ) T YT = b (339)

The nice property of this two-point function is that the same analytic expression for AA and AB
contractions can be obtained just turning off the dependence on flow times in l~)t+s (p) - For this
reason, the same graphical symbol will be used to indicate the three different contractions. It should
be noted that contraction of one-point vertices always converts flow lines to gauge-field (wiggly)
lines. As an example, the contraction of the following diagram

t7/j/aa/ SV, t?/'taa 57V7b
o—Q = nv\{}bu (3.39)
p q p q

transforms flow lines in gauge-field lines and couples them with elementary (¢ = 0) and flow
vertices. This should clarify enough how the flow line diagrams combine with the Feynman rules of
the underlying theory.

Then, one has to consider the flow time as an additional coordinate, and the (D+1) dimensional
space as a half-space with a D-dimensional boundary (only positive flow times are allowed). The
SU(N) gauge theory lies on the boundary, while the B fields, generated by the flow equation,
belong to the (D + 1)—dimensional bulk. The ordinary and flow vertices represents boundary and
bulk interaction terms, while the propagation in the (D + 1) dimensions is described by (3.38) and
(3.25). The ghost propagator

@ (p)e(q)) = (2m) %6 (p + 9)g95 D(p), (3.40)
..... - - - — 5abg§D(p) _ (Sabggp—Z7 (341)

propagates only on the boundary. The n-point correlation functions built with flowed fields are
then given by Feynman diagrams in (D 4 1) dimensions. Some special features, however, need to
be pointed out.

1. Flow vertices have always one outward-directed flow line. This line corresponds to the first
momentum-index combination of the vertices X (>0, X0 as given by (3.27). The other
attached lines can be gauge-field lines or flow lines. Here is given the example of X (2:0)

D 1 a D, 1 a D, U, a
’ ) (342)
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2. Flow lines can only start at a flow vertex and are either external or end at another flow vertex.
The situation is different for gauge-field lines, which can start and end at both flow vertices
and ordinary vertices.

3. Ordinary vertices are clearly defined at zero flow time, while flow vertices are inserted at some
intermediate time, which is integrated up to infinity. The time dependence of propagators is
given by the flow times that label the end points.

4. Diagrams with closed flow line loops are set to zero. This happens because flow-line diagrams
are tree diagrams, and the contraction of n-point vertices never leads to new flow lines. This
point is crucial when the renormalization of the (D + 1)-dimensional theory is concerned.

(D + 1) dimensional field theory

The Feynman diagrams of the previous subsection can be considered as a set of graphic rules for
a local (D + 1)-dimensional field theory. To prove this, an action describing the evolution of the
B field has to be introduced. Moreover, this field has to be considered as an independent degree
of freedom (with exception of the boundary condition at zero flow time). All this can be achieved
introducing a Lagrange multiplier L, (¢, z) = L{(t, x)T**. The total action is given by

Stot =S+ Sgy + Sgn + Sy, (3.43)
Sp=—2 /OOO dt/ddxtr{Lu(t,m)(BN - D,G,, — a9D,0,B,)(t, x)}, (3.44)

and the path integral is given by
Z= /D[A]D[B]D[L] exp (—Stot) - (3.45)

The integration over the field L, automatically impose the validity of the flow equation. It should be
noted that no particular boundary condition has been applied on the Lagrange multiplier. The next
step is to define which kind of propagators characterizes the theory. From the previous subsection,
it should be clear that contractions like AA, AB, BB are naturally included in the theory (3.43).
One has still to deal with LB and LA contractions. The former is evident from the form of the
flow action Sy;, while the latter arises from the boundary condition B, (0, ) = A, (z). Things can
be simplified rewriting the field B, as

Bu(t.x) = / AT, (2 — 1) Ay () + bt 2), (3.46)
b(t, ) l1—0 = 0. (3.47)

If now one considers just the quadratic part of Sy

/ S / d%otr{L, (010, — L) By} (L, ), (3.48)
0

it comes out that the Lagrange multiplier and the gauge field A,, decouple, leaving only a constraint
for the field b,(t,z). This result is important since leaves the form of the gauge field and ghost
propagators unchanged, and condense the information of LB contractions in the bL propagator.
The latter can be determined from the solution of

(O — L) H(t, 238, Y)vp = 8,p0(t — s)5d(x —-9), (3.49)
H(ta x5s, y)up|t:0,s>0 = 07 (350)

4The component L{,(t,z) is purely imaginary.
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where
<bZ(t7 x)Llli(57 y)> |l.0. = 5abH(t7 Z;s, y)V,D' (351)

It is easy to show that
H(t,x;s, y)up =0t —s)Ki_s(v — y);wv (3.52)

which implies that the b field has to be delayed with respect the L field. The retarded Green function
above equals exactly the flow propagator (3.25), which now will be identified as a bL contraction.
As far the propagation in the (D + 1)-theory is concerned, the main results are

e On the boundary, only AA and ¢c propagators exist. The former can be regarded as BB
propagators at zero flow times

e In the bulk, only BB and BL propagators exists, the former represented by gauge-field lines,
the latter by directed flow lines.

What is missing now is the inclusion of flow vertices (3.42) inside the (D + 1)-dimensional theory.
These are generated by the non linear component of the flow equation and can be recast in the
interacting part of Sy,

Sitm =2 / dt / dte{ L (r, 2) Ry (t, )} (3.53)
0

Hence, all the vertices and propagators of the previous subsection have been recovered. Keeping
in mind the structure of B,, (3.46), it is now possible to derive any correlation function using the
Feynman rules of the (D + 1)-dimensional theory.

A final remark has to be done about flow-lines and flow-line loops. The first thing to recall
is that flow-lines can start and end at flow vertices, but never are attached to boundary vertices.
Given the structure of (3.52), one identifies outward- and inward-directed external lines with B and
L external fields respectively. The same rule applies to closed flow lines. However, because of the
retarded nature of (3.52) and of the fact that no flow loops are generated in the tree expansion of
B,,, diagrams with closed flow lines are totally absent. Two simple examples can be displayed

e Closed loop on single flow vertex.

(3.54)

This kind of diagrams vanishes because dimensional regularization sets the loop momentum
integral to zero®.

e Closed loops on multiple flow vertices

(3.55)

In this case, the diagram vanishes because of time integration. Indeed, the retarded nature of
the flow propagator forces the flow time at each vertex to be squeezed to a interval of measure
Z€ero.

5If a lattice regulator is adopted, this result may not be guaranteed. However, it is always possible to include a
ghost field in the action that cancel these flow loops algebraically [57]
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3.2.3 1-loop non-renormalization

It is interesting to study the renormalization properties of the new bulk correlation functions. To
do so, a detailed analysis of their leading divergences has to be carried out.

A simple example of one-loop calculation has been done for BB propagator [23]: here, only the
divergent diagrams are presented, followed by their related ¢! singularities.

(Bu(t,2)B,(s,y)) = - e ey

" (3.56)

The first three diagram represent the one-loop contribution to the gauge AA vertex function. These

terms arise from the boundary theory. The fourth diagram is a contribution to the LA contraction,
which arises only at 1-loop order. The fifth and sixth diagrams are correction to the LB (note that
only flow vertices appear) while the seventh is the contribution to the LL vertex function. The
divergences arising from the boundary loops are already known from standard perturbation theory:
here is reported their contribution®

a a N 13 1
Fillil(p)p?/(p)hwle =4 b(pzé,uu - pupu)m (6 - 2)\0> . (3.57)

Diagrams involving flow vertices are finite for d = 4 as long as the flow time is positive. The only
source of divergence can arise from the integration on t attached to flow vertices, where the flow
time goes from 0 up to an upper limit imposed by the external flow propagator. The divergent
part can be extracted taking the asymptotic series of the time integral at large loop momentum
and retaining the leading terms [23]. For the LA and LB contribution, the divergences are

(1) ab _ 2gab N 3 3
PLA(t,p)HV|pole = 905 6(t)6w/71671'26 <4 + 4)\0> s (358)
T (8, 5p)% | bote = g26%06(£)5(s)6 JEELEY B (3.59)
LB 2 v ip 0 M16m2e \ 2X0

On the other hand, the last diagram does not produce divergences, implying that the LL vertex
function is finite for d = 4. It has to be noted that divergences are localized on the boundary of
the 5D theory, their localization being established by flow time delta functions .

6In this notation, T|pote represents the divergent part of the 1PI two-vertex function
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It is interesting to check whether or not the BB propagator actually renormalizes. To do this,
first bare parameters and fields need to be rewritten in terms of their renormalized counterparts

9% = 1 9rZ,

(3.60)
Ao = ApZi !, (3.61)
Al =\/ZZ3(AR)%, (3.62)
" = Z3\/ ZZ5(cr)", (3.63)

¢t = \/Z(CR)Z, (3.64)

where Z,Z5 and Zs are the renormalization constants of the coupling, the gauge field and the ghost
field in the standard representation of the Yang Mills action. Here, A, takes also a contribution
from Z due to the specific normalization chosen in this case. The asymmetric renormalization of
the fields ¢ and ¢ has been chosen for reason that will become clear in the following. At leading
order, the renormalization constants one needs are

bo o 4 N 11
Z - —_ = —— .
cIrTOR), bo= {55 (3.65)
o 4 . N (13 1
Z3=1+— @) =— == 3.66
2= 1+ L+ Ok, =i (o 51 ). (3.66)
Then, the propagator has to be expressed in terms of its SO(4) invariant parts A and B
> Hb dsd g 2 2 2
(B(t,p)By(s,q)) = (2m)*6%(p + q) )2 (6,00™ = Pup) A(t, 5,0°) +pupB(t, s,p7)}  (3.67)

All the self-energy diagrams displayed in (3.56) contributes to .4 and B. Once bare couplings are
expressed in terms of the renormalized ones, these functions admit an expansion of the form

C=p*> gi™¢, ¢(=AorB (3.68)
1=0
At leading order, one has
2 2 bo (t+s)p>
A=gr(1- QR? € J (3.69)
—b
B =gk (1 +gh—" 0) eoolt+op”, (3.70)

On the other hand, contributions coming all the diagrams listed in (3.56) have to be included. The
boundary contribution is obtained sandwiching I" 4 4|p0e between two gauge propagators at time ¢

and s sab
rac c ~ cy 0% (s 2
9rDE (D)ol 244 (D)54 pote D (P)rw = g%?w(éwz — pupy)e” CHOP (3.71)

A similar procedure can be done for I's,4lpote, I'LB|pote With few details to be specified:

1. Both vertex functions must be multiplied by the appropriate flow/gauge propagator and
integrated over the flow time. One integration is sufficient for I'r, 4 |pote, two for I'p g|pore- The
role of the delta functions is then to locate the divergences on the boundary of the theory.

2. Diagrams with flow vertices brings two contributions, due to the difference in the external
legs.
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Taking into account these simple details, one obtains

o0 o0
9?%/ dTHtaﬁfr(p)#p (FLA(p7 T)Z{i‘pole +/ dUFLA(?v T, U)ZilpolE) ng(p>>\,u + (5 AN t)
0 0

4 (bo — o) 5o 2 (s4t)p? 1 o (5t)p?
T e (p)?2 (6u00” — pupy)e” TP JFEP;LPVG olstOP™ | (3.72)

=9r
Adding (3.71) and (3.72) to the expansion (3.69) and (3.70) results in a cancellation of all divergences
at leading order in gr. This means that the fields B, and L, do not need to be renormalized. The
cancellation of divergences can be easily proved also for BL and BApg contractions. The case of
LAR and LL is even easier to prove: since there cannot be diagrams with only in-going and not
outgoing flow lines, LAr and LL contractions must be identically zero.

Since the field B,, and L,, do not renormalize, any kind of correlation function of the (D + 1)-
dimensional theory can be evaluated, its finiteness being guaranteed by the counterterms of the
boundary SU(N) gauge theory. The statement is strictly true only at one-loop in perturbation
theory. However it is possible to extend its validity to all orders in the gauge coupling

3.2.4 BRS symmetry

To prove the finiteness of flowed correlation functions, the BRS symmetry [58] has to be extended
from the boundary theory to the bulk one. The boundary theory

S+ Sor + Sy (3.73)

as well as the integration measure of fields A,, ¢ and ¢ can be proved to be invariant under the
following BRS variation (also called Slavnov transformation)

0A, = D,c, (3.74)
dc = —c?, (3.75)
6¢ = X0, A, (3.76)

From this invariance, a set of WI arises, called Slavnov-Taylor identities. These identities can be
used to generate a certain number of constraints on the possible counterterms of the theory.
Studying the renormalization of the (D + 1)-dimensional theory means to classify the counterterms
needed to make correlation functions finite at all order in perturbation theory. Extending the BRS
symmetry to the ¢ > 0 bulk will make this work easier. Since the B fiels are non local in the
fundamental gauge degrees of freedom, it seems really difficult to generalize, in a local way, the
BRS transformation at positive flow times. However, it has been shown [54] that this problem can
be overcome adding a new kind of ghost fields.

Ghost fields in the bulk

The additional ghost fields can be generated by the following term
Sug= —2/ dt/ddxtr{J(t,x)(d— apD,0,d)(t,z)}, (3.77)
0
dli=o = ¢, (3.78)

where no boundary condition has been imposed on the d field, which plays a role of a Lagrange
multiplier”. Two new propagators can be introduced,

"Note that the field d(t, ) satisfy the same differential equation of the transformation w(t,z) that extends the
gauge symmetry to the bulk theory.
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e dd propagator. This contraction is the analogue of the BL propagator, and its momentum
space representation is given by

(d(t,p)d*(t,p)) = (2m)46%(p + q)3*0(t — s)K;—s(p) + O(gd), (3.79)

- --- = (- s)K, o (p) = 5°0(t — s)e 0= (3-80)

e dc propagator. This is a mixed contraction that reduces to the boundary ghost propagator at
t=0.

(d*(t,p)&(t,p)) = (2m)"6%(p + q)5°" Di(p) + O(g7), (3.81)
~ 1
Dy(p) = —e~o" (3.82)
p
As for the gauge field, this mixed contraction is symbolically represented as a ghost propagator.

The arrow has to flow from the barred field to the unbarred one. No ¢d contractions are allowed.
From the non linear component of (3.77) a flow vertex is generated

S == [t [ @050+ x XV, Bt )~ (), (389
0 P,q,T
where it can be easily shown that

XO (p, g, = aof*r,. (3.84)

It is possible to prove that closed dd lines vanish as in the case of flow loops in the previous section.
Moreover, loops with mixed propagators cannot exist, since the propagation ¢ < d is not allowed.
Then the only possible loops are the usual ones of the theory at flow time zero.

BRS symmetry in the bulk

According to [54], a set of BRS transformations for the bulk theory can be represented by

6B, = D,d, (3.85)
6L, = [L,,d], (3.86)
6d = —d?, (3.87)
6d=D,L, —{d,d}. (3.88)

The nice feature of equations (3.85) and (3.87) is that they reproduces the exact BRS variation for
boundary fields at ¢ = 0. It is possible to show that the bulk action Sy; + Sy is invariant under
the above symmetry transformations ®. As a consequence, a set of Slavnov-Taylor identities can be

8 An easy way to show this is by introducing the following fields
Eu(t,x) = By — DuGyy — a9Du0u By, (3.89)
e(t,z) =d — aoDud,d, (3.90)
which obey the following BRS variations
0B, = [Ey,d] + Dye, (3.91)
doe = —{e,d}. (3.92)
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written down and used to impose constraints on the renormalization constants of the theory. One
of these identities will be really important in the following

No(BE(t,2)0, AL ()9, A () = —((Dud) (1, 1) (1), AL (2)), (3.93)
which involves three-point vertices and non-trivial cancellations among the various contributions.

The identity can be proved at tree level setting cy = Mg = 1 ?: the relevant diagrams for the Lh.s.

are
t, 1, p,a t,p,p,a

+ (3.94)

q,b r,c q,b r,c
The first diagram is represented by the following formula'®

9 / dr0(t = 7) Ko7 (9) X @0 (9,4, 7) 051 Dr (@) Dr (7)o (i ) (i) (3.95)
0

With the above mentioned choice for the gauge fixing and gauge damping parameters, one has

Ki(p) = e, (3.96)
- Opy 42

Dt(p)uv = ;Te t s (3-97)
X@O0(p,q,r)mbe =i f*{(r — q)udup + 2(qp0pu — Tw0up) }- (3.98)

Plugging these expressions in (3.95) gives

2 2 2
g4 qupx(Q,O)(p q T)abc A _
0 g2r2 P v @412 —p?

o igéfabc 1( B r) (67(q2+7“2)t _ eip%)
= “

22 2 q
- 4 rabe
g0 f
_ p20q271"2 1 (3.99)
where
1
C/—hl = 5(q _ r)’up2 (6*(‘124’7“2)15 _ 6*]7215) . (3100)

The second diagram results in a similar structure, with a coefficient

1 1 2
Cupo = [Q(q — r)Hp2 + i(q2 — rg)pu] e Pt (3.101)

91t should be stressed that any value of Ao and g satisfy (3.93). This is not surprising, since BRS symmetry is
intimately related with gauge invariance.
10A global (27)%3%(p 4 q + ) has been factored out
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The r.h.s is characterized by three different diagrams

tps s a jga fabe
= _ngOJ; 2 (—p2m6_(q2+r2)t) (3.102)
v "\,\’\ p’¢°r
. Cus
q, b r,c
tpspsa (3.103)

4 - 4 rabc 2 . .
N _ Jg;j; : [2?2 a (ef(qmﬂt _ epzt)} (3.104)
v p*e’r

b r,c Gt
L, p,a (3.105)
. i 4 rabe
+ : S i |~ (a7 + r)pe "] (3.106)
'-‘L\'\ prg*r
Lt Cu,S
q, b r,c
It is then easy to show that
Cuin+Cu2=0Cus+Cua+Cus (3.107)

Finiteness of the renormalized perturbation expansion

To show that correlation functions of bulk fields are finite, it is necessary to reorganize the pertur-
bation expansion in terms of renormalized parameters and fields. The expansion is generated by
an action Sy + AS, organized in the following way

Siot = S + ng + Sez + Sfl + Suq, (3.108)
So = Stotl 7= z,— 7,1 (3.109)
AS = Sior — So + ASpe. (3110)

In this way, AS contains counterterms of the underlying SU(N) theory and an additional coun-
tertem

ASy, = 2/ddm{ (VZZ3 —1)L,(0,2)(AR) u(2) + (\/ZZ3Z5 — 1)d(0, z)cr(z)} (3.111)
The boundary conditions for renormalized fields then become
B.li=0o = (AR)yu, dlt=0 = cr. (3.112)

These conditions differ from those applied on boundary bare fields, since multiplicative factors are
missing. The role of ASy, is to correct for this difference.

The next step is to classify the possible, local counterterms, which can in principle belong to
both the boundary or the bulk. For the theory under study, bulk counterterms are excluded. The
statement is supported by the following arguments
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1. At large flow times, correlation functions containing bulk fields (B, L,, d, d) are generated
only by Feynman diagrams containing only flow lines and flow vertices. These are directed
trees diagrams, or products of such trees. Each tree ends at one of the B or d field contained
in the correlation function, while the starting point will correspond to L and d fields.

2. Directed tree diagrams do not generate loops, so the corresponding correlation functions are
not singular. Even if one ore more bulk fields coalesce on the same point, no divergence arises,
since no loops are generated.!!

The above result implies that any divergent part of correlation functions, if existing, should be
matched by the insertion of a counterterm localized on the boundary. The boundary counterterms
of the underlying theory are already included, so contractions of Ag, cr and ¢g fields are finite to
all orders. Divergences can arise only from diagrams with at least one flow vertex, attached to an
external flow line. As a consequence, the new counterterms should contain L, and d fields. The
available operators should have mass dimension not larger than 4, and respect SO(4) symmetry, as
well as ghost number conservation.

This reduces the choice to countertems of the form!

2912{ /ddxtr{ylLH(O,a:)(AR)M(x) + y2d(0, z)cr ()}, (3.113)

2

where the coefficients y; and 5, are singular in €'3. It is now that the Slavnov-Taylor identity (3.93)
plays a key role. In terms renormalized quantities, the identity becomes

MBy(t,2)0,(AR),(1)0,(AR)y(2)) = —((Dud)* (t,2)(cr)" ()9 (AR)y (2)), (3.114)

where now the asymmetric renormalization of ghost fields find its motivation (all renormalization
factors drop out).

The equation above holds only if no divergence arises. All the fields appearing in the identity are
renormalized, and cannot receive further renormalizations.

If the correlation functions of the theory are singular at a given loop order [, then singularities
must be cancelled by a counterterm of the form (3.113). The contribution of the latter to the
identity (3.114) is obtained by inserting the corresponding two-point vertices into the tree diagrams
(3.2.4-3.2.4). The effect of these insertions is to multiply the values of the diagrams by g% and then
redefine the identity as

2y1Cu1 + 91002 = (Y1 + 42)(Cuz + Cua) + y2Cu 5 (3.115)

Written in this form, the above equation is valid only if y; » = 0. This means that insertions of the
operator (3.113) are not compatible with the BRS identity (3.114). Since BRS symmetry has to
be preserved, the addition to the action of a counterterm of the form (3.113) has to be ruled out.
Hence, correlation functions appearing in (3.114) must therefore be finite at [-loop order: the same
statement holds for all the other (renormalized) correlation functions of the theory.

This suffices to say that the (D + 1)-dimensional theory generated by the flow does not need to be
renormalized.

3.2.5 Concluding remarks

The finiteness of correlation functions built along the flow can be proved using different types of
regulators. In particular, the same results hold when the theory is regularized with the lattice.

11 This point will be crucial for the strategy adopted to renormalize the lattice EMT.

121t has to be kept in mind that [L,] = [d] = 3

131n principle, also LB and dd terms could be included. However, these terms are not independent due to (3.112),
and their inclusion will end up simply in a redefinition of y; and y2
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In this case, a possible choice for the flow evolution could be given by the gradient of the Wilson
action!?

Vt(xhu) = _g(Z){ax,lASW(Vt)}‘/t(xvu)v (3116)
‘/;(x’u”tzo = U(xvﬂ)a (3'117)
S (U) = glg S Reftr{1 - U(p)}, (3.118)

Vi(x, u) representing the flow of lattice gauge fields. The link differential operator is given by the
Lie derivative

d
0p Wf(U) = — f(e*¥U)lsm0, X(y,v) =

ds 0 otherwise

{T“ if (y,v) = (2, )

with its basis-independent form given by
Ouuf(U) = 0, f(U)T*. (3.119)

The above formulation is not unique. Every kind of lattice discretization whose continuum classical
limit reproduces the correct form of the gradient flow is a good candidate. Except for artefacts
proportional to a positive power of the lattice spacing, the correlation functions of bulk fields will
not depend on the discretization adopted. Even if the fundamental space-time symmetries are not
fulfilled, the remaining ones suffice to exclude counterterms that are not present in the continuum
formulation. So, correlation functions of time-dependent fields do not need to be renormalized, and
their value in the continuum limit will be regulator-independent'®. This is an important results,
since allows to exploit the properties of the gradient flow in lattice numerical studies.
Indeed, the gradient flow covers a wide spectrum of applications.

e It can be used to define a running coupling
givr < P {tr{G G }), (3.120)

as shown in [21]. This Wilson Flow coupling has been employed for systematic scale-setting
studies in lattice simulations, using different types of boundary conditions [21, 27, 28, 29, 30].

e Reparametrizing the path integral in terms of evolved fields'®
Z = /D[V]e—5<v) (3.122)

improved the understanding of how topological sectors gets divided on the lattice as continuum
limit is approached [21].

e The asymptotic study of flowed quantities in the ¢ — 0 can be performed through a small
flow time expansion. In its general form, this expansion relates composite, flowed operator to
renormalized quantities

n

O(z,t) — (O(z,t)) = Zci(t)(u)zé(x), (3.123)

i=1

14This is why the lattice version of the gradient flow is also called Wilson Flow
15There could be only finite renormalizations of couplings and gauge-fixing parameters.
16This is allowed since the transformation
U—V=V (3.121)

is a diffeomorphism on the field space.
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the mapping provided by the small flow time coefficients. The role of these coefficients is to
encode the divergences that would affect the insertion of the (bare) operator O(z,t) at ¢t = 0.
Using the small flow time expansion, Suzuki et al. devised a strategy for perturbatively
compute the lattice renormalized EMT [31].

Finally, it should be mentioned that the finiteness of the Yang Mills gradient flow remains intact
when matter content is included at t = 0, provided that the bulk action is left unchanged. Things
do not work equally well when the flow evolution is extended to matter fields!'”

3.3 Ward Identities with Wilson Flow

3.3.1 Introduction

The previous section showed the remarkable properties of the gradient flow. It could be questioned
whether or not these properties could be useful to renormalize the lattice energy momentum tensor.
Intuitively, an answer can be given by reminding one of the key features of the bulk theory:

...flowed correlation functions do not generate divergences, even if one or more bulk
fields coalesce on the same point...

Recalling the general form of translation WI
(0uTur (2)Oq, (21)...0q,, (zn)) = — Z(Oa1 (21)...02,, 04, (25)...0q, ()), (3.124)
j=1

it would be tempting to define a new set of identities

n

(04T (%) Oy (1, )00, (@0 ) = = > (Oay (21,1).0:84,, 00, (5, 8)..0a, (@a, 1), (3.125)

Jj=1

where composite operators have been substituted by their flowed versions. Here, the operator Sg;j,l,
generates a local translation on fundamental fields and propagates it at positive flow time. The
first advantage of the above formulation is that each operator O, (x;,t) is finite, and can be safely
plugged inside correlation functions. The second advantage is that no contact terms arise when
T1=To=..=Tp =2

<8MTMV(m)Va1a2man (33’ t)> = - <5w,l/Va1a2...an (337 t)>> (3-126)

the only divergences being here related to the bare EMT and the variation gm,uValag..‘a" (x,t). If
the latter are replaced by their renormalized counterparts, then the following identity

<aﬂ (TMV)R(m)Va1a2...an (CC, t)> = _<(Sx,vva1a2...an (JC, t))R>’ (3-127)

will be finite. All these interesting features are consequences of the gradient flow smoothing prop-
erties. Numerically, equation (3.127) would represent the perfect candidate to measure the EMT
renormalization constants. In this case, correlation functions of objects coalescing on the boundary
(but not in the bulk) are involved. The smearing effect at positive flow time prevents the rise of
divergences, while the coalescence on the boundary is supposed to maximize the signal coming from
numerical simulations.

A priori nothing would forbid to devise a set of WI like those in (3.127). For a candidate probe

Tndeed, it has been proved that a multiplicative renormalization [24] is needed for fermionic degrees of freedom.
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at positive flow time, the local translation in (3.127) should be localized at t = 0, and then prop-
agated through the bulk. Due to the gradient flow, the propagation will be non-local with respect
boundary fields.

This raises an issue that need to be properly addressed: the renormalization of the operator
Sm,uvalaQ..‘an (xa t)

The theory of renormalization is based on the possibility of adding local counterterms to make
correlation functions finite. However SmmValM“_an (z,t) depends on boundary fields in a non local
way. Hence, its renormalization could require the presence of non local boundary counterterms.
Loss of locality dramatically affects the outcome of the renormalization program. The presence of
non local counterterms undermines the validity of the expansion

d (n
a%l‘%)(pl, ey Dy AR, MR, ) = O(a?(log a)*), (3.128)

for renormalized correlation functions. This in turn would also affect the so-called Symanzik im-
provement program. As a consequence, numerical studies of renormalized quantities could not be
carried out. Needless to say that this would be a total disaster.
Being locality a fundamental property of renormalizable quantum theories, it shouldn’t be lost.
This problem has been addressed, and solved, by Del Debbio, Patella and Rago [34], for
the specific case of Yang Mills theory'®. In their work, the authors proved that the operator
Swnyalaz,,,an (z,t) renormalizes only multiplicatively, ruling out any kind of unwanted non-local
monster. In addition to that, they also shown how equation (3.127) can be derived from a general-
ized version of TWI, extended to the (D + 1)-dimensional theory.
In the following subsections, it will be explained in detail how these results have been obtained.

3.3.2 Translations: boundary theory

Before proceeding, it is better to recall some of the results shown at the beginning of (2.6.2). The
first is the gauge-covariant translation of gauge fields [52]

504Au(x) =
= /ddyap(y)§y,pAu (z)
~ [ @'y, )5%(a ~ )l
= () Fpp(x), (3.129)
which allows to determine a gauge-invariant EMT in pure Yang-Mills theory 9
1
S = 52 / dixtrF,, F,,, (3.130)
508 = —/ddxapauTM), (3.131)
2 Oup
TMP = —;gtr FMVFPV — TFO'I/FO'V . (3132)

For a uniform «, equation (3.129) reduces to a composition of a global translation and a field-
dependent gauge transformation

daAu(z) = 0,0,A, — Dy(a,A,). (3.133)

18 A similar strategy has been developed by Capponi, Del Debbio, Ehret, Pellegrini and Rago for the case of scalar
field theories (5).
9Here, the same notation of (3.2) will be adopted for the generators of the su(N) algebra.
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Then, for a gauge-invariant observable, the transformation (3.133) acts effectively as a canonical
translation. The diffeomorphism (3.129) can be generalized to the case of a generic probe P

= / ddmp(x)(%%(x), (3.134)

and a corresponding translation WI can be written as

(02,0 P) = —(POuTyp). (3.135)
In the following subsections, it will be shown how these formulae can be adapted for probes evolved
with the gradient flow.
3.3.3 Translations: probes at positive flow time

The effect of a local translation on a probe at positive flow time can be written in the following way

5x,pPT =

§Pr  0BS(T,y)
_ ddy v Fa (1‘)
/ 6BS(T,y) 0A%(x) ~**

JP ca a
-/ Ty oy T TR0, ). (3.136)

where the simple chain rule has been applied. Ji (T,y;0,2) is the Jacobian associated with the
map between field configurations at different flow times [59]

dBA(t, x)
ab . _ _ HAT
i (t,z;5,y) = 0(t — 5) B (s.9)’ (3.137)

where only forward propagation has been considered. The Jacobian can be determined from the
following linearized equation

0B, (t,x) = [Gyp, 0B, + D,D,6B, — D,D,6B, + agD,d,0 B, — a[d,B,,3B,], (3.138)

which is obtained applying a field deformation to (3.6). A flow equation for the Jacobian is generated
by taking a functional derivative with respect B, (s,y)

Dyt (8,03 8,y) = D, ) up Ty (t, 755, y), (3.139)
D(t,2),,0B(t, ), = [Gpp, 6B, + D,D,6B, — D,D,0B, + agD,,8,0 B, — [0,B,,5B,.].
(3.140)

Forward propagation is ensured by the following boundary conditions

Tan(tF, w5t,y) = 6andyu 6 (z — y), (3.141)
ab . _
J(txis,y) =0 t<s. (3.142)

It has to be noticed that (3.141) allows to recover the correct variation of a probe P at flow time
zero

. P,
Tlig)lJr 517PPT = WFP#(LU). (3143)

The solution of (3.139) is obtained with the same method adopted for the flow equation (3.6)
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e Detach linear and non-linear terms of the differential operator D
D,y = 0,,0,0, + (ag — 1)0,0,, + Ry (3.144)

e Find the kernel for the linear component of D
Ki(2) = e (S — Pup)e™ P + pup,e” 0P’ (3.145)
t puy — , p2 ny PuPv PuPv . .

This is exactly the flow propagator (3.25).

e Recast the solution of the linearized flow equation into the following integral form

t
Jl‘ffj(t,x; 5,y) = 6Ky s(x — y)u + / dT/ddet,T(m — 2) W R¥(T, z))\pJ;fj(T,z; $,Y).
S
(3.146)
The complete solution is obtained iterating the 1.h.s on the r.h.s of the above identity, provided
R is written in terms of fields that satisfy the flow equation.
For aig = 1, the leading term in the expansion (3.146) is given by

_lz—y|?
e 4(t—s)

) [4m(t — s)]9/2
where the dots stand for O(g2) terms and contributions that decouple from gauge invariant ob-
servables. Combined with (3.147), equation (3.136) tells that local translations at t = 0 can be

smoothly propagated at t > 0, integrating boundary fields over a smearing radius of v/8t.
The representation in terms of the Jacobian allows to precisely describe the renormalization prop-

Jsg(tv Zx;s, y) = 5uu6ab9(t - S + .., (3147)

erties of the operator ¢, ,Pr. In the next subsection it will be shown how this happens.

3.3.4 Renormalization of ¢, ,Pr

In the (D 4+ 1)-dimensional theory, the expectation value of a probe at positive flow time is given
by
/D —S/D [L]Pre=51, (3.148)

the definition of S and Sy; being described by (3.4) and (3.44) respectively. It is interesting to study
how the expectation value Pr changes under an infinitesimal transformation of the bulk fields

(B’) (t,z) = By(t,x) / ds/dd J”fly’ (t,x;s,9)a(s, y) X2(s, 1), (3.149)

where « is a generic infinitesimal function that vanishes on the boundaries. The operator X?2(s,%)
and the gauge-invariant probe Pr depend on B fields and their derivatives. Under the transforma-
tion (3.149) the path integral becomes

<PT> = Zil/D[A}efs/D[B/]D[L] det [i@l] - (PT + 5PT) e~ S51=0551 (3150)

The elements of the Jacobian matrix have the following form
8(B),(t, x)

— 7 — 5abs 0 (t — 5)0% (z — y)
5BY(s,y) "

J g 8 S (t, w50, 2) X
v [ f ey e Xie.2)

5X¢(o, z)]

Stz y)alo 2 5m iy
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(y,0): boundary

Figure 3.1: Action of the Jacobian J[ffj (t,z;0,y). The effect of a local translation at ¢ = 0 is driven into
the bulk towards a probe positioned at (z,t). The propagation is obtained integrating boundary degrees of
freedom within a smearing radius r = /8t.

The determinant is then given by

0B’
det |—| =1
et {53}
oo t §Jo(t, x;0,2)
+ dt/ da/ddmddz [—’w alo,2)X (0,2
/O 0 5Bﬁ(ta$) ( ) ( )
ac . 60X} (0, 2)
+ Jin(t x0,y)a(o, 2) 5B, x)] : (3.151)

where the relation det[l + M] = 1 + tr{M} has been used. The term on the second line vanishes
since the Jacobian depends only on fields at flow times o < ¢.

0Je(t, x50, 2)
R T, 3.152

Jij(t, x) ( )
On the other hand, the variation on the third line results in

0XE(o,z)

SBe) §%6,,8%(z — 2)d(t — o)X (1, ), (3.153)
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because X¢(o, 2) is a local function of bulk fields and their derivatives 2. Plugging this expression
n (3.151) gives

/

det [‘;ﬂ — 1+ 6(0)5%(0) /0 S / dzalt, 2)x(t, z), (3.154)

which makes sense only in a regularized theory. To preserve translation invariance, dimensional
regularization is employed. With this kind of regularization, §¢(0) = 0 and

0B’
det =1 3.155
ot | 53] =1 (3.155)
i.e. the Jacobian determinant is trivial. Expanding e~ %%/t at leading order in §B allows to rewrite
(3.150) as
(Pr) = (Pr)+(6Pr) (3.156)

—z1 / D[A]e~S / D[B|D[L] Pre=5n < /0 dt / d L% (¢, x) [53593';533D. (3.157)

The identity simplifies once the time derivative of (3.149) is written down and the Jacobian equation
(3.139) is used

(6Pr) = (PréS), (3.158)

6Pr _/ ds/dd 5Ba J“b(s yit, o), X2(t, 2), (3.159)
;L

6S = Li(t,x) X (t, x), (3.160)

where the arbitrariness of the function « has been exploited. Equations (3.158-3.159-3.160) can
be used to study the renormalization properties of d, ,Pr. Indeed, the identity (3.158) holds for
any kind of field transformation described by X%(¢, ). For an infinitesimal translation at zero flow
time, the identities above take the following form

(62,0 Pr) = (PrTo,(x)), (3.161)
S6z.pPr = /dd ﬁJQb(T y;0,2),, FY, (x), (3.162)
Top(w) = =2tr{L,u(0,2) Fppu()}. (3.163)

Equation (3.161) tells that the renormalization of d, , can be determined by analyzing the operator
Top(x), a local operator built with A, and L, fields. Before proceeding, it is worth to stress few
points

e With some adjustment, the results above hold also when a lattice regulator is adopted. In
this case, a slight modification has to be applied to the following operator

[LLXa](t,x) = lim Ly (t,2) X[ (t — €, ), (3.164)

5—>+u’

where the € limit has to be taken after the cut-off has been removed. The insertion of (3.164)
is generated by the field transformation

(B (t,x) = By(t, x) /t Eda/ddzjab t,x;0,2)a(o, 2) X2 (0, 2). (3.165)

20Written in this form, x(¢,x) is obtained taking partial derivatives with respect fields and their derivatives.
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This redefinition is motivated by the following argument: the variation
> d §PT ab . b o a a
( ds [ d*2m———<J"(s,y;t,2) X, (t,2)) = (PrL,(t,z)X;(t, 1)) (3.166)
t 633(85 y)

vanishes if Pr depends on B fields at flow times 1" < t. On the Lh.s. this is caused by the
Jacobian boundary conditions. On the r.h.s. this can be understood from the perturbative
analysis of the gradient flow (3.2). The B(¢,z) + L(s,y) propagation is allowed only if the B
field is at flow time t > s. If Pr in (3.166) is defined at flow times smaller than ¢, flow lines
originates only from L (¢,7)X/ (¢, ) contractions. This generates closed flow-loops, which
vanish in dimensional regularization, but not in a lattice-regularized theory. This in turn
affects the value of the determinant (3.151), since §%(0) is not zero at finite lattice spacing.
All these problems can be easily fixed if the operator (3.164) is employed.

e The transformation (3.162) can be generalized to the case of local translations applied on a
t > 0 hyperplane
St pPr = /ddzéiJab(T yit, o) Gl (tx), t<T (3.167)
t,x,p 5B'Z(T, y) s Yy by pr o\ ) .

The above result will be important in the following, when a formulation of TWI at positive
flow time shall be devised.

A generic form for the observable Pr could be given by

i=1

where each ®;(T, x;) represents a gauge-invariant, local observable of the B fields and their deriva-
tives. Equation (3.161) signals that the divergences of (d, ,Pr) can arise from products of operators
of the (D + 1)-dimensional theory. It is already known that local operators of the bulk theory do
not require renormalization®!. The only possible divergences are related to the operator Top(as),
which is defined on the boundary. The latter has the following properties

e Its engineered dimension is 5.
e It is gauge invariant.
e It transforms as a four-vector under SO(4) rotations.

In principle, any operator with mass dimension < 5 that shares the same properties could mix with
Top(x). However, it is worth to make few remarks

e Since no LA contractions are admitted, insertions of Tp,(2) with observables built from bound-
ary gauge fields vanishes. This means that Ty,(x) does not mix with operators made with
boundary fields.

e A mix with the Lagrange multiplier could be considered, however T op(x) itself is the only
operator with dimension not greater than 5 and the required symmetries.

From this analysis, it can be safely assessed that T, 0p(x) renormalizes only multiplicatively??. More-
over, no extra divergences are generated when z hits one of the z;’s, since Ty, (x) and ®;(T, z;) are

21Note that all the points z1, ..., £, could also coincide and no divergences would be generated.
221t should be stressed that this result holds also when regulators that break translational invariance (like the
lattice) are employed.
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always at separate points in the (D + 1)-dimensional theory. In terms of renormalized operators, a
possible translation WI can be written as

Z{PrTop()) = Z5{00,pPr) = —(Prou(Tup)r)- (3.169)

This is the main result of this chapter, and the core of this work. Equation (3.169) tells that a set
of TWI with probes at positive flow time can be built and adopted to renormalize the EMT.

In dimensional regularization, Poincaré invariance is preserved, and then Zs = 1 [46] and the
operator d,,, does not renormalize at all. In this case, the bare EMT, with VEV subracted, is finite
and the identity (3.169) holds when the cut-off is removed.

Things will be different when the lattice regulator is employed. In the following, it will be
shown how a numerical strategy based on (3.169) can be setup to renormalize the lattice EMT.

Before moving to lattice numerical studies, it is still interesting to see how equation (3.169) can
be actually derived from a generalized version of the TWI, where also translations along the flow
time direction are considered. This will be the subject of the next subsection.

3.3.5 Translation WI at positive flow time

The flow equations are invariant under global translations. This implies the equivalence between
the two following actions

e Evolve from the boundary theory and then translate the bulk fields at a given flow time ¢.
e Translate the boundary fields and then evolve them up to flow time ¢ in the bulk.

This argument allows to define a family of transformations parametrized by the flow time

_ - 0P a

5t,ozP = /ddxap(x)5t7£7pp = /ddxap(z)(WGp“(t’ LE), (3170)
where the differential operator d; , ,, cfr. (3.167), depends locally on B fields that satisfy the flow
equation. In analogy to (3.161), it is possible to show that

(81,2, Pr) = (PrTo,(t,z)), (3.171)

the operator Top(t,x) being computed at positive flow time. For uniform c,, the transformation
generated by (3.167) reduces to the composition of a canonical, infinitesimal translation of the B
field and a field-dependent gauge transformation. The action of the operator d; , , assumes two
different forms

60(1,y)

5t,:v,p®(T7 y) = mGiM(T7x) for T = t, (3.172)
12 )
- 0 (T
St,2.,®(T,y) = /ddz(SBa(U:yZ))J“b(T,z;t,x)ﬂywa(Lx) for T > t, (3.173)
/J/ )

These two equations clearly state that the operator gt,z, p» generates a local translation on hyperplanes
at fixed t > 0. A global version of the previous transformations is given by

/ dxdy . ,®(T,y) = 0,®(T,z) for T =1, (3.174)

v

/ d@dy . ,®(T,y) = 0,®(T,z) + O <e_4<;t>) for T > t, (3.175)
\4

where the integration domain is a sphere V' with radius r, centered in x. The result on the second
line will be proved at then end of the subsection.
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The interesting feature of the operator &; , is that it only depends on bulk fields, and therefore
it does not require any renormalization. Associated with it, for each flow time ¢, there is a new EMT
and a corresponding bulk TWI can be formulated. Clearly, this new EMT will be non-local in the
fundamental gauge fields. Nevertheless, it can be written in terms of local operators exploiting the
space-time symmetries of the (D + 1)-dimensional field theory. Following the example of subsection
(3.3.2), a gauge-covariant translation in the bulk theory can be described as

da B (t, x) :/ ds/ddyaR(s,y)és’y,RBM(t,x)
0

= [ s [[atyants.)ste — )5~y
0
= aR(tv x)GRM(ta LZ'), ) (3176)

daLy(t, ) :/ ds/ddyaR(s,y)557y,RLM(t,x)
0

= /OOo ds/ddyaR(s,y)é(t — 8)0%z — y)DRL,(t, )

= ap(t,x)DrL,(t, ), (3.177)

with ag(0,2) =0 and R,M = 0,1, ..., D,. The direction 0 identifies the flow time extension. For a
probe that does not depend on the Lagrange multiplier, the corresponding variation will be

5P = / dt / dzag(t, ©)0; . r P
0

oP

= dt | dizap(t,z)———G%,,(t, ). 3.178
|t [ dtzan(t.a) s G (3178)

From equations (3.176) and (3.177), the difference between the operator d; , g and &, , should
appear quite clear. However, few comments could be necessary

e 6;.. , acts on fields that already satisfy the flow equation. The fields are deformed at flow time
t, and the flow equation propagates the deformation at all other flow times. A peculiar example
is given by the case §,,, = 50@7 », where the deformation is carried out on the boundary theory,
and propagated to any positive flow time

® 0y 4 r acts on the (D + 1)-dimensional fields before the flow equation is imposed. It generates
local deformations in (D 4+ 1) dimensions that are not propagated in flow time. Starting from
a configuration that satisfies the flow equation, its deformation will not generally satisfy the
same equation. The variation of the equation is reabsorbed by the transformation of the
Lagrange multiplier (3.177)
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From the transformation induced by 6; 5 g, an EMT at any positive flow time can be defined??

(5an[ :/ dt/dda:TMR(t,x)é'MaR(t,x), (3181)
0

Tor = —2tr{L,Gru}, (3.182)

T,r = 2tr{L,D,Gg,} —2tr{D,L,,Gr,} — 2tr{D,L,G R} + 26 rotr{L, D, G0}, (3.183)
up to terms proportional to the flow equation that vanish inside expectation values (see appendix
A). From the set of transformations (3.176) and (3.177), the following WT can be derived

(6t.2.,P) = — (PO Tanr(t, 2)). (3.184)

For a probe Pr depending on B fields at flow time T" > t, the L.h.s of the previous equation vanishes,
leaving the identity
(PTﬁtTOR(t, l’)> = 7<PT8/.L7_:U,R(t7 .’,E)> (3185)

In the following, only the case R = p will be considered. It has to be noticed that both sides of
the equation are finite at positive flow time. Equation (3.185) leads to a set of WI for the family of
transformations identified by (3.173). To verify this statement, it is necessary to integrate (3.185)
with respect the flow time in an interval (0,¢). The problem is that, at ¢ = 0, an extra contribution
arises from the fact that boundary fields are transformed along with the bulk ones. Moreover
equation (3.185) is valid for bare fields at finite cut-off. As long as the flow time is non-zero, this
equations does not exhibit divergences in the ¢ — 0 limit. Therefore, the cut-off gets removed at
positive flow time, then equation (3.185) is integrated in an interval (g, t)

(PrTop(t,2)) = (PrToy(to, 2)) — (Pro, / dsT, (5. 7)), (3.186)

and then the tg — 07 limit is taken. The Lh.s. of the previous identity can be rewritten as
(PrTop(t,x)) = (0e,0,0Pr), (3.187)
and can be used to take the the limit of the first term on the r.h.s.

lim (PrTo,(te, ) = (00 pPr) = —(Pro,T,,(z)). (3.188)

to%0+
Collecting all the pieces together, a translation WI for the operator d; , , can be written as

(0t,2.pPr) = —(ProuT,,(t, x)), (3.189)

Typ(x) = Typ(z) —|—/O dsT,(s,2). (3.190)

This TWI can be reduced to equation (3.169) at ¢ = 0 only if the integral appearing in (3.190) is
finite. Before setting ¢t = 0, a classification of divergences arising from Tup(s, x) when s — 0% must
be done. This task can be accomplished counting the operators that could mix with Tﬂp(s, x). The
procedure can be simplified if the following arguments are taken into account

23The following flow action

o0

Sp = —2 / dt / dhate{ L (t, 2)[Gop — DuGuyl(t, 7)1}, (3.179)
0

Gop = By — D, Bo. (3.180)

has been used. This formulation automatically ensures invariance under local gauge transformations in (D + 1)
dimensions. The original action is recovered in the By = 0 gauge. As the measure in the path integral is invariant
under the change of variables that drives to the By = 0 gauge, the actions (3.44) and (3.179) describe the same
quantum theory.
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e Candidate operators must have mass dimension smaller than or equal than 6.

e Taking into account the SO(4) structure of T},,(s, x), only operators with dimension 6 and 4
are allowed.

e Candidate operators must at least contain a Lagrange multiplier, whose dimension is 3.

Requiring gauge-invariance allows to rule out dimension 4 operators, stating that Tup(s, x) has at
most a logarithmic divergence for s — 07. Since this singularity is integrable, the ¢ — 0% limit in
(3.189) can be safely taken, finally giving

(0z,pPr) = —(ProuTyp(z)). (3.191)

Which is exactly equation (3.169).

The last part of this subsection is devoted to prove equation (3.175). Starting again from
equation (3.185), one can integrate the mentioned identity in the interval (¢,7T). This will result in
the following equation

T
(PrTo,(T.2)) = (Prioy(t,a)) — (Prd), / dsT (s, 7)), (3.192)
t
which can be rewritten as
— — T ~
(BrwpPr) = (5.0 pPr) + (Pro), / dsT,p(s5,2)). (3.193)
t
The probe observable Pr is then decomposed according to

PT = XT¢(T, $), (3194)

X7 being a product of probes at flow time T but different space-time positions with respect x.
Equation (3.193) can be integrated on a space-time sphere V with radius r and centered in

T
dyd = X X S [ S, x)). .
(X1 [ 'y 0(T,2)) = (Xr0,0(T ) + (Xro(To) [ s [ ds,Tiplsia)). (3199)

The operator TM,(S, x) contains only terms that are linear in the Lagrange multiplier L,,. Since the
LB propagator is exponentially suppressed with the space-time separation, the contribution of the
last term on the r.h.s. is exponentially suppressed if all the fields are far enough from the boundary
of the sphere V. Denoting 7 as the distance from OV of the closest operator, then

(X7 /V A5, (T, 1)) = (X70,6(T, z)) + O <e‘4<%2t>) . (3.196)

3.3.6 Dilatations

In this work, all the numerical effort has been devoted to the renormalization of translation WI.
However, it is interesting to see how the previous method can be extended to the case of dilatations.
Also in this case, non local renormalization are ruled out, since the results of section (3.3.4) hold
for local dilatations applied to probes at positive flow time. Hence, a proper set of DWI with flowed
operators can be setup

(2p00,pPr) = —(Prou(z,Ty,p(x))) + (Prlu(z)). (3.197)
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Similiarly to the case of translations, the above equation can be derived from a set of DWI of the
(D + 1)-dimensional theory. To discuss the latters, the operator d; .. , need to be extended, in order
to include the flow-time direction

= oP
0 P:=—G%,(t Nl
ta, R (SBﬁ(t,I‘) R,u( 735)’ (3 98)
where the following relation
(6¢2,rPr) = (PrTor(t, ), (3.199)

can always be proved using the path integral formalism. A local dilatation in the bulk is represented
by

daBu(t,x) = ar(t,z)Gru(t, x), (
0oL, (t,x) = ag(t,x)DrL,(t, ), (
a,(t,x) =x,6(t,x), (3.202
ot 7) = 21B(t, ), (

and its global counterpart is obtained taking 8 uniform. It should be noticed how local dilatations
are simply a special case of local translations. For uniform 3, the flow equation is invariant under
the set of transformations (3.200-3.201-3.202-3.203). The variation of the bulk action is given by

0pSp1 = — /OOO dt/ddﬂfﬁ(tvx) [6M()‘RN1'RTMN) —AurTmr|, (3.204)
where the (D + 1)-dimensional euclidean metric
2
AMR = 1 ; (3.205)
1
has been introduced. From equation (3.204), the corresponding dilatation WI can be derived
(0t,2,r Pr) = —(Pr [3M(/\RNIERTMN) - )\MRTMR]), (3.206)

where the L.h.s vanishes if T" > ¢, since probe and variation are not coalescing at the same point.
Since the r.h.s. of (3.206) is set equal to zero, the following relation is generated

(Pr, [ztfoo + xp:fop} ) = (Pr [2%0 + TM} ) — (Pro, [2@0 + xp:fup} ). (3.207)

As for the case of boundary DWI, the trace of the bulk EMT seems to violate dilatation invariance
in (D + 1) dimensions. However, it can be easily shown that the generalized trace in (3.207) equals
a four-divergence

[QTOO + T,\,\} (t,x) = 9, Topu(t, ), (3.208)

up to terms proportional to the flow equation that vanish inside correlation functions. Using the
relation (3.208), equation (3.207) becomes

<PT8t [QtTQO + xpTOp:|> = _<PT8M [QtTuO + 'rPTHP — TOHj| > (3209)
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Mimicking the procedure followed for the case of translations, the above equation is integrated in
the flow-time interval (0,¢) with T > ¢

(Pr [2tToo + 2, To,| (t,2)) — lim (Pr [2t0T00+xpTOp] (to,z)) =

to—0Tt
t
—(PT@L/ ds [ZSTHO +az,1,, — Tou} (s,x)). (3.210)
0

The first thing to notice is that
lim (Pr2toTo) = 0, (3.211)

to—0t

as Too(to, ) diverges at most logarithimcally. Using equation (3.199), the integrated DWI becomes

([2t64.2,0 + 0t ,2,p) Pry = —(Pro,Dy(t, x)) + (PrT.(z)), (3.212)
D,(t,z) = z,T,,( / dsD,(s,x) (3.213)
Dy(s,z) = (QSTHO +a, Ty — TOM) (s, ). (3.214)

The differential operator 2t5t7m70 + xpgt,w, generates dilatations on hyperplanes at fixed flow time
t. As before, power counting arguments show that the integral in D, is finite, so the t — 0" limit
can be safely carried out

(2p02,0Pr) = —(Prou (2,1}, (x))) + (PrTu(x)). (3.215)

Equation (3.215) defines dilatation WI probed by observables built along the flow. As usual, the
probes are observables that depend on the bulk field B, at flow time 7". This is not the only possible
relation that can be extracted from (3.212). A different outcome is generated integrating (3.212)
over the space time and setting Pr = ®(T, x)

/d Yy 2t5tyo+yp5typ] (T, x)) (T, x /d YT ( (3.216)

which defines the effect of a global dilatation on a probe ®(T, ). If the probe is positioned at the
origin, then the following equation holds

(|27 55+ da] @) = @) [ o) (3:217)

where dg is the dimension of the operator ® (7T, x). Equation (3.217) is the operatorial form of the
Callan-Symanzik equation [4, 5], where 1/ V8T is the energy scale and contact terms are absent.
This equation is extremely interesting. It allows to probe the trace of the EMT just by looking at the
evolution under gradient flow of observables. In Yang-Mills theory this result is really important,
because the trace of the EMT is the source of the quantum anomaly [18]. It should be stressed
that the strategy proposed above has been formulated for the specific case of pure gauge theories.
However, as it will be shown in chapter (5), a similar method can be developed for scalar field
theories.

3.3.7 Renormalized EMT from the gradient flow

As previously mentioned, the thesis focuses on the renormalization of the lattice EMT using the
translation WI. The numerical analysis has been completely based on the following equations

(0a,pPr) = —(ProuTy,(2)), (3.218)

(6 [ @y 00T, 2)) = (Xr00(T ) + 0 (7 ), (3.219)
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to determine the EMT renormalization constants and the multiplicative factor Zs. In the previous
subsections, it has been shown that the identity

<Sm,ppT> = *2<tr{£u(07 sc)ls'p#}f’ﬂ, (3.220)

holds at any lattice spacing (the “ ~ ” symbol characterizes lattice operators). Here Prisa gauge-
invariant probe built with gauge fields V,(¢,x) satisfying a discretized form of the gradient flow,
like (3.116). It has been proved that the operator tr{ﬁu(O,x)FW} renormalizes multiplicatively.
Then a renormalized operator can be introduced

(TOp)R = Zéi—/,u(ovl')ﬁ‘p# (3221)
such that the following limits are finite

lim (Pr(Top) k) = W Z5(00,, Pr) = (02,5 Pr)- (3.222)

a—0

As the operator Top is RG invariant in the continuum, then the renormalization of the corresponding
discretized version is finite. This means that Zs depends on the lattice spacing only through the

bare coupling 2
Zs =1+ 0(gd) (3.223)

According to the analysis of section (2.5), the lattice-renormalized EMT is defined as

-3z (T< i) _ ,53>) , (3.224)

i=1

3

the coefficients Z; to be identified as the renormalization constants. In principle, a mixing with the
identity has to be consider (as in the equation above), however this term does not contribute to the
lattice TWI, its lattice derivative being zero. The lattice TWI is given by

([0,(Ty)r + R)(x)Pr) = = Z5(bs » Pr), (3.225)

where the r.h.s. is already known to converge to the correct continuum limit. On the Lh.s., the
restoration of translation invariance is ensured by the following conditions:

e the limit
1im (9, (T ) R Pr) = (ProuTy,), (3.226)

a—0

is finite and regular at the space-time point = (as no contact terms are generated);

e the contribution of the operator R, (z) (which is finite), vanishes at any space-time point x

lim (R, () Pr) = 0 (3.227)

a—0

Putting all together, up to subleading corrections in the lattice spacing:
Z5(00,pPr) = —(Prou(T,)r()), (3.228)
Z5(Xra® Y by (T, 2)) = (X0, 0(T,)) + 0 (777 (3.229)

Y

Equations (3.228-3.229) can be straightforwardly used to numerically determine the renormalization
constants Z; and Zs for any finite value of the lattice spacing.

241t should be mentioned that things will become even simpler when the scalar theory in 3 dimensions is considered.
In this case it shall be proven that Zs is exactly 1.
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Determination of Z;/Z

Equation (3.228) can be employed to measure the ratios Z;/Zs. Using n different gauge-invariant
probes at positive flow time (n being the number of constants Z;) the following system

iqﬂﬂ)m 0T p(@)) ko = — (05,27 (8, 2)) (3.230)

can be solved with respect k, = Z,/Zs. Here local probes at positive flow time have been chosen
P, = &(t, ), (3.231)

and are positioned at the same space-time point as the lattice EMT. The smearing properties of the
flow prevent the emergence of contact terms and allow to enhance the signal since the correlators
in (3.230) involve operators coalescing on the boundary theory. A further improvement is obtained
using vector-like probes

P, =d,(t,z), (3.232)

and summing equation (3.230) over the all lattice directions?

Z S (@ (t,2)0u (TN r(2)) ke = =Y (05,247 (£, 2)) . (3.233)

a=1 p P

MBe(t,x) vB (t,z)
The system defined by (3.233) has a non trivial solution if
1. The probes are chosen such that not all their variations v?(¢, ) are zero.
2. The matrix M5 (t,z) has rank n.

If these two conditions are satisfied, then, for each flow time ¢, a vector of renormalization constants
kq,+ can be defined. The difference between solutions at different flow times will be explained in
detail in the following chapter.

Determination of Zj

Once the ratios ko, = Z,/Zs have been determined, the multiplicative factor Zs needs to be mea-
sured. The latter can be numerically evaluated using equation (3.229). There are several way this
identity can be used [34]. For the pure gauge case the following formulation has been adopted

* Z 0yo0®(t, Lo/2 — 1)) o—sr = (BosP(t, Lo/2 — 1)))o—sF + O (e‘g) . (3.234)
yo€D

Here, the suffix O — SF defines open-Schrodinger functional boundary conditions [60] for the direc-
tion g = 0. The global translation is applied along the time direction, integrating its local version
within the domain

D={xe(Ly/2—-1)—d <z <(Lo/2—-1)+d}. (3.235)

The distance 72 that controls the exponential suppression is just d < Ly/2— 1. If periodic boundary
conditions were applied on the time direction and the integration carried over the all time extension,
then the r.h.s. of (3.234) would have vanished. For the direction along which the translation is
applied, it is necessary to engineer boundary conditions such that no translational symmetry is
generated. The O — SF setup represents a possible choice.

25This prevents the terms in equation (3.233) to vanish in the continuum, as only scalar quantities produce non-zero
expectation values.
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Chapter 4

Yang-Mills theory in 4 dimensions

4.1 Introduction

This chapter deals with the determination of the lattice-renormalized EMT in Yang-Mills theory. A
brief introduction to the theory is given, followed by the description of the EMT in the continuum.
Then, the numerical setup is explained in detail. Results coming from simulations are reported and
discussed.

4.2 Yang-Mills theory in a nutshell

Yang-Mills theory is a gauge theory based on the SU(N) group, or, more generally, any compact,
semi-simple Lie group. Its fundamental degrees of freedom are represented by gauge fields A, (x).
The latter are defined as elements of the su(N) algebra and describe the dynamic of gauge bosons.
The classical action of the theory is defined as'

S = 7932 /ddxtr{FuyFuu}a (41)
0

while the quantized theory is described by the following path integral

Z[J] = /D[A] exp <5 ;O/ddmtr{JﬂAﬂ}> , (4.2)

which can be used to compute gauge-invariant correlation functions of gauge fields. Once a gauge
fixing has been applied [56], the perturbative analysis of Yang-Mills theory can be carried out
re-scaling the gauge field

AH — gOAl“ (43)

and expanding the path integral (4.2) up to a given order in the bare coupling go. The latter is the
only parameter that controls the theory. In the perturbative regime, Yang-Mills theory exhibits
a single RG fixed point, i.e. the Gaussian one. For the latter, the bare coupling gg represents
a marginally relevant direction. At finite cut-off, the continuum limit of the theory is obtained
properly tuning gg towards the Gaussian point while keeping physical quantities unchanged. The
lattice formulation of the theory, along with its perturbative and non perturbative studies, have
been thoroughly developed during the last four decades [11, 41, 42, 61] and will not be discussed
here .

IThe same convention of section (3.2) has been adopted to define the generators of the su(N) algebra.

105



4.2.1 Lattice and continuum EMT

The classical EMT in pure Yang-Mills theory is given by

2 0
Ty = ——tr {FWFW — ZF’\TF’\T} . (4.4)
90
It can be decomposed as
Ty =T + T (4.5)
where the components
2 .
Tﬁ) = —g—Qtr {Fu:F,-} Spin 2, (4.6)
0
Opv .
T = 223 tr {Fxr Fr} Spin 0, (4.7)

transform according two different irreducible representations of the SO(4) group.
Using a regularization that preserves translational invariance, it can be proved [18] that the
renormalized EMT coincides with the bare one if the following definition

(TMV)R = T;UJ - <Tuy>, (49)

is adopted. As already pointed out in chapter (3), the VEV does not contribute to the translation
WI. However, it has to be included when dilatation invariance is under study. When only translation
WI are concerned, T}, does not renormalize at all, i.e. it is a RG-invariant quantity.

On the lattice, the operator mixing that defines the renormalized EMT can be read off from
(2.158), excluding the matter content. The contributing operators are classified according to irre-
ducible representations of the hypercubic group?

e Singlet
1
7 g Fy, F ~ 1 4.10
uv % r Z ApLAp - « 1 ’ ( . )
pPA
1
e Triplet
«
(3) 2 A 1 AN g
7% = f%@wtr > FupF, - i S By > ) (4.11)
P pA
—(a+v+8)
e Sextet
0apgxy
. 2 PO a0 e
7O = —Z(1—8,,)tr F, b, o~ 4.12
] 9(2)( H ) ; wp=vp 6 50 n ( )
vyeno
The lattice-renormalized EMT can be written as
(T = 20 |13 = (T + 21 + 2619, (4.13)

2In order to avoid ambiguities, summations over repeated indices, if any, have been explicitly written.
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where the VEV of 7| ,511,) does not contribute to the translation WI.

In the continuum, the EMT is a RG-invariant quantity, provided its VEV has been properly sub-
tracted. As a consequence, the renormalization constants of the lattice EMT have to be finite and
can depend on the lattice spacing only through the bare coupling go. At one loop in perturbation
theory, their expressions are [50]

7 =545, (4.14)
Z3 =1+ 0.24068¢7, (4.15)
Zs =1—0.03008¢7. (4.16)

Bo being the leading coefficient of the 5 function. More generally, these constants allow an expansion
of the form

Zze =1+ Z(Z?,ﬁ)jggj, (4.17)
j=1
Zyv =2 (21);95 (4.18)
j=1
(4.19)

where the coefficients (z1,36); are numerical factors evaluated in perturbation theory. It should be
noticed that the contribution coming from Tﬁ) is expected to vanish as a — 0, while those related
to bei’ﬁ) mix together in order to reproduce the correct EMT in the continuum.

4.3 Numerical setup

The only, directly measurable quantities are the ratios Z1 3,6/Zs (which solve the translation WI
(3.233)) and the Zs factor (3.234). All the numerical effort has been devoted to precisely measure
these quantities and determine Z; 3. The specific setup used for solving equations (3.233) and
(3.234) will be explained in detail. In subsection (4.3.3), a description of the numerical algorithms
used to generate gauge configurations, as well as evolve them along the flow, is provided. Afterwards,
the parameters used to simulate the theory will be displayed. Finally, the outcome of numerical
simulations is presented. A comparison with results obtained with other available methods is
discussed.

4.3.1 Lattice TWI

To determine the ratios Z1 3,6/Zs, at least three vector-like probes at positive flow time are necessary.
The simplest choice is represented by

o (t,2) = 05T\ lu@w=vie o= {136} (420)

Then, the ratios can be determined as the solution of the following square system

3
SN @t )0 (T r(2) ko = — > (02,2 (t,2)) . (4.21)

a=1 p,u P

MBe(t,x) vB(t,x)
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The quality of the signal can be improved averaging (4.21) over the spatial directions

3
STLEY S P (1,7, 20) 0, (TS (T, 00)) ko = =L 733> (00,0 (1,7, 20)),  (4.22)
a=1 T z p

Pib

MBe(t,zq) 0B (t,20)

however, no average can be taken along the 0 direction, since asymmetric boundary conditions have
been used. To reduce boundary effects coming from xzg = {0, Ly — 1}, the operators above have

been positioned at Zo = Lo/2 — 1.

3)

-3 3 (
L z < aV(TVp) (x)(I)p (t,x) >
*o=(Ly1)/2

\ T ‘ T T T T

030F = e L=12, p=5.8506

- . = L=16, p=6.0056

i L=24, =6.2670
025 . s+ L=32, p=6.4822 ||
020 = - _
015 _
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Figure 4.1: Statistical estimates of terms appearing on the L.h.s. of (4.22). Measurements have been
taken for different lattices, the B parameter in the legend being defined as 8 = 6/g3. The set of values
(L, B) defines a line of constant physics. Averages have been taken over Monte Carlo histories, using proper
methods in order to take into account the auto-correlation. Data have been displayed with respect the
smearing ratio ¢ = \/g/L It should be noticed how the effects of the contact term at ¢ = 0 are still quite
significant at small flow times.

The numerical strategy can be divided in few steps:

1. representative ensembles of gauge fields are generated employing a proper Monte Carlo algo-
rithm;

2. using a suitable integrator, each configuration is evolved along the flow for several (discrete)
values of the flow time?;

3. for every flow time, the operators appearing in (4.22) are computed using boundary and bulk
gauge fields;

3As it will be shown in the following, the length of the flow time window is crucial in order to reduce lattice

artefacts.
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4. the elements describing M#%(t,zo) and v?(t,Zo) are estimated averaging over their corre-
sponding Monte Carlo histories (figures 4.1-4.2).

-3 (6)
L Zx < Bx,pcl)p (t,x) >
x,=(L,1)/2
0.00 - L 4+ e e Te e b s e T e
-0.101- -
-0.20 -
-0.30 - -
- « L=12, p=5.8506
040~ . L=16, p=6.0056
b . L=24, p=6.2670| |
¥ - + L=32, p=6.4822
E S
-0.50 L~ \ \ \ \
0.00 0.05 0.10 0.15 0.20 0.25
C

Figure 4.2: Statistical estimates of terms appearing on the r.h.s. of (4.22). Measurements have been
taken for different lattices, the 8 parameter in the legend being defined as 8 = 6/g3. The set of values
(L, B) define a line of constant physics. Averages have been taken over Monte Carlo histories, using proper
methods in order to take into account the auto-correlation. Data have been displayed with respect the
smearing ratio ¢ = \/87/L It should be noticed how the effects of the contact term at ¢ = 0 are still quite
significant at small flow times.

For any value of the flow time ¢, (4.22) describes a (square) linear system with statistical noise, whose
solutions can be numerically estimated. The probes in (4.20) constitute a minimal set necessary
to solve the TWI. In this case, operators with the lowest possible mass dimension ([®,] = 5) have
been employed. This choice is motivated by the fact that numerical signal usually (but not always)
gets poorer as the dimension of the probe increases. This is more an empirical fact, not supported

by theoretical studies*

. A priori, it is impossible to know which probes provide the best signal.
A possible solution to this problem could be using an arbitrary large basis of probes. One could
engineer n > 3 gauge-invariant operators, combine them to devise different types of square systems
and study their numerical outcome. With a proper selection procedure, one could extract the subset
of probes which provides the less noisy system, and use it to estimate the ratios Z; 3/Z5 for all
the lattices simulated. With a large enough basis, it is more likely to find the right combination of
operators which can significantly improve the signal®.

However, preliminary studies showed that already the simplest strategy (3 probes, square system)

is computationally very expensive. Most of the computation time is spent in the evolution of

4A qualitative argument can be given using RG ideas. It is known that operators with mass dimension greater
than four are irrelevant to the Gaussian fixed point. As a consequence, they do not participate in the description of
UV physics. In the continuum, expectation values involving such operators will be then strongly suppressed.

5As it will be shown in chapter (5), this method works effectively well for the scalar theory.
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configurations and of the Jacobian operator along the flow. The former are necessary for evaluating
probes at positive flow time, while the latter is used to compute the variation

02, 2P (t,). (4.23)

A more quantitative idea of the costs can be gained looking at table (4.1).

L | conf. generation (sec) | flow evolution (sec) | obs. computation (sec)
12| 0.873 2.61 x 10° 2.68 x 10°
16 | 0.240 1.36 x 10? 1.39 x 10°
24 | 1.17 6.78 x 10° 6.85 x 10°
32 | 0.436 9.66 x 10° 9.81 x 10°

Table 4.1: Computation times for different set of lattices (first column). Second column shows the time
needed to generate a single configuration. Third column displays the total time required to evolve gauge
fields and Jacobian. Fourth column contains the times needed to compute elements that form equation
(4.22)-(4.26). Even if smaller, the L = 12 lattice cannot be parallelized as effectively as the L = 16 case.
This explains why t12 > t16.

Here, the time needed to evolve fields and Jacobian over the entire flow-time window is definitely
quite large (a factor 10% bigger than the time spent to generate a configuration). Measurements
have been taken keeping the following ratio

c=2=, (4.24)

fixed for all the lattices, with
Cmaz = 0.3. (425)

As a consequence, the flow-time window gets wider with the number of lattice points. This has the
effect of making measurements more and more expensive when continuum limit is approached.

Having considered these circumstances, a choice has been done to obtain enough precise results
in a reasonable amount of time, and the simplest possible strategy (3 probes, square system) has
been adopted.

4.3.2 Z;s

The multiplicative factor Zs has been measured using the identity (3.234)

Zota* 37 8000 (t, Lo/2 = D)o-sr = (Dosb(t, Lo/2 = D)o—sp+0 (e777) | (4.26)
yo€D

where the probe <i>(t, xo) is obtained as a spatial average of a local probe @(t, x). The integration
domain is defined as

D ={(Ly/2—1)—d <y < (Lo/2 — 1) +d}. (4.27)

In principle, any gauge-invariant probe ®(t,z¢) could be employed. To have good enough estimates
of Zs, it is necessary to maximize the probe derivative along the direction p = 0. The nature of the
boundary conditions plays a key role in singling out the right operator. When O — SF boundary
conditions are adopted, the best candidate probe is the (spatially averaged) Polyakov loop along
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spatial directions.

d(t,Lo/2—1) = W(t,Ly/2 - 1), (4.28)
3

W(t,Lo/2—1) = L™ W;(t,Lo/2 — 1), (4.29)

Wi(t,Lo/2 = 1) = te{ [ V(.7 Lo/2 - 1)}, (4.30)
x;=0

where periodic boundary conditions have been imposed for p = 1,2, 3.

L=12, p=5.8506 . ¢=00
: T T T T T T = ¢c=0.1
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115
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Figure 4.3: Spatial average of energy density at positive flow time. Data are displayed as functions of
the position along the p = 0 direction, for different values of the smearing radius ¢ = v/8t/L.

This choice can be quantitatively motivated making comparisons with other candidate probes.
Figure (4.3) shows the estimates of the following quantity

E(t,x0) = LY " E(t,#,30) = =207 (tr{G 1, G } (¢, 7, 30)), (4.31)

which is the spatial average of the energy density at positive flow time. Data are plotted as functions
of xg, for different, fixed values of the flow time. Inside the interval [0, Ly — 1], the derivative of
E(t, ) changes sign. This means that dyE(t, xo) vanishes at some point x§ € [0, Lo —1]. Moreover,
around xg = Lo/2 — 1, E(t,xz9) (zoomed area) is varying really slowly (~ —11% from zo = 4 to
o = 6, for ¢ = 0.3). As a consequence, its derivative, measured at xg = Lo/2 — 1, is going to be
very small.
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Figure 4.4: Spatial average of the Polyakov line at positive flow time. Data are displayed as functions of
the position along the p = 0 direction, for different values of the smearing radius ¢ = v/8t/L.

On the other hand, figure (4.4) displays the values of the (spatially-averaged) Polyakov line W (¢, zg).
The derivative of W (¢, o) is monotonic inside the interval [0, Ly — 1] and varies more rapidly around
2o = Lo/2 — 1 (~ 400% from zy = 4 to xg = 6, for ¢ = 0.3). Using the data displayed above, the
symmetric derivatives of the two quantities at zyp = Ly/2 — 1 can be compared

c 0.0 0.1 0.2 0.3
dosW (t,Lo/2 — 1) | 0.0007(2) | 0.0059(3) 0.0274(7) 0.0543(9)
dosE(t,Lo/2 —1) | —0.021(5) | —0.02702(41) | —0.01459(15) | —0.00873(8)

Table 4.2: Symmetric derivatives comparisons.

As it will be shown in the following, the renormalization coefficients can be suitably extracted in a
flow-time region that runs from ¢ = 0.2 to ¢ = 0.3. Looking at the data in (4.2), it can be noticed
that the Polyakov line provides the larger derivative inside this interval.

Similar comparisons have been made with other gauge-invariant probes. The final outcome is that
W (t, o) is the best candidate for the measurement of Zs. For the latter, equation (4.26) becomes

<605Wf(t, Lo/2—-1)))o-sF L0 (g%)

Zs =
(@ po=r Oyo,oW(t, Lo/2 = 1)))o-sF

(4.32)

where Ly = Ly/2 —1+4d.
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The constant Z5 can be measured for several values of the radius d. The latter has to be large
enough to suppress the exponential contribution in (4.32). As a consequence, small lattices (in
terms of number of points) cannot be adopted.

4.3.3 Simulation setup
Geometrical setup

The setup adopted for numerical simulations consisted of a hypercubic lattice with periodic bound-
ary conditions along the spatial directions and O — SF

For ()] zo=0 = 0, (4.33)
Ap(2)]zp=1, = 0 (4.34)

for the temporal extension. Simulations have been done using a modified version of openQCD,
which employs a hybrid Monte Carlo algorithm (HMC) [62] to generate gauge field configurations.
With respect its original version, the modified code includes routines for the computation of the
elements that compose equations (4.22) and (4.32).

Simulation parameters

Renormalization constants have to be measured along a renormalized trajectory (also called line of
constant physics). Such a line is characterized by a series of lattices coupled to a specific value of the
bare coupling. The latter, in the spirit of Wilsonian RG, has to be tuned in order to keep physical
quantities (like a hadron mass, or a length scale) fixed as the number of lattice points changes. Once
the tuning has been accomplished, the path towards the continuum limit is obtained moving from
the coarsest lattice to the finest one. This scale setting procedure is necessary whenever physical
quantities are measured and their continuum values extrapolated. In this case, a line of constant
physics has been provided by the following set

L |12 16 24 32
B | 5.8506 | 6.0056 | 6.2670 | 6.4822

Table 4.3: Lattice setup.

which has been used by L. Giusti and M. Pepe to measure the renormalized EMT [38]. Using
shifted boundary conditions, the authors measured the renormalization constants in the infinite
volume limit, solving specific thermal WIs. For a set of renormalization constants measured in two
different volume schemes (finite vs. infinite) the following ratio

Zi FLOW,L

= {136}, (435)
Z;i, SHIFTED

admits an analytic expansion in powers of the lattice spacing®

Zi FLOW,L i a\% )
JRPLOWL 1y ci-(—) i = {1,3,6), 4.36
2 SHIFTED j:1( )i L { } ( )

for small values of a. Equation (4.36) represents the perfect tool to check the consistency of the
method adopted in this work.

6The original Symanzik expansion contains also logarithms, which are here neglected.
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Before starting with the measurements, the HMC parameters had been properly tuned to
guarantee the best effinciency on all the lattices of (4.3). The evolution along the flow has been
implemented using a 3rd order Runge-Kutta algorithm, following the formulation in [21]. The
integration step had to be adjusted to make systematic errors, due to discretization of flow time,
negligible.

Measurements

Numerical simulations have been carried out on a BlueGeneQ supercomputer using a large number
of replicas” to increase the statistics. Consecutive measurements have been separated by several
Monte Carlo trajectories in order to reduce auto-correlation effects.

L |3 Replicas | M.D. steps | Traj. per measure | Z136/Zs | Zs

12 | 5.8506 | 128 5 500 96000 29440
16 | 6.0056 | 16 5 500 52248 18488
24 | 6.2670 | 16 ) 500 30088 9144
32 | 6.4822 | 8 5 700 25288 3384

Table 4.4: Simulation parameters. The first two columns denotes the number of lattice points and the
corresponding bare coupling 5. The third column shows how many replicas have been employed for each
lattice, while the fourth contains the number of molecular dynamics steps used in the HMC algorithm.
Fifth column displays the number of configurations generated between two consecutive measurements. The
last two columns contain the number of total measurements for Z1,3,6/Zs and Zs

The asymmetry between measurements of Z3 3/Zs and Zs in (4.4) is motivated by the following
facts. The first is that Zs can be measured quite precisely with a smaller statistics than the one
required for Z; 36/Z5. The second is that the routine used to compute terms in (4.32) requires a lot
of computation time, and it should be deactivated as soon as Zs is measured with enough precision.
To optimize the simulations, it has been decided to disable the computation of the elements in (4.32)
as soon as the precision on Zs was about .5%8. On the other hand, evaluation of the observables
in (4.22) has been kept active to obtain more data for Z; 36/Zs.

Choice of the flow times

The width of the flow time window, as well as the number of flow times, has been determined after
few numerical investigations.

"With replica, a copy of the same type of run (same lattice, bare parameters and flow times) but different start
configuration is intended.
8For ¢ = +/8t/L = 0.2 on each lattice.
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Figure 4.5: Example of how the EMT renormalization constants behave with the flow time. In this case,
the ratio Zs/Zs, measured on the finest lattice, has been considered.

At zero flow time, the TWI are affected by a contact term arising from the coalescence of probe
and energy momentum tensor. At positive flow time, one would ideally distinguish three different
regions, as in figure (4.5). The first one is a small flow time window characterized by large lattice
artefacts (region A), representing the remnant of the divergence at ¢ = 0: these artefacts are
supposed to vanish when continuum limit is approached. As the flow time increases, these effects get
quite reduced and data start to vary slowly with ¢. Here the constants Z1 36/Zs are still measured
with good precision (region B): this is the second region of flow times, where the values of the
coefficients Z; 3 6/Zs could be extracted. Finally, a big flow time window should follow (region C'),
where the solution of the system would get more and more noisy due to signal depletion. The length
of the flow time window has to be enough to contain the first two kind of regions. The last region
should be discarded, since it is reached at the cost of large simulation times and poor statistical
signal. Moreover, the smearing radius ¢ cannot be too large, otherwise boundary contributions at
xo = {0, Lo — 1} will come into play. These terms generate O(a) scaling violations when continuum
limit is approached, and worsen the natural O(a?) convergence of gauge theories.

For the set of lattices in (4.3), the following window

¢ = {0.0,0.02,0.04,0.06,0.08, ...,0.3}, c¢= (4.37)

I

represented the optimal flow-time interval for carrying out measurements in a reasonable amount
of time.
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4.4 Results

In this section all the numerical results will be presented and discussed. In section (4.4.5) the
constants Zi 3¢ will be compared with those measured by L.Giusti and M. Pepe [38].

4.4.1  Zis6/Zs

In the following, the values of Zy 36/Zs are displayed as functions of the flow time, for the set of
lattices given in (4.3). For any fixed flow time, a set of renormalization constants is defined. The
latter describe a lattice-renormalized EMT such that

<8MS(T;UJ)RPT> ajO <8MT;J,VPT> + O(a2)7 (438)
Zc5<5m,pPT> a:)O <6I7PPT> + O(CLQ). (439)

Renormalization constants extracted at different flow times will generate different O(a?) corrections
in the above limits. A suitable set of constants should provide the smallest possible scaling violations
when continuum limit is approached. As explained in subsection (4.3.3), these optimal sets can be
determined exploring the flow time window in figures (4.8)-(4.6)-(4.7).

e The 0.0 < ¢ < 0.2 region is characterized by large lattice artefacts, especially for L = {12, 16}.
These artefacts are a remnant of the t = 0 contact term. They can be identified as a2/t terms
and are supposed to vanish in the continuum. At fixed lattice spacing, the size of these effects
can be qualitatively identified with the width of the peaks displayed in the plots. As expected,
these peaks shrink and move towards smaller flow times when continuum limit is approached.
At zero lattice spacing, they should reconstruct the ¢ = 0 divergence.

In this region of flow times, the extraction of renormalization constants is not recommended,
the size of scaling violations to physical quantities being quite large (O(a*) or higher).

e For ¢ > 0.2, contact term effects are reduced (especially for L = {24,32}) and only (a/L)?
artefacts would remain. Ideally, data should display a plateau, since the renormalization con-
stants do not depend on the flow time. Actually this does not happen, because remnants
of the t = 0 divergence are not totally suppressed. The latter can be totally removed only
flowing the probes at really large flow times. However, this comes at the price of longer simu-
lations and poorer signal. Moreover, for ¢ > 0.26, the precision on some of the renormalization
constants is already quite poor. As a consequence, measurements at larger flow times would
require larger statistics, which are computationally expensive.

For these reasons, the 0.2 < ¢ < 0.3 region seemed to be the most suitable interval for extracting
the renormalization constants.

Among the all measured quantities, Z3/Zs proves to be the most accurate one (figure (4.6)).
Data are precisely measured up to ¢ < 0.24, then precision drops down. For ¢ > 0.12, ordered
sequences, from the coarsest lattice to the finest one, become quite clear (circled area in figure

(4.6)).
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Figure 4.6: Plot of Z3/Z; as function of the ratio ¢ = \/Q/L

For Zs/Zs (figure (4.7)), contact term effects are still quite important (up to ¢ < 0.18 for
L = 32), and ordered sequences are manifest only for ¢ > 0.2. As for Z3/Zs, numerical precision
worsens for ¢ > 0.26. Moreover, the solution of translation WI here seems to become quite unstable.
This is a clear signal that a larger number of measurements is required.

Remnants of the contact term affects Z,/Zs (figure (4.8)) up to ¢ < 0.14 (on the finest lattice).
Data show a continuum-like order already for ¢ > 0.8. However, in the region of interest (¢ > 0.2),
this order gets lost due to signal depletion (zoomed area in figure (4.8)). The main problem is that
the ratio Z1/Zs is a quite small quantity’. A quantitative idea can be obtained using the one loop
expression of Z; (4.14)

L |8 7

12 | 5.8506 | 0.037
16 | 6.0056 | 0.035
24 | 6.2670 | 0.032
32 | 6.4822 | 0.03

Table 4.5: Z; at one-loop in perturbation theory.

for the set of lattices (4.3). From table (4.5), it can be inferred that Z;/Zs is a quantity of order

1072 or smaller. This means that it can be precisely measured only with a really large statistics.

9In the continuum, Z1/Zs = 0.
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Figure 4.7: Plot of Zs/Zs as function of the ratio ¢ = v/8¢/L.
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Figure 4.8: Plot of Z1/Zs as function of the ratio ¢ = \/87/L The zoomed area focuses on the flow time
window where lattice artefacts should be most reduced.
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4.4.2 7;

In this section, the measurement of the multiplicative factor Zs is discussed. An idea of how this
quantity has been extracted is provided by figure (4.9). Here, data have been plotted as functions
of the flow time for fixed values of the radius d, which defines the integration domain around a local
translation

(GosW(t, Lo/2 —1)))o-sF _a2
s 5 Ofe ), 4.40
5 (a Z.vfoJr:L_ 0yo, oW (t,Lo/2 —1)))o—sF + ( ) ( )

where Ly = Lo/2 — 1+ d. As for the case of translation WI, the ratio above generates a contact
term at zero flow time. As the probe gets evolved, two different regions can be identified.

e For values of ¢ smaller than 0.08, the signal is quite noisy'?. The reason behind this behaviour
is that contact term effects are still quite dominant, and large cancellations occur in the ratio
above. This causes loss of precision and huge statistical errors.

e When ¢ > 0.08, numerical estimates become stable, and their precision grows as the flow time
increases. For any values of the radius d, measurements of Zs seem to be compatible up to
¢ < 0.12. Then deviations appear. The latter are caused by the growth of the exponential
corrections

a2
o (6_47) , (4.41)
with the flow time. These deviations gets suppressed as the integration radius d increases.
Indeed, for d = {(Lo/2 — 2), (Lo/2 — 1)}, these effects are totally negligible, figure (4.10).

L=16, p=6.0056
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- I -
e d=1
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2or I g e T
s =
1 I 1 I 1 I 1 I 1 I 1 I 1 I 1

0.00 0.04 0.08 0.12 0.16 0.20 0.24 0.28

Figure 4.9: Plot of Z5 as function of the ratio ¢ = v/8t/L. Different data sets are characterized by
different radius d of integration.

10This behaviour has been observed also on the other lattices of (4.3).
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Figure 4.10: Zoom on the ¢ > 0.12 region. Different data sets are characterized by different radius d of
integration. It should be noticed how deviations becomes negligible, within error bars, for d = {6, 7}

A similar behaviour has been observed also for the other lattices in (4.3). The only difference among
them consists in the value of the flow time at which deviations appear. For finer lattices, usually
these effects become evident at larger flow times'®.

For any lattice spacing , the values of Zs have been extracted using data sets labelled by the
largest integration radius (4.6). This ensured numerical estimates to be quite safe from any spurious

exponential correction of the form (4.41).

L 5 dmaw/a
12 | 5.8506 | 5
16 | 6.0056 | 7

24 | 6.2670 | 11
32 | 6.4822 | 15

Table 4.6: Maximum integration radius used for measuring Zs. The formula d;,qc = Lo/2 — 1 has been
adopted. For finer lattices, only 7 radiuses have been used (Lo/2—1, ..., Lo/2 —7) to make the computation
of terms in (4.32) less expensive.

Having fixed the radius d to its maximum value, each measurement at ¢ > 0.18 is a good candidate
for estimating Zs (figure (4.11)). The outcomes of these measurements are all displayed in table
(4.7). The reference value for Zs has been extracted at ¢ = 0.2 (circled area in figure (4.11)).
This particular value of the flow time seems to be a good compromise to obtain an enough precise

11¢=0.20 for L =24 and ¢ = 0.26 for L = 32
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estimate without enhancing exponential corrections. The selected value can be used for the straight
evaluation of Z; 3¢, as it will be shown in the next subsection.

o L=12, p=5.8506
o L=16, p=6.0056
, L=24, $=6.2670 | , — : , : ,
L 1| + L=32, p=6.4822 Y i
2.1 \ ]
b
_ 1 : : _
! |
20 I i I| _
! 1
P! .
IIl KX < < L3
1
26 191 < E E E : i ]
9 : :
1 h 1
° |l !
1
1.8 ll 1 —
1
4 \ |
1 1 -
! I
! 1
| I
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[T 11 =z=3 ==
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C

Figure 4.11: Estimates of Z; in terms of the ratio ¢ = v/8t/L. For all the lattices in (4.3), the data set
labelled by dmaes has been selected.

Zs
L c=0.2 c=0.22 c=0.24 c=0.26 c=0.28 c=10.3
12 | 2.1236(98) | 2.1304(75) | 2.1339(63) | 2.1360(50) | 2.1361(43) | 2.1344(38)
16 | 1.9274(87) | 1.9326(68) | 1.9358(55) | 1.9388(50) | 1.9403(42) | 1.9414(39)
24 | 1.7513(79) | 1.7533(62) | 1.7551(55) | 1.7566(46) | 1.7582(41) | 1.7600(37)
32 | 1.6747(99) | 1.6757(85) | 1.6757(75) | 1.6767(64) | 1.6771(52) | 1.6784(45)
Table 4.7: Values of Zs for 0.2 < ¢ < 0.3, for all the lattices employed in the simulations. For each

lattice, the data set labelled by dmqe: has been considered. The coloured column highlights the reference

values chosen for Zs.

4.4.3 Zyse

In this subsection, numerical results for Z; 3¢ (figures (4.12)-(4.13)-(4.14)) are shown.
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Figure 4.12: Plot of Z; as function of the ratio ¢ = \/87/L The zoomed area focuses on the flow time
window where lattice artefacts should be most reduced.
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Figure 4.13: Plot of Z3 as function of the ratio ¢ = \/87/L
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Figure 4.14: Plot of Zs as function of the ratio ¢ = v/8t/L.

From the solution of the TWI, other two interesting quantities have been determined. These are
given by the following ratios

A
= — 4.42
T1 ZG ) ( )
Z3
=== 4.4
T3 Z6 ) ( 3)

which are shown in figure (4.15) and (4.16).

In the region of interest (0.2 < ¢ < 0.3), 1 shows a behaviour similar to that of Z;/Z5 and Z;.
This is not so unexpected, since 71 is a small quantity of the same order of magnitude of Z;. As a
consequence, it can be precisely measured only if a large statistic is employed.

The situation is different for r3, which shows some interesting features.

For 0.2 < ¢ < 0.3, the values of such ratio seem to be really close to one. The statement undoubtedly
holds for the finer lattices L = {24,32} where the values of r3 are compatible with r3 = 1 within
the errors. For L = {12,16}, deviations from r3 becomes larger, but this is not surprising, since for
these lattices the remnants of the t = 0 divergence are still quite strong. As before, coarse lattices
provides enough precise data in the entire range of flow times, while for the finer ones the precision
drops down for ¢ > 0.26'2. Data suggest that lattice artefacts affecting r3 are highly reduced in
the region of interest (¢ > 0.2), especially on the finest lattices. This is a quite remarkable feature,
which plays a key role when comparisons with other available results are made.

12This is usually expected, since simulations on coarse lattices allow to obtain quite high statistics in a “small”
amount of computation time.
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Figure 4.15: Plot of Z,/Zs as function of the ratio ¢ = v/8t/L. The zoomed area focuses on the flow
time window where lattice artefacts should be most reduced.
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Figure 4.16: Plot of Z3/Zs as function of the ratio ¢ = \/g/L
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4.4.4 Z 36 tree-level improvement

Along with the original data, a tree-level improvement has been applied. Removing terms that
come from the tree-level expansion of translation WI could reduce'? the lattice artefacts affecting
the measurement of Z; 5. Hopefully, this procedure could extend the region in which Z; 3¢ are
extracted towards smaller flow times.

Tree-level contributions are removed in the following way:

e terms that enter in the definition of the tree-level translation WI are computed;

e having measured, and extracted Zs, the following (square) system is solved'*
> | @0, 2 ()

p=13.6 L po

B=36

Zﬂ - Z5 Z<Sw,p(i)ga)(ta l’)> =
p

Z(T;Eﬁp] (x)aus(i)(pa) (t, $)>tree - Z<Sw,9(i)(pa) (t, x)>tree

po p

with respect to Z; 3.

On the r.h.s. the sum is restricted only to two terms since

Z3e =1, (4.44)
Z; =0, (4.45)

at tree-level. The effectiveness of an improvement can be appreciated when the lattice spacing is
not too small. As a consequence, the method has been initially probed on the coarsest lattices
(L ={12,16}). Numerical results are shown in figures (4.17)-(4.18)(4.19). Unfortunately, the effect
of this procedure is only to modify the shape of data at very small flow times. Here, lattice artefacts
are quite huge and there is no interest in extracting the value of the constants.
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— I T —_— ‘ ‘ —_——
251 N * MC data 7 251 - * MC data 7
L P = tree-level improved| | L . = tree-level improved| |
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151 B 15[ B
Z, Z, - 4
-
1.0+ — 10— —
- h b
05 — 0.5 —
- - |
S ! ! ! LT+ v v 47 0o ! I ! ! T T T Tt o
0.00 0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.00 0.04 0.08 0.12 0.16 0.20 0.24 0.28
[ [
(a) (b)

Figure 4.17: Tree-level improved Z; for L = {12,16}

13 A proper improvement & la Symanzik would require the removal of tree-level contributions coming from boundary
and bulk action, as well as lattice EMT and translation WI.
141n order to lighten the formulas, average over spatial directions has not been written.
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Figure 4.18: Tree-level improved Zs for L = {12,16}
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Figure 4.19: Tree-level improved Zg for L = {12,16}

4.4.5 Comparisons

The quality, and the effectiveness, of the strategy adopted has to be tested. Usually, a comparison
with other (possibly established) methods represents a good test. Meaningful comparisons can only
be done taking the continuum limit of some reference observable. The latter could be any kind of
dimensionless quantity that allows an analytic expansion in powers of the lattice spacing®®. In this
case, the continuum limit of the following ratio

Z;i FLOW,L

R =
' Zi SHIFTED

, i={3,6} (4.46)

has been studied.

15 A simple example could be a dimensionless combination of physical quantities related to the renormalized EMT.
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The numerator consists of the renormalization constants Z3 ¢ measured through the gradient
flow. The denominator describes the same quantities measured by L. Giusti and M.Pepe, using
shifted boundary conditions (SBC). The description of this specific setup will not be discussed
here!®. The key point is that SBC allow to extract Z3¢ in the infinite volume limit, while the
Wilson Flow method (WF) is defined at finite volume. As a consequence, the ratio (4.46) can be
expanded in the following way

Z;i FLOW,L - a\ 2 )
Ri S e ]_ + Ci)i (—) 1 = 3,6 y 4.47
i= g <1 S e ( 3.6) (1.47

as continuum limit is approached. A consistent match between the two methods is achieved if their
extrapolated ratios are compatible with

lim R, =1, i={36}, (4.48)
a—0

within statistical errors. The extrapolations have been carried out using values of Z3 ¢ extracted
from the region 0.2 < ¢ < 0.3. At fixed flow time, the ratios (4.46) have been fitted using the
following expansion

7 2
RZ-’L:LOW’L:A_FB(E) ’ (4.49)
Z; SHIFTED L

using two different sets of lattices
L={12—- 32}, L={16— 32}, (4.50)

to obtain insights of the systematic errors. Examples of the fit (4.49) can be found in figures
(4.20)-(4.21)-(4.22) for Rs 1 and (4.24)-(4.25)-(4.26) for Rg . Each plot displays

e values of the ratios (4.46) along with their statistical errors;
e fitting curves for the lattice intervals (4.50) and related reduced x? ;
e values of continuum limit extrapolations (zoomed area).

Possible O(a) effects coming from the zo = {0, Ly — 1} boundaries have been investigated. In this
case, data have been fitted using the following expansion

Zi FLOW,L a a\?
Rz = Zi SHIFTED ATE (L) e (L) ’ (4.51)
for the largest interval in (4.50). The values of the fitting parameters B and C proved to be zero
within their statistical uncertainties. This result suffices to confirm that the smearing radius c is
not large enough to make measurements sensitive to boundary effects.

The fit procedure of R3 1, seems to be the most reliable one. The reduced x? is always smaller
than 1 and continuum extrapolations are compatible within error bars. The latter are precisely
determined for 0.2 < ¢ < 0.24, then their precision worsen. This is caused by the increase of
statistical noise on Z3/Zs at large flow times (¢ > 0.26).

Continuum limit extrapolations are displayed in figure (4.23) as functions of the flow time. For
0.2 < ¢ < 0.24 they deviate from
iii% Ry =1 (4.52)

by several (> 3) standard deviations. At larger flow times results seem to be more compatible with
their expected value, but this phenomenon is faked by the growth of statistical errors.

16The interested reader can find all the details in [37, 38].
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Figure 4.20: Zswr/Zsshifted ratio at fixed flow time. Data are displayed as functions of the number of
lattice points. The zoomed area focuses on the a = 0 extrapolations.
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Figure 4.21: Zswr/Zsshiftea ratio at fixed flow time. Data are displayed as functions of the number of
lattice points. The zoomed area focuses on the a = 0 extrapolations.
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Figure 4.22: Zswr/Zsshiftea ratio at fixed flow time. Data are displayed as functions of the number of
lattice points. The zoomed area focuses on the a = 0 extrapolations.
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Figure 4.23: Continuum extrapolations of the ratio Zsw r/Z3shifted as functions of the flow time.

R, 1, does not yield enough reliable results as for the case of R3 . It has been shown in section
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(4.4.1) how measurements of Zs/Zs were plagued by large lattice artefacts and significant noise.
This behaviour is reflected in the fitting procedure of Rg 1, the latter being less reliable and stable.
The reduced x? is always greater than 1 and grows as the flow time increases. Continuum limit
extrapolations are always compatible within few standard deviations (figure (4.27)).

Both R3 1 and Rg  show a consistent mismatch between the values of Z3 ¢ measured through
the gradient flow and those measured using SBC. Quantitatively, the deviations of R3¢ 1, from the
expected continuum value can be read off from table (4.8).

L={12— 32}
c 1- Ry Xhs | 1— Re.rL X%.s
0.2 0.188(17) 0.84 | 0.188(12) 6.86
0.22 | 0.181(18) | 0.39 | 0.180(16) | 1.50
0.24 | 0.185(20) 0.10 | 0.184(19) 2.58
0.26 | 0.203(34) 0.10 | 0.169(24) 5.85
0.28 | 0.2023(39) | 0.51 | 0.153(33) | 5.49
0.3 |0216(43) | 052 | 0.153(48) | 2.78

L ={16 — 32}
0.2 0.165(23) 0.06 | 0.151(17) 2.85
0.22 0.161(24) 0.01 0.175(24) 2.94
0.24 | 0.177(34) | 0.06 | 0.232(32) | 1.56
0.26 | 0.226(64) 0.01 | 0.319(53) 2.86
0.28 | 0.167(11) | 0.95 | 0.389(100) | 4.1
0.3 0.230(97) 1.04 | 0.219(106) | 5.38

Table 4.8: Deviation of the ratios Rs,; from their expected, continuum value. The third and fifth
columns display the values of the reduced 2.

It is important to understand what could be the cause of these deviations. Actually, two distinct
sources of errors can be singled out.

The first one could be attributed to lattice artefacts. The latter could be still quite large and
substantially affect the outcome of the fit procedure. Should it be the case, then it could still be
possible to improve the numerical strategy using two, different (also combinable) methods.

1. Finer lattices could be added to the set (4.3), and make continuum extrapolations more
precise. This is the simplest type of improvement, however it comes at the price of longer
simulation times. Indeed, fine lattices contain lots of lattice points, and this has the effect to
slow down both the update procedure as well as the flow time evolution. In section (4.4.1) it
has been shown how precision on fine lattices drops down as the flow time becomes large. On
these lattices, reliable estimates could be provided only with a large amount of computation
time. A priori, nothing forbids to follow this path. However, a numerically effective strategy
should provide enough precise results in a reasonable amount of time. If this is not the case,
then the strategy is not effective and should be abandoned.

2. A global tree-level improvement can be applied. This would mean removing (lattice) tree-level
contributions from boundary and bulk action, renormalized EMT and translation WI. This
strategy seems more feasible in terms of computation times. However, it does not always
guarantee the reduction of lattice artefacts'”.

17 Tree-level improvements are not effective if lattice artefacts are sourced by one-(or higher)-loop contributions.
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Figure 4.24: Zsw r/Zsshiftea ratio at fixed flow time. Data are displayed as functions of the number of
lattice points. The zoomed area focuses on the a = 0 extrapolations.
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Figure 4.25: Zsw r/Zsshiftea ratio at fixed flow time. Data are displayed as functions of the number of
lattice points. The zoomed area focuses on the a = 0 extrapolations.
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Figure 4.26: Zsw r/Zsshiftea ratio at fixed flow time. Data are displayed as functions of the number of
lattice points. The zoomed area focuses on the a = 0 extrapolations.

Z.elZ

6WF’ ~6shifted

Continuum limit
I I I ' I
15— —
o L=12->32
o L=16->32
14— —

ool ]

11 - —

) 0 0 —

09} |
! ! ! ! ! !

0.20 0.22 0.24 0.26 0.28 0.30

Figure 4.27: Continuum extrapolations of the ratio Zew r/Zsshiftea as functions of the flow time.
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The other'®, possible source of problems could be related to the determination of Zs. From
figures (4.23) and (4.27), it could be argued that the sets of constants Zs ¢ wr and Zs ¢ shifreq differ
just for an overall constant factor

Ry = 1.196(30), L = {12 — 32}, (4.53)
= 1.188(69), L = {16 — 32}, (4.54)

Rgp = 1.171(28), L ={12— 32}, (4.55)
(66) (4.56)

= 1.246(66), L = {16 — 32},
within statistical errors. To support this statement, the following ratio

T3,WF,L
r3L = ———, (4.57)
T3,shifted

has been studied using the same expansion as in equation (4.49). Fits for the ratio (4.57) are
displayed in figures (4.28)-(4.29)-(4.30). The reduced x? is always greater than 1 and grows with the
flow times due to loss of numerical precision. It is interesting to study the continuum extrapolations
(figure (4.31)) for each flow time. For the largest interval in (4.50), their values are quite precisely
determined and seem to be compatible with 73 = 1. In the worst case, they differ from the
expected value of just two standard deviations. The situation becomes worse when the study is
restricted to the interval (L = {16 — 32}). At large flow times deviations are consistent as well
as the statistical error. This is clearly sourced by the loss of precision on Zg/Zs. Nonetheless, the
extrapolations are all compatible with one.

L ={12 — 32} L ={16 — 32}
c 1—rar X%z s c 1—7rar X%%rg
0.20 | 0.007(11) | 2.70 0.20 | 0.019(14) 3.03
0.22 | 0.016(14) | 1.92 0.22 | 0.003(22) 2.52
0.24 | 0.025(17) | 3.34 0.24 | 0.033(27) 0.79
0.26 | 0.039(17) | 4.03 0.26 | 0.048(40) 2.55
0.28 | 0.028(28) | 6.87 0.28 | 0.239(78) 1.45
0.30 | 0.006(43) | 6.49 0.30 | 0.154(101) | 8.73

Table 4.9: Deviation of the ratio r3 1 from the expected, continuum value. The third column displays
the values of the reduced 2.

Data in tables (4.9) show that more precise estimates are necessary, especially for ¢ > 0.26.
However, these results clearly signal that the difference between Z3gwr and Z3 6 shifreq could
be just an overall normalization. It has to be understood how such normalization is generated.
Clearly it can only be related to the determination of Zs. This does not necessary imply that the
method adopted in this work is wrong'®. However, further theoretical, and numerical, studies will
be necessary to understand the validity and applicability of equation (4.32) to measure Z52°.

18 Actually, a third source of problems could simply be the lack of a reasonably large statistics, especially on finer
lattices. The statement is surely true for both ratios at large flow times. However, results for R3 1, are quite precise
for ¢ = 0.2,...0.24 and show clear deviations from their expected continuum value.

19 Possible issues could be hidden in the way SBC are employed to measure the renormalized EMT.

20The problem seems to affect only Yang-Mills theory. When the scalar case is considered (5), this issue disappears,
since Zs = 1 at finite lattice spacing.
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Figure 4.28: r3wr/T3shifteq ratio at fixed flow time. Data are displayed as functions of the number of
lattice points. The zoomed area focuses on the a = 0 extrapolations.
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Figure 4.29: r3wr/T3shifteq ratio at fixed flow time. Data are displayed as functions of the number of
lattice points. The zoomed area focuses on the a = 0 extrapolations.
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Figure 4.30: r3wr/T3shifteq ratio at fixed flow time. Data are displayed as functions of the number of
lattice points. The zoomed area focuses on the a = 0 extrapolations.
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Figure 4.31: Continuum extrapolations of the ratio r3w r/T3shiftea as functions of the flow time.
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Chapter 5

Scalar field theory in 3 dimensions

5.1 Introduction

In this chapter, the renormalization of the lattice EMT in scalar theory is discussed in detail. In
3 space-time dimensions, the theory exhibits two distinct RG fixed points, as it will be shown
in subsections (5.2.1)-(5.2.2). These two points lie on a critical surface, whose projection onto
the subspace of the relevant couplings is defined as the critical line (cfr. subsection (1.3.1)). In
subsection (5.2.3), the latter is precisely located through a numerical study of the phase diagram
of the theory. Then, a brief description of the renormalized EMT using continuum and lattice
regularization follows (section (5.3)). In section (5.4), a method to renormalize the scalar EMT
using probes at positive flow times is presented. The strategy follows the guide lines of chapter
(3), with some modification for what concerns the gradient flow formulation. Finally, the numerical
setup for measuring the renormalized EMT is described (5.5). The outcome of numerical simulations
is presented and discussed, along with some fundamental checks that probe the goodness of the
strategy adopted.

5.2 Scalar field theory

Scalar field theory has been already presented in chapter (1.2), for D = 4 space-time dimensions
1 m2 AO
S = /d% <2ap¢ap¢ + 7%2 + 4!¢4) . (5.1)

In four dimensions, the only available fixed point is the Gaussian one, which is UV repulsive. As
a consequence, the theory does not have a continuum limit. A different scenario appears when the
number of dimensions is lowered from 4 to 3. In this case, two different RG fixed points appear.
The first is a UV fixed point (Gaussian) and define a proper continuum limit for the theory. The
second one is an IR fixed point (Wilson-Fisher) and determines the behaviour of the theory at large
distances. In the following sections, a brief description of these two points is presented, along with
the set of relevant couplings that characterize them.

5.2.1 GGaussian fixed point

The RG group flows for a Z, invariant scalar theory have been determined in chapter (1.2). Using
the effective potential approximation, the flows are described by the following differential equation
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(crf. equation (1.55))

2n
Ad92n _ (n(d —2) — d)gan — apn@-2 T log[A* + V" (9)]| . (5.2)
dA d¢2n =0

For d = 3, the evolution of relevant and marginal couplings can be determined by the set of equations

dga

A = —2¢g9 — 5.3
dA g2 1 + 927 ( )
dgs 3ag; age

A2 = g+ — , 5.4
A~ I T Ut T4 (5.4)
d 30ag3 15

A ge _ agy + ag49e (5.5)

dN (1+g2)3 (1—|—gg)27

where a = (27r)72. Around the Gaussian point, the linearized RG flows take the following form

dé

A diz = —20gs — adgy, (5.6)
dé

A di4 = —0g4 — adgs, (5.7)
ddge

A = U. .
—L =0 (5.8)

where dgo, = (g2n—93,), 95, = 0. The critical exponents at the Gaussian fixed point are determined
by the eigenvalues of the linearized evolution matrix

2a0
L=—101a]. (5.9)
000
The set of eigenvectors
a2
c1 = 6gs + adgy + 5(596, (5.10)
co = dg4 + adgg, (5.11)
3 = 0ge, (5.12)
satisfy the decoupled equations
dCl
A—=-2 5.13
g, (5.13)
dCQ
A—=-1 5.14
2, (5.14)
ng
A—==0. 5.15
A (5.15)

As expected from naive dimensional analysis, g¢ is a marginal direction when RG flows are linearized
around the Gaussian point. Hence, the behaviour of the sextic coupling is determined by higher
order terms in the Taylor expansion. Keeping the next-to-leading order contribution, the RG flow

of gg becomes

dge

A—= = +15a0g40gs. 5.16

A +15a0g94096 ( )

If only theories with positive quartic coupling are considered, then the sextic coupling decreases

when the cut-off a~! is lowered; hence gg is marginally irrelevant and will not be included in the
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Lagrangian. For what concerns the continuum limit of the theory, only the couplings g» and g4 need
to be tuned. Around the Gaussian fixed point, the scalar theory can be described by the following
minimal action

2
S = /d% (;a,,fbapqs + %& + 2(!)¢4) : (5.17)

This information is crucial since it provides the minimal set of parameters that are necessary to
run lattice simulations.

5.2.2 Wilson-Fisher fixed point

To determine other, non-trivial fixed points is usually a difficult task. However, some insights can
be obtained if the RG flows are studied using the € expansion method [9]. In this case, the number
of dimensions takes non-integer values, and is controlled by a small parameter ¢ = 4 — d. Flows are
determined through a perturbative expansion in €, and the existence of, possibly new, fixed points
is investigated. Hopefully, what is established for small e will be qualitatively true for physically
interesting cases (e = 1,2...). Expanding the RG flows (1.55) in powers of the couplings and ¢ allows
to determine a new fixed point in the space of theories

% € * € *
92:—64—..., g4:3—a—|—...7 Jopsa =€+ .o . (5.18)

which is called the Wilson-Fisher fixed point. The latter is physically acceptable only if € > 0,
otherwise the couplings g5, are all negative and the potential of the theory would not be bounded
from below, leading to instability. In the neighbourhood of the fixed point, the linearized RG flows

become
déga (€ €
dé
AdTg\4 = edgu, (5.20)
(5.21)
with
po L [1+ £ tog(ame %)) + 0(e). (5.22)
(4m)? 2
Here, only the (g2, g4) subspace has been considered. In this case, the set of eigenvectors
c1 =492, (5.23)
o= —b(3 + %)592 +2(3 + €)dga, (5.24)
(5.25)
satisfies the decoupled system of equations
ade (-2 + f) c (5.26)
dA 3/ '
dc
Ad—A2 = ecy, (5.27)
(5.28)

Therefore, at this fixed point, only the mass coupling ¢; is relevant. The RG flows in the (g2, 94)
subspace for small € > 0 are sketched below:
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A Critical line

Gaussian FP

Wilson Fisher FP

Figure 5.1: RG flows of the scalar field theory in d = 3 space-time dimensions.

Here, the Gaussian and Wilson-Fisher fixed points are shown. Since all the other couplings
are irrelevant for d = 3, only the flows in the (g2, g4) subspace are shown. As already mentioned
before, the critical surface intersects this subspace in the line that joins the two fixed points. Only
RG flows with a UV continuum limit have been displayed. It has to be stressed that the results
above hold in the regime of small e. However, the Wilson-Fisher point has been shown to exist also
for e = 1. In the language of statistical physics, it is said to lie in the universality class of the Ising
Model. Having a good qualitative picture of the RG flows, it is possible to describe the different
continuum limits of the scalar field theory in 3 space-time dimensions. Continuum theories are just
parametrized by the mass and quartic couplings g2 and g4, while the irrelevant couplings g, have
some specific value fixed by go and g4. Different continuum scenarios are available in figure (5.1):

e The g4 = 0 line is a free, massive theory;

e The red lines starting from the Wilson-Fisher fixed point are massive interacting theories that
become the Ising model conformal field theory in the UV;

e The subspace of the critical line emanating from the Gaussian point is a massless interacting
theory that interpolates between a free theory in the UV and the Ising model CFT in the IR;

e The two blue lines represent massive interacting field theories, which become asymptotically
free in the UV. Theories below the critical line develop a non vanishing VEV| causing the Z;
symmetry to be spontaneously broken (cfr. section (1.3.1)).

This work focused on the renormalization of the lattice EMT in the unbroken phase of the
theory, where no VEV is developed (RG flows above the critical line). To simulate the theory in
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the right thermodynamic phase, it has been necessary to first locate the position of the critical
line. The latter has been located with the help of numerical investigations to characterize the phase
diagram of the theory. In the following session, all the details regarding the numerical study and
the related outcomes will be explained.

5.2.3 Phase diagram

A non perturbative study of the phase diagram has been carried out performing Monte Carlo
simulations. The discretization of the theory has been already described in section (1.3) for 4
space-time dimensions and will not be repeated here for the d = 3 case. The scalar model has been
simulated using the algorithm described in [63], alternating local Metropolis updates and Swendsen
Wang cluster updates of the embedded Ising Model. The details of the implementation will be
presented in section (5.5). Here, all the attention is focused on the determination of the phase
diagram of the theory. The critical line has been localized studying the peaks of the following

susceptibility
2 2
X = <<Z as(a:)) > - < > : (5.29)

as functions of the parameters of the theory. Having fixed the quartic coupling 5\01, the position of
the peaks has been determined performing several simulations at different values of the bare mass
Mmg. Then, the data have been reweighted to further values of 7 using multi-histogram technique.
The reweighting procedure helped to improve the localization of the peaks.

> éx)

Figure 5.2: Peaks of the susceptibility as functions of A¢ and (negative) 3. Here, two different physical
volumes have been shown. Errors have not been displayed in order to make the picture clearer.

1Hatted parameters are properly rescaled with the cut-off a—! in order to be kept dimensionless.
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Simulations have been carried out on different physical volumes. For each 5\0, a pseudo-critical
mass m.(L) has been defined as the coupling where the peak of the specific heat (5.29) is located
at fixed volume. The behaviour of 7i.(L) has been subjected to a finite size scaling analysis

te(L) = 1ig(00) + miL ™ + ..., (5.30)
where the dots denote sub-leading corrections to the scaling of r.(L). Here, the critical exponent
v has been set to the following value

v = 0.62893(39), (5.31)

found in [64]. Equation (5.30) has been adopted to estimate the value of r.(00). As an illustration
of the adopted method, a specific case (;\0 = 150) will be discussed in detail. At fixed quartic
coupling, the specific heat (5.29) has been measured spanning large intervals of the bare mass
parameter 7 (figure (5.2)). Estimates of this quantity are displayed in picture (5.3)

2=150 2=150
T T T o
2501 _
6.0 _
50 B 200 = = —
[ P
40 gt m
= 15.0 _
X F = - X -
30+ - = _
=
e E MC, =8 0.0~ - = MG, L=10 B
20 " > MC, L=10 — MC, L=20
= -
> - -
o * - -
1.0 :Vvvvv" e B 50 . - - 7
)?A”:% ot oag. ] E R 1
| | | | | . Ceseee] | | | hall.
3.000 3.100 3.200 3.300 3.400 3.500 3.150 3.200 3.250 3.300
0 0
(a) (b)

Figure 5.3: Susceptibility at Ao = 150. Here, two different volume sets (L ={8,10}, L = {10,20}) have
been considered.

To precisely determine the value of mg that maximizes y, a multihistogram reweighting procedure
[65] has been applied. The latter has been implemented inside a narrow region around the peaks of
the specific heat (figure (5.4)). The maximum Xq. and its precise position have been determined
through a numerical maximization procedure. Their values are displayed in tables (5.2-5.1). The
quality of the results has been checked studying the scaling behaviour of x(L)maz. At criticality,
the specific heat diverges with the physical volume according to the following scaling law

Xmam(L) = XIL(Q_U)(l + XQL_W)a (532)

where the exponents

n = 0.03627(10), w = 0.832(6) (5.33)

have been taken from [66]. It should be noticed that also a sub-leading term has been included in
(5.32). To check the correct scaling of X4z (z), the coefficients x1 2 have been fitted keeping 1 and
w fixed, for all the values of A\g. Example of such fit can be found in figure (5.5).
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Figure 5.4: Estimates of the specific heat coming from Monte Carlo simulations and reweighting procedure

at fixed volume. The reweighting has been applied considering a small interval of bare masses centred around

the hypothetical peaks.

L | (L) Xmaz (L) L | (L) Xmaz (L)

8 1.5944(1) | 5.678(8) 8 2.0926(2) | 5.012(9)

10 | 1.5888(1) | 8.501(10) 10 | 2.0883(1) | 7.629(13)

20 | 1.5812(1) | 30.902(91) 20 | 2.0819(1) | 28.496(117)

28 | 1.5798(1) | 58.612(252) 28 | 2.0806(1) | 54.351(263)
Ao = T75.5 Ao = 100

L me(L) Xmaz(L) L (L) Xmaz (L)

8 2.4553(1) | 4.715(9) 8 2.7493(2) | 4.524(9)

10 | 2.4510(1) | 7.203(12) 10 | 2.7460(1) | 7.004(15)

20 | 2.4456(1) | 27.502(123) 20 | 2.7405(1) | 26.787(107)

28 | 2.4444(1) | 52.688(256) 28 | 2.7394(1) | 51.965(252)
Ao = 125 Ao =175

L mo(L) Xma;c(L) L mc(L) Xmaw(L)

8 3.0060(2) | 4.425(6) 8 3.4358(2) | 4.268(8)

10 | 3.0027(1) | 6.805(13) 10 | 3.4324(2) | 6.602(13)

20 | 2.9975(1) | 26.388(85) 20 | 3.4274(1) | 25.840(80)

28 | 2.9965(1) | 50.845(231) 28 | 3.4264(1) | 49.753(213)
Ao = 200 Ko = 225

L | me(L) Xmaz(L) L | me(L) Xmaz (L)

8 3.6220(2) | 4.201(8) 8 3.7940(2) | 4.155(7)

10 | 3.6189(2) | 6.507(16) 10 | 3.7912(1) | 6.468(14)

20 | 3.6136(1) | 25.517(84) 20 | 3.7862(1) | 25.507(74)

28 | 3.6126(1) | 49.546(221) 28 | 3.7849(1) | 48.976(198)

Table 5.1: Estimates of Xmaz(L) and m.(L) at fixed lambda.
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Xo =05 do=1
L | m.(L) Xmaz (L) L | m.(L) Xmaz (L)
10 | 0.2740(13) | 32.760(661) 10 | 0.3736(5) | 24.557(193)
20 | 0.2578(4) 99.715(2054) 20 | 0.3562(3) | 71.763(937)
25 | 0.2551(2) 142.139(2460) 25 | 0.3542(2) | 104.377(1012)
30 | 0.2533(2) 185.638(2241) 30 | 0.3529(1) | 142.647(1796)
Ao =2 X =3
L mc(L) Xmaz (L) L mc(L) Xmam( )
10 | 0.5097(2) 18.414(57) 10 | 0.6108(6) | 15.535(160)
20 | 0.4941(1) 56.682(293) 20 | 0.5969(1) | 49.647(302)
25 | 0.4917(1) 81.291(500) 25 | 0.5948(1) | 72.965(381)
30 | 0.4908(1) 112.686(1132) 30 | 0. 5938(1) 97.859(741)
L ﬁlc(L) Xmaz (L) L m"(L) Xmaz (L)
10 | 0.6935(5) 14.085(134) 10 | 0.7672(4) | 13.062(93)
20 | 0.6818(1) 45.428(264) 20 | 0.7552(1) | 42.698(220)
25 | 0.6801(1) 66.505(279) 25 | 0.7537(1) | 62.776(225)
30 | 0.6793(1) 94.074(938) 30 | 0.7530(1) | 88.048(609)
Table 5.2: Estimates of Xmaz(L) and m.(L) at fixed lambda.
Ry=150
I T |
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Figure 5.5: Fit of Xmaz(L) for ;\0 = 150. Monte Carlo data are displayed in black color.

For almost each ;\0, the fitting procedure proved to be of good quality (5.3), supporting the

20

25

idea that the values of Xmaz(L) and 7.(L) are well-measured quantity.
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2.523
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1.757

4.890

2.631

1.680

1.491

0.140

Ao

75.5

100.0

125.0

150.0

175.0

200.0

225.0

X%

0.848

1.890

1.149

1.881

0.835

0.371

2.355

Table 5.3: Reduced chi-square from the fit 5.32. Beside the o = 3. case, all the other fit procedures
seem to produce quite reliable results.

The peak position, m.(L), has been fitted using equation (5.30), keeping the value of the exponent
v fixed at its central value. The critical bare mass has been determined fitting the infinite volume
extrapolation 7.(00). An example of such fit can be found in figure (5.6). Almost the infinite
volume fits proved to be of quite good quality, and allowed to extract the value of m.(c0) (tables
5.4-5.5-5.6). Each couple of values (Ao, 7i2.) has been employed to locate the critical line on the

plane of relevant couplings (figure (5.7)).
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Figure 5.6: Finite size scaling for the bare, critical mass m.(L). Monte Carlo data are displayed in black
color.

Xo 05 1.0 2.0 3.0 4.0
me(o0) | 0.24893(34) | 0.34838(20) | 0.48686(26) | 0.59023(15) | 0.67622(15)
%3 0.99 1.49 5.21 1.28 1.59

Table 5.4: Fitted values of 7.(c0) and corresponding reduced x?2.
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Ao 5.0 26.5 51.0 75.5 100.0
me(c0) | 0.75058(19) | 1.57757(6) | 2.07873(7) | 2.44286(8) | 2.73779(8)
X% 2.70 5.81 0.92 0.04 0.19

Table 5.5: Fitted values of 771.(c0) and corresponding reduced x?2.

Ao 125.0 150.0 175.0 200.0 225.0
me(00) | 2.99496(7) | 3.22124(7) | 3.42490(8) | 3.61110(8) | 3.78346(9)
X% 0.06 0.28 0.41 0.25 7.23

Table 5.6: Fitted values of 7i.(c0) and corresponding reduced x?.
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Figure 5.7: Plot of the phase diagram determined through Monte Carlo simulations. The zoomed area
focuses on small values 5\0.

Having characterized the phase diagram, it is possible to define renormalized trajectories in the
correct thermodynamic phase of the theory.

5.2.4 Super-renormalizability

Before starting with the formulation of the lattice EMT, another fundamental property of the
perturbative theory has to be discussed: super-renormalizability. In 3 space-time dimensions, for a
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scalar theory with quartic interactions, the superficial degree of divergence of a diagram is given by
S =3L-2I, (5.34)

where L is the number of loops and I the number of internal lines. On the other hand, the number
of loops can be written as
L=I-V+1, (5.35)

while the number of internal lines can be expressed as

E
I=2V -, (5.36)

V and E being the number of vertices and external legs respectively. Combining these three
relations, it is possible to express the superficial degree of divergence just in terms of E' and V only

5:3—V—§ (5.37)

The last equation shows that the theory is super-renormalizable and contains only two divergent
diagrams with two external legs and one and two vertices respectively, as shown in figure (5.38).

F(2) (p) — _— + &

" (5.38)

The one-loop contribution has the following form

™

- X [F Bk 1
Y B CPaE) Ep

(5.39)

__Xo/a d°l 1
2 Jon 2m)*4y0_ sin®(1,,/2) + 10

——Z

5 20
where the numerical value of the integral for Mm% = 0 has been denoted by Zy. It can be easily
evaluated numerically, yielding Zg = 0.252731. At one loop, the renormalized mass is defined as

Ar
2a

2

mp = mg + 5= Zo, (5.40)

where mass dimensions have been restored. So, in three dimensions, at one loop, the mass has just
a linear additive divergence. Since the only divergent diagrams have two external legs, there is no
need of a counterterm for the quartic coupling Ag. This means that

XoZ3 = Ar (5.41)

up to possible finite renormalizations (here, Z; = 1+ O(A3) is the field renormalization constant).
This has important consequences when lattice simulations are set up. As already mentioned before,

147



the theory has two relevant parameters at the Gaussian fixed point. Therefore, the theory is
specified fixing the value of two physical parameters, e.g. mg and Ag. The continuum limit is then
approached when physical, dimensionful parameters are small in units of the UV cut-off

mr<at, Ag<al, (5.42)

Since Ag can only undergo a finite multiplicative renormalization, the continuum limit can be
obtained taking the limit Ay — 0, the physical value of A setting the value of the lattice spacing.
To fix a specific theory, the bare mass needs to be tuned as ) is varied, in order to keep constant

the following physical ratio
AR

p= (5.43)

mR'

5.3 EMT in scalar field theory

The renormalization of the EMT in scalar theories has been already discussed in sections (2.4)
and (2.6.1) for d = 4 space-time dimensions. Here, it will be discussed for the d = 3 case, using
two different types of regulators. The first one is dimensional regularizations, which is known to
preserve translational invariance. The second one is the lattice regularization that, as thoroughly
explained in section (2.5), explicitly violates invariance under translations.

5.3.1 Continuum formulation

In terms of renormalized parameters, the one-loop Lagrangian in 3 dimensions is
1 m2 AR dm?
Lr= §8M¢Rau¢R + TRG% + I& - Tﬁzv (5.44)
where the subscript R denotes renormalized quantities. At one-loop, the value of Zy and Z) is just

one. The mass counterterm dm? is determined computing the propagator self-energy and imposing
the following renormalization conditions

H(p2)‘p2=7n% =0, (545)
d
TZ)QH(pQ)‘pQZm% =0, (5.46)
from which it can be inferred that (D =3 — ¢)
A 1 ra-2 A
om? =8 ( 2D) S il (5.47)
2 (471') / (m%)lfﬁ e—0 8w

This is a specific feature of dimensional regularization: linear divergences are set automatically to
zero. For this reason, at one loop, the mass just acquires a finite, additive renormalization.

In terms of renormalized fields and parameters, the energy momentum tensor is described by
the following formula

Tup = M¢R8p¢R - 6up‘cR- (5'48)
As customary with composite operators, insertions of the above tensor inside renormalized correla-
tors could generate further divergences that need to be subtracted. At tree-level, insertions of 7},
in two and four-point correlation functions take the following form

Sm vz 0%(g+p1tpa)
<¢(p1)T#P(q)¢(p2)> - (p% + m%)(pg I m%

B T (g + p1+p2 +p3 +pa)
(@(p1)d(P2)Tp(0)0(p3)d(pa)) = —Ar Lm0+ 202 + ) (e L)’

) [—Pmmp — P1pP2u — Opp(—p1p2 + m%)} , (5.49)

(5.50)
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From the above set of equations, the corresponding vertex functions are given by

T2 (q;p1,p2) = [—P1ub2e — ProP2u — Sup(—p1p2 + m3%)] (5.51)
F;(;Lp) (q;plap27p3ap4) = _AR7 (552)

where total momentum conservation is intended. For the theory under consideration, the divergent
diagrams, by power counting, are listed in figure (5.8)

Figure 5.8: Insertions of the EMT that result in divergences into 2- and 4-point functions. The full square
denotes the insertion of the EMT, while the bullet represents the interaction vertex proportional to Ag.
The first two diagrams represent the contribution to the insertion in a two-point function at one loop. In
the first diagram only the terms in the EMT with two fields contribute, while in the second diagram the
terms in the EMT with four fields yield a non zero contribution. The third and fourth diagrams in the first
line yield the insertion of the EMT in a two-point function at two loops. Finally, the diagram in the second
line yields the contribution of the insertion of the EMT in a four-point function at one loop. In this case,
only the terms in the EMT that contain two powers of the field ¢ r need to be considered.

The second diagram in figure (5.8) represents the contribution of the quartic interaction con-
tained in the EMT. It can be easily shown that such contribution is cancelled by the tree-level
insertion of the mass counterterm

D (g3 p1sp2) gt + U (6391, p2)smz = Q + —=—= 0 (5.53)

p 1P o X
— AR o %

At one-loop, linear divergent contributions just come from the first diagram in figure (5.8): these
are generated from insertions of derivative terms of the EMT. The explicit expression of such term
is given by o2

ﬁl Ll +k), — 2210+ k)
s

- 2+ mp)[(1+ k)2 +mE]

lulp — &#ZQ
~ —A ————5— + convergent terms 5.54
o [l . (5.54)
where only non vanishing terms have been retained on the last line. Clearly, the above divergence
is proportional to the operator ¢2. However, linear divergences disappear when dimensional regu-
larization is adopted. Hence, the EMT does not need to be renormalized at one loop level. As a
consequence, the renormalized EMT will be simply given by

(m# — om?)

1
(T#P)R = 8#¢Rap¢R - 5up <280¢R80¢R + 9

% + Zlqu‘}%) . (5.55)
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At 2-loop level, only logarithmic divergences arise, which are also proportional to ¢2. Hence, the
renormalized EMT is obtained absorbing divergences into the coefficient coupled to ¢2. Since the
theory is superrenormalizable, there are no other divergent insertions of the EMT. Therefore, only
a non trivial renormalization of the ¢? operator is actually expected. Here, a remark needs to be
done. The above renormalized operator only satisfies translation WI in the ¢ — 0 limit. However,
any kind of operator of the form

<@up)R = (T/W)R + a(auap - 5#/)5)(15%% (5.56)

satisfies the same WI as well. Hence, a one parameter family of renormalized operators can be
determined. The value of o can be fixed only by requiring (©,,,)r to satisfy dilatation WI as the
regulators is removed. In the classical theory, o can be easily determined requiring ©,,, to satisfy
the following identity

OuDy = Opp, (5.57)

where D, is the dilatation current. With a simple calculation along the lines of (2.4), it can be
easily shown that o = —1/8 (appendix (B)) yields the correctly improved EMT that fulfils (5.57).

5.3.2 Lattice formulation

When a lattice regulator is adopted, translational invariance is broken and its restoration is only
guaranteed in the continuum limit. In section (2.5), it has been explained how a properly renormal-
ized EMT can be formulated, in order to recover translational symmetry when the lattice spacing
goes to zero. Here, a one-loop perturbative calculation along the lines of (5.3.1) will be considered,
to determine the divergences that need to be subtracted. The naively discretized EMT is given by

2 2
H—0m

1 m
Tup = MS¢R6,05¢R - 5“/; (28/\S¢R6>\S¢R + 9

k). G5

where ém? = ’;—SZO is the mass additive renormalization. As for the case of dimensional regulariza-
tion, the only non trivial renormalization comes from the first diagram of figure (5.8). Here again,
divergences are generated only by derivative terms contained in the EMT

92
Q L a3 L+ k), - 2l +k)

_ 1 .
l, = Esmlua, P = Z l%, (5.60)
p=1
2 l,a 2
7 s K 72 72
= =sin =, _;zu, (5.61)

are generated by the use of symmetric and forward derivative respectively. The coefficient coupled
to the linear divergence can be extracted once the integral is written in lattice units

150



where Wy = 0.0215161. On the firs line, a change of variables | = z/a has been done, while on
the second one the continuum limit of the integrand has been taken. This linear divergence can be
absorbed through a redefinition of the bare mass coupling

A
m — ~Zs = mg + T Wo, (5.64)

where Zs denotes the renormalization constant of the operator ¢2. The above relation allows to
evaluate the following dimensionless ratio

75 AR T, Wo
— oG O = 10 .83, 5.65
= + TN ol T 3z, (5.65)

which can be used as a reference value when the renormalization constant Z3 is measured non
perturbatively. The lattice renormalized EMT is then defined as

m% + k — dm?

1
Tup = u5¢R8p3¢R - 6;,Lp (28/\S¢R8>\S¢R + 9

Gt ok).  Goo)

Y3
where k = $EWj.

5.4 EMT from the gradient flow

In this section, the gradient flow for a scalar theory in 3 dimensions is proposed. Then, following
the guide lines of (3.2), it is used to formulate translation WI probed by observables built along the
flow. The latter will provide an effective strategy to renormalize the lattice EMT of the theory.

5.4.1 Gradient flow for scalar field theory

In pure Yang-Mills, the form of the flow equation is strongly constrained by gauge symmetry. To
be more specific, the flow equation has to preserve gauge covariance. For the scalar theory under
study, only the Z5 symmetry has to be preserved. This clearly leaves a lot of freedom in the way
the gradient flow can be formulated. Surely, the easiest way to evolve scalar fields along the flow is
through a simple gaussian smearing

Sb(t’ '7;) = D(p(t, Z), @(ta x)|t=0 = ¢(3}) (567)

In this case, the solution of the flow equation is given by

o(t,7) = / 2, (2 — y)d(y), (5.68)
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with the heat kernel defined as
Ki(z—y) = /eip(x*y)efp%. (5.69)
p

This specific solution does not have a tree-like expansion as for the pure gauge case.
The renormalization properties of correlation functions built with flowed fields can be still studied
in terms of a (D + 1)-dimensional field theory defined by the following action

S = Sboundary + Sbulk; (570)
1 2 A
Sboundary = /ddx |:28,u¢8,u¢ + %(bz + Z?¢4 ) (571)
0

Beside the boundary four-vertex and propagator, two new elements need to be added

e ¢ flow propagator

(@(t,p)@(s,q)) = (2m)"6%(p + ¢) D(p) K5 (p), (5.73)
e Ly flow propagator
(@(t,p)L(s,9)) = (2m)*6%(p + @)0(t — 5) K (p), (5.74)

where K, (p) and D(p) represent the momentum-space heat kernel and boundary propagator respec-
tively. As for the case of pure gauge theory, an implicit coupling between the Lagrange multiplier
L and the boundary field ¢ can be ruled out through the following decomposition

o(t,7) = / FYK,(x — y)p(y) +b(t, ). (5.75)

The first term in the equation above drops out from the bulk action, just leaving the b field,
which satisfies homogeneous boundary conditions. The latter is used to define the ¢ L contraction.
The Feynman rules for this theory are quite simple (figure (5.9)). It has to be noticed that no

Bt p) sroemmaeaes #(s,0) D(p)Ky+5(p)
P(t,p) ——=—L(s,0) Ot — s)K1_(p)
-

Figure 5.9: Feynman rules in D41 dimension with the gradient flow.

vertices connecting flow lines with boundary lines exist. This means that loops in diagrams involve
just boundary field contractions. Since no flow vertices are generated, flow-line loops cannot be
created. As for the case of gauge theory, no divergence can be created in the bulk even if the
fields coalesce on the same point at the boundary?. The only possible divergences come from the

2As an example, the renormalization properties of the following correlation function

(e, o(@,s) = [ DORera o), (5.76)
P
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boundary. However, this divergences are generated only by loop contractions of boundary fields and
are absorbed when bare parameters are rewritten in terms of renormalized ones. As a consequence,
correlation functions of the (D + 1)-dimensional theory are UV finite by construction.

In this case, the simplest form of the flow equation has been used. It is interesting to verify the
UV finiteness of bulk correlation functions when a different flow action is employed. For example,
one could use the following form of gradient flow

oty =— 5|
09 P=¢
2
5 /ddx Bamam + 200+ Z‘!’dﬁ] : (5.78)

(5.79)

which is obtained from the boundary A¢* action. As for Yang-Mills theory, the solution can be
defined in a closed form as

o) = [ [ Kool = 000) =3¢ [ 5Eiamfa—0s’60)] . G50

Ko mo(3) = €70 Ky (x), (5.81)

and the existence of flow vertices is guaranteed by non linear contributions in the flow field. Again,
the renormalization of bulk correlation functions can be studied in terms of the following (D + 1)-
dimensional theory

S = So + Shuik, (5.82)
a. |1 m% 2, Ao 4
So= | dz §3u¢3u¢ + 7¢> + Z¢ ) (5.83)
S = [ at [aterieo) [0 - (D-md - Potta? )] ete.o) (5.84)
o !

If dimensional regularization is adopted, it can be shown that no flow-line loops exist. Nevertheless,
the existence of flow vertices allows to build loops containing boundary lines and at least one flow-
line. In analogy with the previous cases, one could study the renormalization properties of the
theory and check where divergences come from and how they can be removed. One would naively
expect divergences to arise at the boundary and, should this be the case, to be absorbed by boundary
counterterms. However, this is not the case. The flow described in (5.78) defines a flow vertex and
a flow propagator that contain couplings of the boundary theory. If the latter renormalize in a non
trivial way, then new bulk divergences appear. These cannot be absorbed by any counterterm at the
boundary. To renormalize the (D + 1)-dimensional theory, one needs to add bulk counterterms that
properly cancel the new divergences. For the theory described by (5.82), this amounts to remove
the mass term from the bulk action® . Then, further study is needed to detect divergences at zero
flow time. Two possible scenarios are available.

can be studied, using dimensional regularization. In this case, the whole renormalization process involves just a
boundary propagator D(p),

e—(t+s)p?
mg +p? —11(p?)

dressed with a Gaussian smearing function. It should be clear that, once the theory is written in terms of renormalized

D(p)Kis(p) = (5.77)

quantities, the above correlation function is automatically UV finite.
3 In 4 space-time dimensions, also the cubic interaction must be removed. For this theory, another possible,
non-trivial, flow action has been recently proposed by Fujikawa [25].
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1. Divergences appear at zero flow time, but they cancel out once the boundary theory is ex-
pressed in terms of renormalized couplings. Moreover, no ¢t = 0 counterterm containing the L
field is needed to renormalize expectation values. Then correlation functions built along the

flow are UV finite.

2. Boundary divergences disappear only if also specific counterterms with the Lagrange multiplier
are used. The latter has to be determined order by order in perturbation theory. In this case,
the good properties that usually characterize bulk correlation functions are totally spoiled.

This suggests to change the form of the gradient flow.

The above example tells that not all the flow actions are good candidates to define UV finite
bulk correlation functions. Even if the lack of symmetries enlarges the spectrum of possible actions,
then renormalizability conditions make it narrower. Surely, it would be interesting to study flows

that differ from the trivial Gaussian smearing. However, the gradient flow is just a tool, useful

when it shows finiteness properties that can be easily proved. For this reason, only the Gaussian

flow described by (5.67) has been considered.

5.4.2 EMT from the gradient flow

To formulate a set of WT like those derived in section (3.3), the effect of a local translation on probes
at positive flow time has to be understood. For the scalar theory under study, a local infinitesimal

translation has the following form
Sap(x) =
— [ @y, 0)8,.00(0)
[ o)~ )0,0(0)
= a,(2)0,0(x).
To this transformation, the following EMT is related
Tpp = 0u00pd — 0pp L.

For a generic, Zy invariant observable, the diffeomorphism (5.85) becomes

and a corresponding translation WI can be written down as

<5r,pP> = _<P8,uTup>~

Translations: probes at positive flow time

On a probe at positive flow time, the action of (5.85) takes the following form

Oz pPr =

[ a4 0Pr 0p(T,y) .
= [ s hon 0w

[ OPr
- / Ay sy Ty 0 0,0(0).
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As for the case of Yang-Mills theory, the effect of a local translation is propagated from the boundary
to the bulk by the Jacobian matrix. The latter can be determined solving the following differential
equation

O (t,x;8,y) = OJ (¢, x5 8, u)
Juu(t+>x;ta y) = 5d(x - y)a
Juw(t,z;s,y) =0 t<s, (5.90)

which has been obtained linearizing (5.67). Here, boundary conditions ensure forward propagation
in flow time. The solution of (5.90) is easily computed

J(t,x;s,y) =0(t—s) / ePEE, (). (5.91)
P
The main difference with the pure gauge case is that the Jacobian coincides exactly with the free
L propagator. In momentum space, it decays exponentially like a Gaussian function

_lz—y|?
e 4t—s)

(e — )]072

J(t,z;8,y) =0(t — s) (5.92)

Combined with (5.92), equation (5.89) tells that local translations on the boundary can be smoothly
propagated at t > 0, integrating boundary fields over a smearing radius of v/6t*.

Renormalization of ¢, ,Pr

To devise translation WI for probes at positive flow time, the renormalization properties of d, ,Pr
need to be determined. Following the same steps of subsection (3.3.4), it can be easily shown that

(62.0Pr) = (PrTy,), (5.93)

where T, = L(0,2)3,¢(x). Also for scalar theory, the renormalization of 8, ,Pr can be studied
analyzing a local operator, built with L and ¢ fields. A generic form of the observable Pr could be
given by
Pr =[] ®(T,2), (5.94)
i=1
where each ®,(T, x;) represents a Zs-invariant, local observable built with ¢ fields and their deriva-

tives. It is known that local operators of the bulk theory do not need to be renormalized. The only
possible divergences are hidden in the operator Tp,. The latter has the following properties

e It has mass dimension 4.
e It is Z5 invariant.

Any operator with mass dimension < 4 sharing the same properties could mix with Top. The
absence of gauge symmetry allows several terms to be included

Lo,¢, ¢0,L, ¢%0,0, ... (5.95)

However, no flow vertex is generated by the solution of (5.67). Hence, no loops can be created when
To, is inserted inside correlation functions. As a consequence, no divergence is generated and the
operator Ty, does not renormalize at all. This result holds also when a lattice regulator is adopted,

4Here, the specific d = 3 case has been considered.
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since the discretized (D + 1)-dimensional theory preserves the same renormalization properties of
its continuum counterpart. In terms of renormalized operators, a possible translation WI can be
written as

(0u,pPr) = —(Prou(Tup)r)- (5.96)
Also in this case, equation (5.96) can be derived from a generalized TWI for the (D +1)-dimensional
theory, as it will be shown in the next subsection.
Translation WI at positive flow time

The flow equation is invariant under global translations. Hence, the equivalence between the two
following actions holds

e Evolving from the boundary theory and then translate the bulk fields at a given flow time t¢.

e Translating the boundary fields and then evolve them up to flow time ¢ in the bulk.

This argument allows to define a family of transformations parametrized by the flow time

oP

5t7aP: /ddxap(x)gtyx,pP: /ddxap(m)mapgo(t,x), (5.97)

where the differential operator St@,p depends locally on ¢ fields that satisfy the flow equation.
Again, it is possible to show that

(Ot.0,0Pr) = (PrTo,(t, x)), (5.98)

the operator Top(t, x) being now computed at positive flow time. As for the pure gauge case, the
action of the operator &; , , assumes two different forms

60(T,y)

gt7$7p®(T, y) = map@(T, J)) for T = t, (599)
- (T
01,2, (T, y) = /ddzMJ(T,z;t,x)apgo(t,z) for T > t, (5.100)

Equations (5.100) show how the operator gt,x’p generates a local translation on hyper-planes at
fixed t > 0. A global version of the previous transformations is given by

/ dxdy . ,®(T,y) = 0,®(T,z) for T =1, (5.101)
%

— 2
/ d%d; 4 ,®(T,y) = 0,®(T,z) + O <e4<T—f«>) for T > t, (5.102)
v

where the integration domain is a sphere V' with radius r, centred in . The result on the second
line has been already proved in (3.3) for Yang-Mills theory, and it can be shown to hold also for
the scalar theory under study.

The operator SW depends only on bulk fields, and therefore it does not require any renormal-
ization. Associated with it, for each flow time ¢, there is a new EMT and a corresponding bulk
TWI can be formulated. Exploiting the space-time symmetries of the (D + 1)-dimensional theory,
the new EMT can be written in terms of local operators at positive flow time. First, one has to
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define local translations in (D + 1) dimensions
datp(t, ) = /OOO dS/ddyozR(&y)é&y,w(t,w)
= [ s [ atyants )it - 95— p)omele. )
ot )Omolt.2),. (5.103)
Sul(t, z) = /0 " ds / dyan(s, y)sy mL(t, )
-/ s [ dtyan(s )6 - 96 - y)0nL (.0

= ag(t,z)OrL(t, ), (5.104)

with ap(0,2) =0 and R,M =0,1,...,D,. The direction 0 identifies the flow time extension. For a
probe that does not depend on the Lagrange multiplier, the corresponding variation will be

5o P = / dt / dlwag(t, ©)d.,nP
0

o oP
::/O dt/ddxaR(t,x)maRga(t,x). (5.105)

The difference between the operator d; , r and &’I,p has been precisely described in section (3.3)
and will not be repeated here again.
From the transformation induced by d; , r, an EMT at any positive flow time can be defined

(5an[ :/ dt/dd(ETMR(t7£C)6]wOZR(t,.’E), (5106)
0

Tor = LOry, (5.107)

Tyr = 8, LIy — L3, Ore, (5.108)

From the set of transformations (5.103) and (5.104) the following WT can be derived
(61,0,pP) = —(POMTR(t, 7). (5.109)

For a probe Pr depending on bulk fields at flow time T" > ¢, the Lh.s of the previous equation
vanishes, leaving the identity

(ProyTor(t, ) = —(Prd, Tur(t, x)). (5.110)

Only the case R = p is considered here. It has to be noticed that both sides of the equation are
finite at positive flow time. Equation (5.110) leads to a set of WI for the family of transformations
(5.100). This can be verified integrating (5.110) with respect the flow time in an interval (0,1).
The problem is that at ¢ = 0 an extra contribution arises from the fact that boundary fields are
transformed along with the bulk ones. Moreover equation (5.110) is valid for bare fields at finite
cut-off. As long as the flow time is non-zero, this equation does not exhibit divergences in the ¢ — 0
limit. Therefore, the cut-off gets removed at positive flow time, then equation (3.185) is integrated
in an interval (¢o,t)

(PrTo,(t, x)) = (PrTo,(to, x)) — (Prd, / dsT,(s,2)), (5.111)

and then the ¢ — 07 limit is taken. The Lh.s. of the above equation can be written as

<PTT0p(ta .’L')> = <St,z,pPT>7 (5112)

157



and is used to take the the limit of the first term on the r.h.s.

lim <PTTOp(t0, )> = <5z,pPT> = _<PT6qu,p(x)>- (5113)

to —0t+

Collecting all the pieces together, a translation WI for the operator St,-r,p can be written as
(0t,2,0Pr) = —(Pro,T,,(t, x)), (5.114)
Tpp(x) = / dsT), (5.115)

This TWI can be reduced to equation (5.96) at ¢ = 0 only if the integral appearing in (3.190)
is finite. The finiteness of the integral is ensured by the fact that insertions of Tup(s,x) cannot
produce loop at positive flow time since flow vertices do not exist. Hence, the ¢ — 07 limit in
(5.114) can be safely taken, finally giving

(02, Pr) = —(ProuTyp(x)). (5.116)

As for the case of Yang-Mills theory, the renormalized EMT in scalar theory can be determined
using a numerical strategy based on (5.116).

In analogy with the case of translations, it can be easily proven that also dilatation WI for
flowed probes can be formulated. For the integrated trace of the EMT, they take the following form

<{2Tdcé + d@} O(T,z)) = (®(T,z) /ddyTW(y». (5.117)

The above result can be easily proved following the approach adopted in (3.3).

5.5 Numerical setup

Equation (5.116) can be used to devise translation WI probed by observables at positive flow time.
These identities can be used to non perturbatively determine a renormalized EMT on the lattice.
The latter has to be defined in terms of a proper operator mixing

(L) =32 [T — (F)]. (5.118)
i=1
For a Zs-invariant scalar theory, the number of mixing operators could be considerably large
Ty = 210,000 + Z260,0,¢ + S, <Z3 > " 0,00,¢ + 240,00, + ) : (5.119)
P

however, the perturbative analysis of subsection (5.3.2) shows that divergences can only be created
by terms proportional to ¢2. The latter is the only operator that renormalizes in a non trivial way.
This result is a consequence of superrenormalizability, and severely restricts the number of mixing
operators. To be more precise, only four operators need to be considered

A Z1

V4 Z Z
(Ty)r = 5 0ug$Ousd + Sy (22 > 0,560,56 + 7%52 + 4f¢4> . (5.120)
P

To avoid O(a) scaling violations, the symmetric lattice derivative has been adopted in (5.120).
Unlike ¢2, the other three operators are supposed to not renormalize at all. This provides quite
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stringent constraints on the coefficients Z; 2 4. More precisely, the following results

Z, =2, (5.121)
Ty = 1, (5.122)
2y (5.123)
Ao

are expected to hold within statistical errors. On the other hand, Z3 renormalizes non trivially.
Due to superrenormalizability, it is affected by radiative corrections just up to O(A\2). In subsection
(5.3.2), its value at one loop has been determined and can be qualitatively used as a reference value

Zs3
mz = 083+ O(), (5.124)

where O(\3) corrections are supposed to be small.

5.5.1 Lattice TWI

All the numerical effort has been devoted to precisely measure the coefficients Z; s 5 4, using equation
(5.116). To obtain non vanishing expectation values, vector probes have been chosen and a sum
over all directions has been applied. To maximize the signal, probes and EMT have been positioned
at the same space-time point, and a volume average has been taken

STLTEY N @, B0 (TS R(F) Za = L7 Y (05,20 (t, 7)), (5.125)
a=1

P z p

MBe(t) vB(t)

where éﬁ,ﬁ ) is a generic probe that transforms as a vector in the continuum limit. Unlike the pure
gauge case, no multiplicative Zs factor has to be measured. This allowed to apply periodic boundary
conditions to all the lattice extensions, and to take rigid volume averages. This point is crucial,
since averaging over the volume can considerably enhance the signal.

As for Yang-Mills theory, the numerical strategy can be divided in few steps:

1. representative ensembles of scalar fields are generated employing a proper Monte Carlo algo-
rithm;

2. using a suitable integrator, each configuration is evolved along the flow for several (discrete)
values of flow time;

3. for every flow time, the operators appearing in (5.125) are computed using boundary and bulk
scalar fields;

4. the elements describing M5 (t) and v%(t) are estimated averaging over their corresponding
Monte Carlo histories (figure 5.10).
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Figure 5.10: Statistical estimates of terms appearing on the r.h.s. of (5.125). Measurements have been
taken for different lattices, for a given renormalized trajectory. The latter is defined by the values (L, Ao, mo)
in the legend box. Averages have been taken over Monte Carlo histories, using proper methods in order
to take into account of the auto-correlation. Data have been displayed with respect the smearing ratio
¢ = V/6t/L. The zoomed area focuses on a small interval of large flow times.

For any value of the flow time ¢, equation (5.125) describes a linear system with statistical
noise, whose solutions can be numerically estimated.
In Yang-Mills theory, a minimal set of three probes, with the smallest possible mass dimension,
has been chosen. Hence, the corresponding square system has been solved. This choice has been
motivated by high computational costs, and the necessity of producing results in a reasonable
amount of time. However, nothing guarantees this setup to be the optimal one for measuring the
renormalization constants.
Indeed, it is hard to know a priori which kind of probes provide a well conditioned system over
a wide range of flow times. To give a more quantitative idea, the condition number of M*?(t) is
plotted in figure (5.11) as a function of the flow time, for different sets of probes. It is quite clear
that the condition number, as the quality of the solution, strongly depends on the flow time and the
chosen set of probes. This suggests that a different strategy should be adopted. A more efficient
way to extract the renormalization constants might be to generate a large number of probes to
be combined in several different subsets of 4 operators: then an optimal setup can be determined
looking for the subset whose corresponding square system provides the best numerical signal®.

In principle, an infinite number of probes, sharing the right symmetry properties, could be
generated. This is clearly not feasible, and an upper bound on this number has to be produced. In
this case, only vector-like probes® with mass dimension de < d* have been included, the value of

5Due to computational costs, it would be impossible to apply the same strategy in Yang-Mills theory. However, a
scalar theory in 3 dimensions is far more cheap to simulate and, due to the simple form of the flow equation (5.67),
it provides dramatically precise results within a reasonable amount of time.

6The probes must transform as four vectors in the continuum, such that their contribution to (5.125) does not
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d* having been determined after few numerical studies.

Condition number
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Figure 5.11: Condition number for Ao = 0.75, (mo)? = —(0.26)% on a L = 24 lattice. Data have been
plotted as functions of the ratio ¢ = v/6t/L, using different sets of probes. Each set of probes defines a
specific square (4 X 4) system. The probe numbers correspond to the operators in table (5.7)

In table (5.7), probes up to mass dimension d* = 5 are displayed.

Label Operator | Mass dimension
(Oup)e
(0u0,0p0) 0
(9p0,) (Opp)
(auap@) (8950)
(au¢)<ﬂ3

(0u0p0p0)
( P@)‘P)(@A‘P)
(0:0p0)(8pp)
)(0p)
(

© 00 O Tk W N

(0p0)(0p) (O )w
u@)
11 (811,90%0

Table 5.7: Vectorial probes up to mass dimension 5.

[t
o
CU = O O O O s W W W N

Few numerical studies proved that the set (5.7) suffices to provide quite precise numerical
results’. Probes have been automatically generated and included inside the simulation code, along

vanish when the lattice spacing goes to zero.
"Measurements with d* > 5 sets have been also carried out, without any substantial improvement from the d* = 5
case.
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with their variation
O, pPr. (5.126)

In this way, linear systems have been easily tested using a large number of different Prs. This
testing procedure is crucial, since statistical errors on final results strongly depend on the set of
adopted operators. This should be clear from figure (5.11), where the condition number changes of
several orders by changing a single probe.

For each lattice of a given renormalized trajectory, a study of the best square system has been done.
The procedure can be described in few steps:

1. a set of 4 probes is selected, and the corresponding matrix M®?(t) and variation vector v (t)
are computed;

2. TWI are numerically solved for all the flow times. Estimates of renormalization constants
and condition number are produced;

3. the set of probes is changed and points (1-2) are repeated for all the possible 4 x 4 square
system that can be created.

The optimal set of 4 probes has been identified by looking for the square system with the smallest
condition number. Such optimal set is likely to change with the flow time and the lattice spacing.
However, renormalization constants, and corresponding lattice artefacts, are determined properly
only if the same set of probes is adopted for all the lattices of a given renormalized trajectory.
Hence a selection criterion need to be adopted.

In this case, the optimal set has been determined looking for square systems with the smallest
condition number on the finest lattice, for large flow times. It is indeed known that the signal is
supposed to worsen as the flow time increases. Choosing a set of probes providing the best signal
at large flow times should ensure to have good numerical estimates in the flow time region where
renormalization constants are extracted (cfr. subsection (5.5.4)).

5.5.2 Simulation setup
Simulation algorithm

Numerical simulations have been carried out using a cubic lattice with periodic boundary condi-
tions along all directions. As mentioned in section (5.2.3), the algorithm adopted alternates local
Metropolis updates with global Swendsen-Wang updates of the embedded Ising model. The latter
is introduced defining a set of discrete variables s, , representing the sign of the fundamental fields

Or = |Oz|5z- (5.127)
In terms of these variables, the scalar action takes the following form
d d+mg o Ao
S(s,16D) = D21 D (0al [dwsul sesaru) + —5 20" + 70" o (5.128)
T p=1 ’

with d = 3 for the theory under study. At fixed magnitude | ¢, |, the action defines an embedded
Ising model where the coupling between nearest neighbours 8, ;4 is given by

Bz,m+u = |¢z| |¢:1:+M| . (5-129)

The embedded Ising model can be updated using the Swendsen-Wang cluster algorithm where the
probability to create a bond is

PZL’,Z“”/J =1 e_Bm,m+;L(1+Sa:Sz+u) — 1 _ 6_(|¢z||¢m+u|+¢z¢x+u). (5130)
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After the bond are created, the clusters are identified and flipped with 50% probability. Metropolis
updates have been alternated with cluster updates with a ratio in the range 2 — 20. The latter
has been tuned depending on how close to the phase transition simulations were carried out. This
algorithm is particularly effective in reducing the dynamical critical exponent near the phase tran-
sition (the authors of [63] found z ~ 0.29). Indeed, in this work, negligible auto-correlations have
been found for every set of simulations. The Wilson flow defined in (5.67) can be integrated exactly
using equation (5.68). However this is not efficient since the last equation is very expensive to
evaluate. In place of the exact solution, a numerical integration routine based on the fourth order
Runge-Kutta method has been implemented. The systematic error due to this approximation is
very small, orders of magnitude smaller than the statistical errors.

5.5.3 Simulation parameters

As described in section (5.2.4), the theory is controlled by two relevant couplings, and can be
determined by specifying the value of two physical parameters, e.g. mgr and Ag. The continuum
limit is approached when physical dimensionful parameters are small with respect the UV cut-off.
Since the quartic coupling just undergoes a finite multiplicative renormalization, the bare value Ag
can be used to set the scale of the theory. For the same reason, the dimensionless ratio

Ao

5.131
— (5.131)

p:

is a RG-invariant quantity and can be used to label renormalized trajectories in the plane of relevant
couplings (Mg, mg). The renormalized mass is defined via the renormalization condition specified in
(5.3.1) and can be computed non-perturbatively using the following equation

(amR)2 — (ap)2<|q5(p)|2> (5-132)

{[$(0)12) = (lo(p)I?)’

where p = (%’T,O,O) is the smallest non-zero momentum and (;~5 is the Fourier transform of the
fundamental fields variables

o(p) =Y _ P ¢(x). (5.133)

Renormalized trajectories have been determined in the following way. The lattice spacing is changed
with Ag = Aga while the physical volume of the system V = (L)3 is kept constant. At the same time,
the value of the bare mass g is adjusted in order to keep p constant along the whole trajectory.
In this strategy, statistical errors are generated only from the determination of the renormalized
mass mg, which can be computed with high precision®. Three renormalized trajectories have been
determined, corresponding to p = 1.5,5,10 (5.8). For each trajectory, the physical volume has been
kept large enough, in order to avoid finite size effects.

8In this work, the relative error on mp has been found always smaller than 0.5%.
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Renormalized trajectories
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Figure 5.12: Renormalized trajectories for different values of the parameter p along with the critical line.
Here, dashed lines are used only to guide the eye.

p=15 p=2>5 p =10
L | Ao m2 L | X m2 L | Ao m2
16 | 0.3317 0.011449 16 | 1.1250 | -0.078288 8 4.5 -0.255025
24 | 0.225 -0.004489 || 18 | 1.0000 | -0.076176 10 | 3.6 -0.251703
32 | 0.16875 | -0.0081 24 | 0.7500 | -0.0676 12 | 3.0 -0.2364
40 | 0.13500 | -0.008464 || 32 | 0.5625 | -0.0549902 16 | 2.25 -0.2025
48 | 0.11250 | -0.0081 40 | 0.4500 | -0.0464402 || 24 | 1.5 -0.1521
48 | 0.3750 | -0.04 32 | 1.125 | -0.120843
Table 5.8: Renormalized trajectories

5.5.4 Measurements

Simulations have been carried out for all the trajectories in (5.8)%, using computing facilities of
Plymouth and Edimburgh university. For each lattice, the observables entering in (5.125) have
been measured using a blocking procedure'? to reduce the effects of autocorrelation. Measurements

9Finest lattices L = {40,48} have not been included for p = 1.5 and p = 5. Notwithstanding the computing
cheapness of scalar theories, these lattices required too long times to get measurements quite rapidly, and have been
discarded.

10Depending on the lattice, each measure has been obtained averaging over a block of 100 ~ 1000 measures
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have been taken over a wide range of flow times, using several replicas'!.

p=15
L | Replicas | Meas. per replica | Block
16 | 160 25000 250
24 | 800 25000 1000
32 | 800 5000 1000
p=25
L | Replicas | Meas. per replica | Block
16 | 100 10000 100
18 | 800 5000 1000
24 | 160 25000 250
32 | 800 5000 1000
p =10
L | Replicas | Meas. per replica | Block
8 | 50 80000 80
10 | 400 10000 2000
12 | 800 25000 250
16 | 50 80000 80
24 | 200 20000 200
32 | 800 5000 100

Table 5.9: Summary of the statistic produced. Given a fixed value of p, the first column denotes the
corresponding set of lattices. Second column shows the number of replicas produced for a given lattice.
The total number of measurements per replica is displayed inside the third column, while the average block
is specified by data in fourth column. For each replica, the number of effective measurements is obtained
taking the ratio between third and fourth column.

Choice of the flow times

Numerical studies in Yang-Mills theory allowed to get an insight about the width of the flow time
window.

1With replica, a copy of the same type of run (same lattice, bare parameters and flow times) but different start
configuration is intended.
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Figure 5.13: Example of how the EMT renormalization constants behave with the flow time. In this
case, the constant Z;, measured on one of the lattices of the p = 5 trajectory, has been considered. It
should be noticed that data can be precisely measured over the entire range of flow times.

As already explained in (4.3.3), TWI are affected by a contact term at zero flow time, the latter
being caused by the coalescence of probe and energy momentum tensor. At positive flow time,
three different regions can be distinguished. The first one is a small flow time window characterized
by large a2/t artefacts, representing the remnant of the divergence at t = 0: these artefacts are
supposed to vanish when continuum limit is approached. As the flow time increases, these effects
get quite reduced and only (a/L)? artefacts are supposed to remain. Data start to vary slowly
with ¢, and the constants Z; 34 are still measured with good precision: this is the second region
of flow times, where the values of the coefficients Z; 234 could be extracted. Finally, a big flow
time window should follow, where the solution of the system would get more and more noisy due
to signal depletion. The flow time window has to be large enough to contain the first two kind of
regions. The last region should be discarded, since it is reached at the cost of large simulation times
and poor statistical signal. For the set of lattices in (5.8), the following window

¢ = {0.0,0.07,0.10,0.14,0.17,0.21,0.24, 0.28, 0.31, 0.35, (5.134)
0.38,0.42,0.45,0.49, 0.52, 0.55, 0.59, 0.62, 0.66, 0.69}, (5.135)

6t
c= g (5.136)

represented the optimal flow-time interval for carrying out measurements in a reasonable amount
of time. Here, a difference with the pure gauge case should be highlighted. Scalar theories are
cheap to simulate, and allow to consider quite large flow time windows, definitely larger than the
case of Yang-Mills theory. This becomes quite clear looking at figure (5.13). Here, data have been
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measured with high precision over the entire flow time window, which proved to be more than two
times larger than the one used in pure gauge.

5.6 Results

In this section, numerical results are reported. The renormalization constants Z 34 have been
measured for all the trajectories described in (5.8). Then, their continuum limit has been checked
using the following constraints

Zy =2, (5.137)
Zy = —1, (5.138)
Zs )
W =40.83 + O(A3), (5.139)
0
Z
74 =1, (5.140)
0

As an example, the p = 10 trajectory will be discussed in here in detail. Results coming from the
analysis of all the trajectories will be then resumed in appendix (C).

5.6.1 Zl’27374

The renormalization constants have been measured using the method described in (5.5.1). For the
p = 10 trajectory, the optimal probe set has been determined using the L = 32 lattice (the finest
one), looking for the system with smallest condition number at large flow times. The following
probes!?

OO (t,2) = (0ug0p50p50(t, )¢’ (¢, ), (5.141)
o1 (t,z) = Zp:(apsaps¢(t,:c))(ausw)wz(t,x), (5.142)
o (t,2) = sz(ausapsso(t, 2))(8,50) 0 (t, ), (5.143)
o) (t,2) = é:(apsso(tw))(apsso(t, ))(Ougep(t, x))p(t, x), (5.144)

turned to be the right candidates to perform an optimized numerical analysis along the whole
renormalized trajectory. Renormalization constants have been measured for all the lattices and
are here displayed (figures (5.14-5.15-5.16-5.17)). A quite large time interval (¢ = 0.2 — 0.7) has
been considered, to show the behaviour of the constants in an interesting region of flow times,
disregarding the values of ¢ < 0.2.

128ymmetric lattice derivative has been employed, in order to avoid O(a) scaling violations.
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Figure 5.14: Plot of Z; as function of the ratio ¢ = \/(E/L The zoomed area focuses on the flow time
window where lattice artefacts should be most reduced.

Among the all constants, Z; proved to be the most precise quantity. It has been well measured
over the entire range of flow times, even at small ones (figure (5.14)). Estimates are quite precise,
and their precision remains good as the flow time increases (1% for the finest lattice at the largest
flow time). This suggests that no signal depletion is affecting this constant, as opposed to what
happens in pure Yang-Mills. For ¢ > 0.38 contact terms mildly affect the measurements, especially
on coarse lattices. Over the entire range of flow times data display clear continuum limit sequences,
from the coarsest lattice to the finest one.

Precise measurements have been obtained also for Zs (figure (5.15)), even if cut-off effects
seem to affect this quantity more consistently. The shape of the data signals that a?/t effects
are quite strong, especially on coarse lattices (L = {8,10,12}). Measurements on finer lattices
(L = {16,24,32}) are less affected by these artefacts. However, they clearly show significant
deviations from the expected continuum value, especially for L = {16,24}. This could be caused
by consistent (a/L)? effects.

Figures (5.16) and (5.17) show the two dimensionless ratios

Z3 Zy

== 5.145
T4 )\0’ ( )

P mEl
whose expected continuum values are given by (5.139) and (5.140). They have been determined
with less precision than Z; »'®. However, they proved to be less affected by a2/t artefacts, especially
for ¢ > 0.42. For large flow times (¢ > 0.52) data show overlap within few standard deviations.
This could be caused by small cut-off effects or lack of precision at large flow times. Fit procedures
to extract the continuum values of r3 4 supported the latter hypothesis.

13For both ratios, relative precision drops from 3.5% on the coarsest lattice to 26% on the finest one. In this case,
the largest flow time has been considered.
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Figure 5.15: Plot of Z; as function of the ratio ¢ = v/6¢/L.
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Figure 5.16: Plot of Z3/|m3| as function of the ratio ¢ = v/6t/L.

time window where lattice artefacts should be most reduced.
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Figure 5.17: Plot of Z4/)o as function of the ratio ¢ = \/&/L The zoomed area focuses on the flow time
window where lattice artefacts should be most reduced.

Previous plots show that a set of renormalization constants can be consistently extracted for
¢ > 0.38. To each flow time corresponds a specific set of constants, which defines a renormalized
lattice EMT such that

<aus(T;w)RPT> — <8MT,U,VPT> + O(CLQ), (5.146)

a—0

The effectiveness of the method has been tested fitting the continuum values of Z; o, Z3/|m3| and
Zy /Mo for the entire ¢ > 0.38 interval. In this case, two types of polynomial fit have been considered

ri:A+B(%>2+C<%)4 i=1{1,2,3,4},, (5.147)
ri:A—I—B(%)Q i =1{1,2,3,4},. (5.148)

Where 719 = Z12, and 734 are just given by (5.139) and (5.140). The fits (5.147)-(5.148) have
been applied to the entire set of lattices, in order to determine the size of leading O((a/L)?) and
higher order O((a/L)*) scaling violations to continuum quantities.

As an example, fits of 71 234 at ¢ = 0.45 are shown below (figures (5.18-5.19-5.20-5.21)).

For each renormalization constant, only fit procedures with reasonable reduced x? and fit parameters
have been considered.

When coarse lattices are included (L = {8,10}), Z; (figure (5.18)) is well described by the expansion
(5.147). The reduced x? varies slowly when the coarsest lattice is discarded, proving the stability
of the fit. When smaller lattice subsets are considered, only equation (5.148) provides quite reliable
results.

As can be seen from figure (5.18), all continuum limit extrapolations are compatible within few

sigmas. Their deviations provide an insight of the systematic introduced by the expansions (5.147-
5.148).
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Figure 5.18: Z; at fixed flow time. Data have been displayed as functions of the number of lattice points.
The zoomed area focuses on the a = 0 extrapolations.

Things are different for Z5 (figure (5.19)). For this specific value of the flow time, a quadratic

fit in (a/L)? makes sense only if the coarsest lattice L = 8 is considered. For other lattice subsets,
this kind of expansion produced fit parameters B and C' that were always compatible with zero
within errors.
In this case, only linear fits of the form (5.148) provided a reasonable result'*. This behaviour could
be already hinted from figure (5.15), where, beside L = 8, all the data are almost overlapping at
¢ = 0.45. As the flow time increases, this behaviour is expected to change, as can be seen from
figure (5.15). For large enough flow times, the linear approximation is quite likely to fail, and the
expansion (5.147) will have to be adopted.

Finally, fits for Zs/|m2| and Z;/Ag can be observed in figures (5.20)-(5.21).

For all the lattices of the p = 10 trajectory, the expansion (5.147) proved to be not good for
describing the dependence of these ratios on the lattice spacing. Indeed, both slope and curvature
coefficients result zero within error bars. This is surely caused both by data overlap in the interesting
flow time region (cfr. figures (5.16)-(5.17)) as well as not so small errors on fine lattices.

In this case, a linear expansion in (a/L)? is preferred to study how r3 4 approach the continuum
limit.

Even if the intercept A can be estimated with good precision, the slope coefficient is not determined
quite precisely. Indeed, figures (5.20)-(5.21) suggest that data could be fitted almost with a constant
relation. Again, this is probably caused by data overlap and lack of enough numerical precision
on fine lattices. To obtain a better knowledge of O(a?) effects in the scaling region, the error bars

would need to be reduced, especially on fine lattices!'®.

141t should be said that on fine lattices (16 — 32) a fit to a constant would be more appropriate (the slope B is
zero within the errors. This is sourced by lack of precision on fine lattices).

15At flow times smaller than ¢ = 0.45, non zero values of the slope can still be estimated when the full set of
lattices is considered for the fit procedure. Things gets worse when smaller lattice subsets are adopted.
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Figure 5.19: Z; at fixed flow time. Data have been displayed as functions of the number of lattice points.
The zoomed area focuses on the a = 0 extrapolations.
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Figure 5.20: Z3/|mj| at fixed flow time. Data have been displayed as functions of the number of lattice
points. The zoomed area focuses on the a = 0 extrapolations.
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Figure 5.21: Z,/)\o at fixed flow time. Data have been displayed as functions of the number of lattice
points. The zoomed area focuses on the a = 0 extrapolations.

Continuum limit extrapolations of Z; 2, Zs/|m2| and Z4/Xo are reported in figures (5.22-5.23-
5.24-5.25). Each plot shows the estimates of continuum values as functions of the flow time, for
different types of fitting procedure. Only fits with a reasonable x? have been considered.

Continuum extrapolations of Z; coming from different fits are all compatible within few stan-
dard deviations (figure (5.22)). More important, they are compatible with the constraint (5.137).
The quadratic fit (5.147) applied to the largest lattice set (L = 8 — 32) proved to be effective for
almost the entire range of flow times. The statement holds also for the linear fit procedure applied
to the smallest lattice set (L = 16 — 32). Small deviations from the expected result appear when
a linear fit is applied to the (L = 12 — 32) subset. Deviations enlarges when coarser lattices are
included (L = 10 — 32). However, also the corresponding x? grows (x2 > 2, x? > 3) signalling that
the quality of the fit is worsening.

A less nice behaviour is obtained for Zy (figure (5.22)). At large flow times, some of the
extrapolations deviate from the expected continuum value of at least two standard deviation. This
could be caused by still large cut-off effects, as could be also argued looking at figure (5.15). As
mentioned before, quadratic fits become important when the flow time increases. At small flow
times, data are quite overlapped, and linear fits on fine lattice sets becomes less reliable, as it has
already been explained for Zs/|m2| and Z,/Ao.

Continuum estimates of Z3/|m2| and Z;/\g are displayed in figures (5.24-5.25). Both quantities
can be estimated with linear fits. At small time, the latter proved to be more effective, especially
including coarse lattices. At large flow times, linear fits become less reliable, due to data overlap.
Probably, more statistics is needed to reduce the error bars. All results coming from different fits
are all compatible with their expected continuum value.
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Figure 5.22: Continuum extrapolations of Z; as functions of the flow time.
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Figure 5.23: Continuum extrapolations of Z; as functions of the flow time.
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Figure 5.24: Continuum extrapolations of Z3/|mj| as functions of the flow time.
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Figure 5.25: Continuum extrapolations of Z4/\¢ as functions of the flow time.
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Chapter 6
Conclusions

In this work, a new method to numerically determine the lattice renormalized energy-momentum
tensor has been tested. The method is based on probing translation and dilatation WI with oper-
ators built with the gradient flow. The natural UV finiteness of these operators allow the new WI
to be free from any kind of contact term. The absence of the latter makes this set of identities a
potentially good candidate to renormalize the EMT in non perturbative numerical studies’. The
method has been initially devised only for pure gauge theories [34], while in this work it has been

extended to the specific case of a A¢* theory in 3 dimensions?.

The EMT is a fundamental quantity for different aspects of particle physics. It is the genera-
tor of Poincaré, dilatation and conformal transformations. It thus carries information concerning
physical quantities associated with those spacetime symmetries. When finite temperature studies
are concerned, expectation values of the EMT provide direct access to thermodynamic quantities,
like energy, pressure and entropy density. These quantities are necessary to determine the equation
of state of hot, dense systems, like the quark-gluon plasma (QGP). This specific state of matter
describes the early stages of the universe and is currently under the lens of perturbative and non
perturbative studies®. Also in this case, the EMT momentum tensor has a key role in providing
useful informations; indeed, two-point correlators of this operator yield quantitative estimates of

the sheer viscosity, a transport coefficient used to characterize the fluid dynamics of the QGP.

In the last four decades, several attempts have been made to extend the knowledge of funda-

mental particles and their interactions beyond the current Standard Model (SM). Many different
beyond Standard Model (BSM) theories have been proposed, whose low energy limit could be recast
into the actual SM. Some of these BSM formulations include a new, strongly interacting sector that
calls for an IR fixed point inside its phase diagram [67]. To precisely locate such fixed point, non
perturbative studies are needed. Hence, the lattice formulation is necessary to characterize these
type of BSM theories. In the last years, the location of the IR fixed point has been investigated
using two different numerical approaches, based on measuring the running coupling or the spectrum
of the theory.
Knowledge of the fully non perturbative EMT provides a third alternative method. The trace of
the EMT is the order parameter of dilatation and conformal symmetry. Hence, it can be used to
investigate the restoration of these symmetries, to which a fixed point of the RG should correspond.
Thus, there are enough motivations to compute the EMT with the lattice regularization, a most
well established, non perturbative formulation of quantum field theory.

L Actually, this new type of identities allow to renormalize the original translation and dilatation WI of the theory.
2In collaboration with L. Del Debbio, S. Ehret, R. Pellegrini and Antonio Rago.
3The QGP can be actually reproduced in heavy ion collision experiments.

177



In this work, the renormalized EMT has been determined within two different theoretical
frameworks: a SU(3) Yang-Mills theory and a scalar A¢* theory in 3 dimensions.

In pure Yang Mills theory, the renormalized EMT is characterized by a mixing of three opera-
tors*. To each operator corresponds a (finite) renormalization constant that needs to be determined.
Moreover, a multiplicative factor Zs, coupled to the operator that generates naively discretized
translations, has to be fixed. All these quantities have been numerically determined using WI
probed by observables built along the flow. In this case, the method provides reasonably precise
results only at the price of large computation times, especially when fine lattices are considered.
To avoid a?/t artefacts, probes should be flowed at quite large flow times. However, at these times,
the signal worsen and a larger statistics is needed to compensate for signal depletion. Long compu-
tation times are caused by the evolution of gauge fields along the flow, and can be reduced only by
accessing to more powerful computing facilities®. This technical issue could seriously compromise
the application of the method to more realistic theories, like those including fermionic matter.®
Numerical results have been compared with the renormalization constants measured using shifted
boundary conditions. In this case, a discrepancy between the two methods has been detected. To
better understand the source of such discrepancy, further theoretical, and numerical, studies are
needed.

A different outcome is obtained when the scalar theory in 3 dimensions is considered. In this
case, the renormalized EMT is characterized by four different renormalization constants, and no
multiplicative Zs factor has to be determined. The only non trivial renormalization is encoded in
the constant coupled to the ¢? operator. This result is sourced by the superrenormalizability of the
theory, and provides quite stringent constraints to be used for testing the method. Scalar theories
are really cheap to simulate, and allow to accumulate considerably large statistics in small amounts
of time. This feature allowed to measure the renormalization constants with good numerical pre-
cision. Their values at finite lattice spacing have been determined for three different renormalized
trajectories. For each trajectory, continuum extrapolations have been checked with perturbative
results, supporting the correctness of the method.

The scalar theory is physically less interesting than Yang-Mills theory. However, it proves to be a
good model for precisely checking the validity of the adopted method. Moreover, it gives room for
other interesting applications.

The first one is directly related to the investigation of BSM theories. In 3 dimensions, the scalar
theory exhibits an IR fixed point, called Wilson Fisher fixed point. The latter could be located
through a numerical strategy based on the renormalized EMT. Being computationally cheap, the
scalar theory provides a unique framework in which this new method can be thoroughly studied.
From this first application, useful informations about finite size effects and signal-to-noise ratio
could be extracted and used when physically interesting theory are concerned.

Another interesting application comes from the study of the early Universe, the period usually
associated with inflation, using holographic models. Within the holographic framework, the early
Universe is described by a three dimensional QFT. Conventional inflation is included in this frame-
work as s strongly coupled quantum field theory. Hence, a lattice formulation of such theory could
provide quantitative knowledge about the inflation period. In its simplest, not-fully realistic form,
the inflation is represented by a scalar A¢* theory. In this case, knowledge of the renormalized
EMT provides access to physical quantities (power spectrum) that could be directly compared with
experimental results.

4This is true whenever the VEV of the operator is subtracted.
50r faster algorithms for evolving the gauge fields.
6 Among the all physically interesting theories, pure Yang Mills is supposed to be the cheapest one to simulate.
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Appendix A

Bulk EMT

The following flow equation
Sp =2 / dt / d%xtr{L,(Go, — D,Gyu)}, (A1)
0
GO}L = Bp, - Du307 (A2)
is invariant under local gauge transformations in (D + 1) dimensions. Under the local variations

d0aBr = arGRru, (A.3)
Saly = aDgL,, (A4)

the action changes according to
555 = —2 / dt / d*wtr{arDrLu(Cop — DyGup) + Lulda(Gou) — 6a(DuG)l}.  (A5)
0

The first term in equation (A.5) can be written as

tI‘{OzRDRLM(GON — DUGVM)} = tI‘{ — 8RaRLH(G0M — DVGVH)
— aRLu(?R(GOH — DVGVH)
— ag[Ly, Brl(Gop — DuGup)}, (A.6)

up to a total derivative that does not contribute to the integral in 6S;. Then, the following identity
can be used

tr{[4, B]C} = tr{A[B, C]}, (A7)
to rewrite equation (A.6) as

tI‘{OzRDRLH(GOM — DVGV,u)} = tI‘{ — (’)RaRLM(GOH — DVGZ,H)
— aRLuDR(GO/_L — D,,Gyu)}. (A8)

The first line in (A.8) does not contribute inside correlation functions, because the integration over
the Lagrange multiplier imposes the flow equation. As a consequence, it is legitimate to write

tI‘{CvRDRL#(Gr‘()‘u — DVGV#)} = tr{faRL#DR(GOM — DUGWL)}. (Ag)

The variations of the second term in (A.5) are
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® da (GON)

(SQ(GOM) = Dyda B, — D, 0By
= &rGry — 0uarGro + ar(DoGry + D, Gor)

= &rGRry — 0,arGRro + arDrGoy, (A.10)
where the Bianchi Identity
DrGun + DyuGNr + DnGry =0 (A.11)
has been used.
e 6a(D,Gyy)
0a(DyGyy) = Dy0o Gy + ar|Gry, Gyl (A.12)

where
00Guy = Dy0o By, — D00 B,
= 61/05RGRM — 8u04RGRV + OéR(DVGRM + DHGVR)
= 8,,aRGRM — 8MOéRGRV + OéRDRGVM. (Al?))
Using this result, and the following identity
it can be shown that
da (DVGV/L) = avauaRGRu - avap,aRGRu

+ 8V04R(DRG,,M + D,,GRM) — 6M(IRD,,GRV
+ DRDVGVH) (A15)

and
tr{L,[0a(Gop) — 6a(DyGyu)l} = tr{L,[ — 0,0,arGRy + 0,0,arGRy
- auaR(DRGu;L + DVGR}A) + 8/LaRDVGRV
+ dRGRM — 6MOéRGRQ + OéRDR(GON — D,,GVM)]}.

(A.16)
The last term on the last line cancels exactly equation (A.9).
Collecting all the pieces together, the variation of the flow action takes the following form
5Sfl = —2/ dt/ddQ?tI‘{Lu[ — 8y8,aRGRH + 8,,(9HOZRGR,,
0
— 8VQR(DRGup + DVGR#)
+ 0,ar(D,Gry — Gro)
+ arGRryul}- (A.17)
The third line can still be manipulated imposing the flow equation
auaRLH(D,,GRV — GR()) = 8/,La0L,U,DVG0V — (9MOéULM(D,,GVg — G()g)
= 7aﬂaR5ROL,U,DUGVO7 (A18)
(A.19)
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giving the variation of the action as

5Sﬂ = 72/ dt/ddxtr{L#[o'zRGRu - a#OZR(SRoD,,GDQ
0

- 8,,8,,aRGR# + 8,,8HaRGRU
— dyar (DrGyp + DuGr)l}. (A.20)

2D, Gru—D;GRy

Using integration by parts and the formula (A.7) one finds

—2 /0 ot / d%xtr{L,[~0,0,arGRry + 0,0,arG R, — 0,ar(2D,Gr, — DGRy} =
=2 /0 h dt / d*zd,aptr{~L,D,Gr, + D,L,Gr, + D,L,Gr,}, (A.21)
and finally!
§Sp = —2 /O " / d®z[aptr{L,Gr,}
+ 0 aptr{—L,D,Gr, + D, L,Gry, + D, L,GRry; — 0roDy G0}
= /0Oo dt/ddeMRaMaR (A.22)
The components of the bulk EMT are then given by

TOR = _Qtr{LuGRu}; (A23)

T#R = QtT{LVDHGRV} - Ztr{DuLVGRl,} — QtT{DyLyG#R} + 25Rotr{L#Dl,GU0}. (A24)

LA v > p redefinition is necessary for some of the terms.
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Appendix B

Improved scalar EMT in 3
dimensions

In their work, Coleman et al. [17] shows that the scalar field theory is dilatation invariant if the
following condition is satisfied

oL
= DL+ dpo+ (1+d,) My = 0, (B.1)

where L is the classical Lagrangian density, II,, = % and d, = [p]. Usually, a massless action
i
of the form

S= /d% B@w@w + Lot (B.2)
satisfies the condition (B.1): the corresponding dilatation current is given by
DV =g, THF 4V, (B.3)
where V# = d_II,, ¢ is the so called field virial: the conservation law of the current is
o, D" =T} +0,V*. (B.4)

As already explained in (2.4), if V# = 0,0“*, an improved EMT can be built to relate conservation
of dilatation current to the cancellation to the trace of such EMT

1
O =Ty + 5aAaPXA,W, (B.5)
here
) = 05,00, — 00 — 6ol 40,07 L Sxpo T L Sxubu,o
X)\P#V = OpOpup = OAuOyp — ON0 ), + Oy — g ApOuvOaa + g AOvpOaas (BG)
and )
Jiy = i(a,ul/ + UU;L)‘ (B7)

In this case, the field virial has the following form
Iz Iz d‘»o 2
VH = dtpa pY = 8(1 76”(190 y (B8)

which means that it is possible to build the following improved tensor ©,,

O =Ty + %*" (1 - ?) 6,007 — 0,0,] ©*. (B.9)
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However, this kind of improvement works only for D = 3 and D = 4; indeed, taking equation (B.5)
and plugging it inside eq (B.4), one obtains

D VH =0+ %*” {1 - (1 - 16)) (D — 1)] %, (B.10)
[ TP e

Only two solutions are admitted for D: to each of these solutions corresponds a specific improved
EMT

THP(z) = O pdPp — 51 L — é [9"9F — om0 p? . D =4, (B.12)

THA(z) = DM pdPp — OO L — = [0 — 670 02, D=3 (B.13)

1
8
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Appendix C

Numerical results for )\gb4 theory

C.0.1 Results: p=10

Z

A+ Bz +Cz?:8— > 32

c XER c A B C XE&
0.38 | 1.9028(27) | 80.3(3) | 153.51 0.38 | 2.0012(55) | 51.2(13) | 1547(64) | 1.82
0.42 | 1.9187(31) | 65.4(3) | 78.39 0.42 | 2.0013(53) | 41.5(14) | 1261(72) | 1.79
0.45 | 1.9298(36) | 54.8(3) | 40.99 0.45 | 1.9981(74) | 35.8(17) | 991(84) | 1.35
0.49 | 1.9378(40) | 47.2(4) | 21.21 0.49 | 1.9958(73) | 31.6(17) | 804(84) | 1.08
0.52 | 1.9419(47) | 41.9(4) | 13.10 0.52 | 1.9923(81) | 28.7(18) | 677(92) | 1.02
0.55 | 1.9453(54) | 38.0(5) | 8.12 0.55 | 1.9892(98) | 26.7(21) | 569(104) | 1.23
0.59 | 1.9476(55) | 35.0(5) | 5.17 0.59 | 1.9839(109) | 25.6(23) | 478(111) | 1.28
0.62 | 1.9485(58) | 32.7(5) | 3.71 0.62 | 1.9816(105) | 24.3(22) | 418(110) | 1.47
0.66 | 1.9502(60) | 30.7(6) | 2.71 0.66 | 1.9765(114) | 24.1(26) | 334(134) | 1.53
0.69 | 1.9500(69) | 29.3(6) | 2.08 0.69 | 1.9717(131) | 24.2(28) | 245(133) | 1.59
A+ Bz : 10— > 32 A+ Bz + Cz? : 10— > 32
c A B X% c A B C X%
0.38 | 1.9607(38) | 70.0(5) | 17.16 0.38 | 1.9979(68) | 52.9(25) | 1402(202) | 2.50
0.42 | 1.9667(46) | 57.0(6) | 9.01 0.42 | 1.9963(88) | 44.0(33) | 1058(261) | 2.47
0.45 | 1.9706(44) | 47.9(6) | 5.74 0.45 | 1.9979(92) | 36.1(31) | 955(236) | 2.00
0.49 | 1.9719(57) | 41.7(7) | 3.86 0.49 | 1.9952(109) | 31.5(38) | 818(295) | 1.60
0.52 | 1.9705(65) | 37.4(8) | 3.57 0.52 | 1.9989(99) | 25.4(38) | 958(310) | 1.22
0.55 | 1.9690(73) | 34.2(9) | 3.37 0.55 | 2.0002(117) | 21.7(42) | 992(331) | 1.11
0.59 | 1.9667(77) | 32.0(10) | 2.88 0.59 | 1.9977(149) | 19.4(56) | 992(439) | 0.84
0.62 | 1.9636(85) | 30.4(11) | 2.78 0.62 | 1.9961(134) | 17.2(46) | 1033(362) | 0.73
0.66 | 1.9615(93) | 29.0(12) | 2.54 0.66 | 2.0003(160) | 13.9(54) | 1176(406) | 0.62
0.69 | 1.9594(106) | 28.1(13) | 2.29 0.69 | 1.9967(199) | 13.7(63) | 1096(462) | 0.59
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A+ Bz :12— > 32 A+ Bz + Cz?: 12— > 32
c A B X% c A C X%
0.38 | 1.9783(46) | 65.2(9) | 4.96 0.38 | 1.9995(89) 1532(594) | 5.08
0.42 | 1.9824(55) | 53.0(10) | 2.43 0.42 | 1.9904(100) 490(607) 4.17
0.45 | 1.9852(60) | 44.2(11) | 1.46 0.45 | 1.9877(119) 139(733) 2.86
0.49 | 1.9853(75) | 38.3(14) | 0.85 0.49 | 1.9819(139) -304(858) | 1.70
0.52 | 1.9868(83) | 33.6(15) | 0.54 0.52 | 1.9861(143) -51(857) 1.06
0.55 | 1.9858(102) | 30.2(17) | 0.40 0.55 | 1.9806(183) -434(1143) | 0.63
0.59 | 1.9863(101) | 27.6(18) | 0.22 0.59 | 1.9751(211) -667(1234) | 0.36
0.62 | 1.9845(112) | 25.7(19) | 0.13 0.62 | 1.9787(231) -455(1346) | 0.14
0.66 | 1.9855(129) | 23.8(21) | 0.10 0.66 | 1.9795(217) -365(1347) | 0.09
0.69 | 1.9840(128) | 22.8(22) | 0.07 0.69 | 1.9768(256) -429(1772) | 0.02
A+ Bz :16— > 32
c A B
0.38 | 1.9879(73) | 61.2(23)
0.42 | 1.9870(75) | 51.1(24)
0.45 | 1.9858(91) | 44.1(30)
0.49 | 1.9830(112) | 39.2(34)
0.52 | 1.9843(127) | 34.6(40)
0.55 | 1.9825(131) | 31.7(41)
0.59 | 1.9818(140) | 29.4(48)
0.62 | 1.9796(156) | 27.9(51)
0.66 | 1.9779(175) | 26.8(56)
0.69 | 1.9782(207) | 25.2(67)
A+ Bz : 8— > 32 A+ Bz + Cz?:8— > 32
c A B X% c A C X%
0.38 | -1.0201(21) | 0.3(2) | 16.25 0.38 | -0.9956(38) 339(43) | 1.19
0.42 | -1.0230(22) | 5.4(2) | 16.12 0.42 | -0.9924(41) 394(48) | 1.14
0.45 | -1.0233(27) | 9.7(2) | 15.09 0.45 | -0.9901(50) 434(58) | 1.26
0.49 | -1.0240(31) | 13.5(3) | 14.86 0.49 | -0.9843(58) 501(69) | 1.53
0.52 | -1.0245(34) | 17.0(3) | 14.28 0.52 | -0.9773(74) 582(81) | 2.10
0.55 | -1.0242(42) | 20.3(4) | 14.34 0.55 | -0.9720(72) 645(80) | 2.71
0.59 | -1.0259(54) | 23.5(5) | 14.57 0.59 | -0.9675(103 718(105) | 2.83
0.62 | -1.0267(55) | 26.3(5) | 14.62 0.62 | -0.9600(118 817(115) | 3.17
0.66 | -1.0304(57) | 29.1(5) | 14.60 0.66 | -0.9584(104 876(125) | 3.41
0.69 | -1.0339(59) | 31.6(5) | 14.91 0.69 | -0.9541(133 980(149) | 3.37
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A+ Bz : 10— > 32 A+ Bz + Cz?: 10— > 32
c A B X% c A B C X%
0.38 | -1.0050(34) | -2.1(4) | 2.58 0.38 | -0.9963(52) | -5.9(19) | 297(146) | 1.75
0.42 | -1.0047(33) | 2.5(4) 1.94 0.42 | -0.9961(64) | -0.8(23) | 261(179) | 1.50
0.45 | -1.0028(42) | 6.4(5) 1.39 0.45 | -0.9954(74) | 3.5(26) | 231(197) | 1.34
0.49 | -0.9995(50) | 9.8(6) 1.17 0.49 | -0.9925(97) | 7.2(33) | 193(245) | 1.37
0.52 | -0.9960(56) | 12.8(7) | 1.05 0.52 | -0.9911(106) | 11.0(35) | 123(262) | 1.48
0.55 | -0.9925(59) | 15.4(7) | 1.20 0.55 | -0.9902(130) | 14.9(43) | 36(318) 1.80
0.59 | -0.9868(73) | 17.6(9) | 1.24 0.59 | -0.9856(127) | 17.1(42) | 48(320) 1.87
0.62 | -0.9834(88) | 19.8(11) | 1.30 0.62 | -0.9824(161) | 19.9(53) | -21(398) | 1.96
0.66 | -0.9814(94) | 22.0(11) | 1.51 0.66 | -0.9869(169) | 24.1(54) | -160(409) | 2.24
0.69 | -0.9779(91) | 23.5(11) | 1.48 0.69 | -0.9845(182) | 25.9(62) | -173(466) | 2.18
A+ Bz :12— > 32 A+ Bz + Ca?: 12— > 32
c A B X% c A B C X%
0.38 | -1.0007(37) | -3.2(7) 1.86 0.38 | -0.9955(79) | -6.2(46) | 331(519) 3.50
0.42 | -1.0014(42) | 1.7(8) 1.93 0.42 | -0.9917(93) | -3.5(49) | 566(548) 2.66
0.45 | -0.9988(57) | 5.6(10) | 1.77 0.45 | -0.9850(115) | -3.0(61) | 968(669) 1.60
0.49 | -0.9971(61) | 9.2(10) | 1.68 0.49 | -0.9790(133) | -1.4(68) | 1204(732) | 0.75
0.52 | -0.9965(74) | 12.9(13) | 1.55 0.52 | -0.9734(184) | 0.2(90) 1380(952) | 0.32
0.55 | -0.9941(83) | 16.0(14) | 1.66 0.55 | -0.9642(186) | -1.2(93) | 1879(983) | 0.11
0.59 | -0.9897(95) | 18.3(18) | 1.68 0.59 | -0.9602(172) | 0.1(96) 2048(1080) | 0.04
0.62 | -0.9892(104) | 21.0(20) | 1.65 0.62 | -0.9492(248) | -1.1(127) | 2403(1374) | 0.09
0.66 | -0.9886(104) | 23.6(18) | 1.89 0.66 | -0.9461(300) | -1.1(149) | 2720(1578) | 0.02
0.69 | -0.9850(133) | 25.0(23) | 1.84 0.69 | -0.9420(281) | -1.3(150) | 2967(1661) | 0.06
A+ Bz :16— > 32
c A B X%
0.38 | -0.9980(60) | -4.2(19) | 3.20
0.42 | -0.9940(78) | -0.9(25) | 2.18
0.45 | -0.9897(94) | 2.2(27) | 1.12
0.49 | -0.9846(113) | 4.6(33) | 0.44
0.52 | -0.9797(117) | 6.9(36) | 0.13
0.55 | -0.9748(130) | 8.7(40) | 0.03
0.59 | -0.9689(155) | 10.3(46) | 0.02
0.62 | -0.9657(172) | 12.3(56) | 0.08
0.66 | -0.9593(191) | 12.7(58) | 0.15
0.69 | -0.9564(222) | 13.8(65) | 0.22
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Z3/|mol?

A+ Bz : 8— > 32 A+ Bz +Cz2® : 8— > 32
c A B X% c A B C X%
0.38 | 0.7873(263) 26.6(27) | 1.07 0.38 | 0.7748(435) 30.6(102) | -231(545) 1.37
0.42 | 0.8101(382) 18.0(37) | 0.94 0.42 | 0.7708(603) 30.2(143) | -671(743) 0.96
0.45 | 0.8407(441) 12.0(43) | 0.80 0.45 | 0.7764(760) 30.7(190) | -990(991) 0.60
0.49 | 0.8794(480) | 7.9(46) | 0.63 0.49 | 0.8034(788) | 28.5(180) | -1060(926) | 0.32
0.52 | 0.9091(507) 6.0(47) 0.56 0.52 | 0.8075(932) 33.5(221) | -1414(1165) | 0.20
0.55 | 0.9322(591) 5.4(54) 0.50 0.55 | 0.8056(1100) | 39.1(270) | -1687(1393) | 0.18
0.59 | 0.9520(770) 5.9(64) 0.46 0.59 | 0.8373(1278) | 40.0(299) | -1818(1519) | 0.16
0.62 | 0.9632(756) | 8.1(69) | 0.48 0.62 | 0.8460(1481) | 41.9(354) | -1854(1795) | 0.21
0.66 | 1.0030(897) 7.2(84) 0.41 0.66 | 0.8626(1504) | 43.3(362) | -1823(1918) | 0.22
0.69 | 1.0025(1008) | 9.5(97) 0.39 0.69 | 0.8527(1531) | 48.3(328) | -2003(1656) | 0.28
A+ Bx:10— > 32 A+ Bz +Cz?:10— > 32
c A B X% c A B C X%
0.38 | 0.7686(348) 29.4(44) 1.29 0.38 | 0.7974(625) 16.8(226) 1008(1810) 1.76
0.42 | 0.7886(450) 22.8(59) 0.90 0.42 | 0.8025(776) 16.8(297) 462(2354) 1.33
0.45 | 0.7934(609) | 20.5(78) | 0.57 0.45 | 0.8065(927) | 18.9(363) | -54(2990) | 0.84
0.49 | 0.8208(569) 17.7(75) 0.31 0.49 | 0.7915(1149) | 28.0(427) -787(3368) 0.44
0.52 | 0.8434(711) 16.4(87) 0.26 0.52 | 0.8031(1455) | 35.3(518) -1601(4005) | 0.30
0.55 | 0.8690(818) 15.7(109) | 0.28 0.55 | 0.7844(1508) | 48.8(536) -2553(4181) | 0.22
0.59 | 0.8831(990) 18.2(129) | 0.28 0.59 | 0.7901(1694) | 60.4(612) -3521(4795) | 0.17
0.62 | 0.9067(924) | 16.9(127) | 0.37 0.62 | 0.7408(1741) | 84.9(599) | -5446(4758) | 0.18
0.66 | 0.9407(1169) | 17.2(150) | 0.36 0.66 | 0.7964(1873) | 71.5(666) -4151(5276) | 0.18
0.69 | 0.9663(1129) | 16.2(152) | 0.40 0.69 | 0.7430(2206) | 103.6(827) | -6843(6550) | 0.13
A+ Bz :12— > 32 A+ Br+Cx? : 12— > 32
c A B X% c A B C X%
0.38 | 0.7945(484) 21.9(89) 1.30 0.38 | 0.6923(768) 89.4(414) -T764(4704) 0.55
0.42 | 0.8128(481) 16.6(87) 1.13 0.42 | 0.6759(970) 96.6(495) -8906(5328) 0.58
0.45 | 0.8103(657) | 16.7(126) | 0.80 0.45 | 0.7335(1459) | 68.5(732) | -5938(7898) | 0.65
0.49 | 0.8329(744) 15.3(138) | 0.47 0.49 | 0.7365(1609) | 71.1(821) -6124(8970) 0.46
0.52 | 0.8213(908) 20.7(175) | 0.36 0.52 | 0.7666(1588) | 56.5(892) -3948(10176) | 0.43
0.55 | 0.8443(1015) | 22.2(189) | 0.28 0.55 | 0.7841(2081) | 56.7(1124) | -3715(12337) | 0.42
0.59 | 0.8367(1114) | 30.5(210) | 0.19 0.59 | 0.8205(2534) | 38.8(1266) | -1123(13908) | 0.35
0.62 | 0.8306(1346) | 36.3(241) | 0.13 0.62 | 0.8214(2713) | 48.9(1406) | -1707(15515) | 0.26
0.66 | 0.8719(1436) | 33.7(271) | 0.15 0.66 | 0.8407(2905) | 50.3(1529) | -1724(17315) | 0.27
0.69 | 0.8550(1684) | 41.9(298) | 0.10 0.69 | 0.8461(3076) | 47.4(1603) | -577(17465) 0.20
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A+ Bz :16— > 32

c A B X%

0.38 | 0.7386(675) 46.7(221) | 0.83

0.42 | 0.7280(724) | 48.4(236) | 0.83

0.45 | 0.7531(1067) | 41.5(304) | 0.76

0.49 | 0.7629(1287) | 38.4(363) | 0.56

0.52 | 0.7564(1540) | 45.0(466) | 0.46

0.55 | 0.8003(1534) | 35.9(458) | 0.46

0.59 | 0.8187(1829) | 32.4(551) | 0.39

0.62 | 0.8139(2214) | 43.4(666) | 0.27

0.66 | 0.8736(2500) | 32.8(817) | 0.29

0.69 | 0.8222(2396) | 51.0(748) | 0.20

Zs/ o
A+ Bz :8— > 32 A+ Bz +Cx® :8— > 32

c A B X% c A B C X%
0.38 | -1.0479(194) | -12.3(18) | 1.85 0.38 | -0.9883(384) | -27.9(85) | 805(442) | 1.32
0.42 | -1.0660(238) | -8.2(22) | 1.63 0.42 | -0.9842(430) | -29.2(92) | 1042(450) | 0.97
0.45 | -1.0844(295) | -5.3(28) 1.30 0.45 | -0.9957(664) -28.7(145) | 1181(710) 0.62
0.49 | -1.0936(388) | -4.0(34) 1.01 0.49 | -0.9960(715) -30.6(158) | 1368(774) 0.33
0.52 | -1.1196(474) | -2.1(40) | 0.84 0.52 | -1.0042(796) | -32.0(183) | 1490(911) | 0.24
0.55 | -1.1465(474) | -0.7(40) | 0.72 0.55 | -1.0161(908) | -32.5(204) | 1573(1010) | 0.21
0.59 | -1.1609(558) | 0.0(45) 0.63 0.59 | -1.0340(961) -33.4(227) | 1670(1157) | 0.20
0.62 | -1.1930(600) | 1.6(48) | 0.61 0.62 | -1.0814(1184) | -25.8(256) | 1374(1239) | 0.27
0.66 | -1.2151(641) | 2.0(56) 0.53 0.66 | -1.0575(1359) | -35.6(296) | 1818(1449) | 0.25
0.69 | -1.2254(654) | 2.4(60) 0.50 0.69 | -1.0539(1607) | -37.1(331) | 1853(1575) | 0.30

A+ Bz : 10— > 32 A+ Bz + Cz? : 10— > 32

c A B X% c A B C X%

0.38 | -1.0097(318) | -18.2(40) | 1.24 0.38 | -1.0145(480) | -15.8(160) | -193(1278) | 1.88
0.42 | -1.0093(372) | -16.9(49) | 0.96 0.42 | -0.9929(683) | -23.1(236) | 479(1781) | 1.41
0.45 | -1.0233(463) | -14.6(59) | 0.65 0.45 | -0.9957(817) | -25.0(281) | 775(2149) | 0.91
0.49 | -1.0412(540) | -12.7(71) | 0.40 0.49 | -0.9997(985) | -26.9(331) | 1018(2471) | 0.50
0.52 | -1.0663(557) | -10.8(67) | 0.36 0.52 | -1.0080(1269) | -34.9(423) | 1890(3182) | 0.37
0.55 | -1.0718(702) | -12.2(90) | 0.37 0.55 | -0.9729(1305) | -46.3(449) | 2588(3432) | 0.31
0.59 | -1.0965(773) | -10.0(97) | 0.36 0.59 | -1.0058(1430) | -48.3(514) | 3051(3962) | 0.19
0.62 | -1.1146(871) | -9.6(113) | 0.43 0.62 | -0.9723(1682) | -65.7(540) | 4432(4049) | 0.17
0.66 | -1.1500(944) | -7.7(113) | 0.42 0.66 | -0.9779(2016) | -69.8(653) | 4747(4800) | 0.17
0.69 | -1.1598(1122) | -7.8(144) | 0.46 0.69 | -0.9785(1837) | -71.9(610) | 4787(4617) | 0.14
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A+ Bz :12— > 32 A+ Bz + Cz?: 12— > 32
c A B % c A B C X%
0.38 | -1.0238(417) | -14.6(73) | 1.75 || 0.38 | -0.9150(685) | -80.7(375) | 7359(4228) | 0.74
0.42 | -1.0150(444) | -15.2(82) | 1.41 || 0.42 | -0.8840(1015) | -92.9(548) | 8615(6091) | 0.75
0.45 | -1.0281(604) | -14.3(105) | 0.96 || 0.45 | -0.8921(1177) | -89.1(606) | 8109(6602) | 0.71
0.49 | -1.0372(725) | -15.1(127) | 0.60 || 0.49 | -0.9365(1300) | -67.6(656) | 5812(7241) | 0.55
0.52 | -1.0402(716) | -16.5(138) | 0.45 || 0.52 | -0.9555(1740) | -60.8(901) | 4749(9813) | 0.46
0.55 | -1.0312(1099) | -21.7(196) | 0.34 || 0.55 | -0.9513(1877) | -69.0(1021) | 5437(11476) | 0.47
0.59 | -1.0483(1179) | -21.4(219) | 0.23 || 0.59 | -1.0099(2176) | -41.9(1070) | 2182(11447) | 0.39
0.62 | -1.0511(1049) | -24.8(176) | 0.17 || 0.62 | -0.9888(2682) | -66.7(1307) | 4740(13833) | 0.36
0.66 | -1.0525(1208) | -28.3(207) | 0.17 || 0.66 | -0.9920(2587) | -70.5(1276) | 5288(13917) | 0.38
0.69 | -1.0266(1583) | -34.0(268) | 0.15 || 0.69 | -0.9869(2998) | -72.9(1449) | 4936(15434) | 0.24
A+ Bz : 16— > 32
c A B X%
0.38 | -0.9549(618) | -41.9(205) | 1.11
0.42 | -0.9588(784) | -39.3(248) | 1.02
0.45 | -0.9469(977) | -43.7(270) | 0.91
0.49 | -0.9798(1031) | -35.4(317) | 0.67
0.52 | -0.9751(1292) | -40.5(376) | 0.56
0.55 | -1.0107(1565) | -31.2(459) | 0.54
0.59 | -0.9992(1655) | -39.4(504) | 0.43
0.62 | -1.0612(1649) | -20.7(501) | 0.36
0.66 | -1.0094(2011) | -44.5(605) | 0.34
0.69 | -1.0203(2461) | -44.2(739) | 0.25
C.0.2 Results: p=5
Z
A+ Bz : 16— > 32 A+ Bz + Cz? : 16— > 32
c A B X% c A B C X%
0.38 | 2.0068(61) | 54.5(20) | 1.89 0.38 | 1.9779(160) | 80.5(131) | -4895(2365) | 0.02
0.42 | 2.0088(65) | 43.1(21) | 1.77 0.42 | 1.9733(202) | 74.5(172) | -5823(3143) | 0.07
0.45 | 2.0081(78) | 35.5(25) | 1.52 0.45 | 1.9728(210) | 66.3(176) | -5740(3292) | 0.11
0.49 | 2.0062(88) | 30.2(28) | 1.20 0.49 | 1.9725(229) | 60.2(197) | -5699(3686) | 0.22
0.52 | 2.0044(100) | 26.2(33) | 1.00 0.52 | 1.9677(298) | 58.4(244) | -5972(4463) | 0.35
0.55 | 1.9996(104) | 24.4(34) | 0.85 0.55 | 1.9608(323) | 60.0(267) | -6749(4931) | 0.41
0.59 | 2.0008(118) | 21.5(37) | 0.72 0.59 | 1.9666(372) | 51.6(296) | -5570(5379) | 0.47
0.62 | 2.0003(137) | 19.2(42) | 0.66 0.62 | 1.9627(492) | 52.1(403) | -6068(7251) | 0.48
0.66 | 1.9984(135) | 18.3(43) | 0.60 0.66 | 1.9688(422) | 44.6(340) | -4889(6179) | 0.54
0.69 | 1.9977(152) | 17.0(49) | 0.55 0.69 | 1.9669(568) | 44.9(466) | -5176(8504) | 0.57
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A+ Bz : 18— > 32
c A B X%
0.38 | 2.0000(76) ) | 0.87
0.42 | 1.9980(99) | 48.6(40) | 0.40
0.45 | 1.9969(111 ) | 0.21
0.49 | 1.9939(112 ) | 0.07
0.52 | 1.9913(136) | 32.9(54) | 0.01
( )
( )
( )
( )
( )

0.55 | 1.9898 0.01
0.59 | 1.9894(161
0.62 | 1.9884(191
0.66 | 1.9823(235
0.69 | 1.9861

0.04
0.13
0.13
0.16

A+ Bz : 16— > 32 A+ Bz + Ca?: 16— > 32

c A B X% c A B C X%

0.38 | -1.0157(50) | 0.5(16) | 2.21 0.38 | -0.9954(130) | -18.6(105) | 3652(1918) | 0.09
0.42 | -1.0180(58) | 6.0(18) | 2.00 0.42 | -0.9895(155) | -19.4(126) | 4744(2308) | 0.14
0.45 | -1.0185(65) | 10.4(20) | 1.63 0.45 | -0.9859(173) | -18.5(136) | 5449(2486) | 0.14
0.49 | -1.0177(78) | 14.2(24) | 1.23 0.49 | -0.9867(226) | -13.0(192) | 5095(3553) | 0.11
0.52 | -1.0151(87) | 16.8(29) | 1.00 0.52 | -0.9841(253) | -11.2(216) | 5282(4132) | 0.10
0.55 | -1.0185(105) | 21.2(33) | 0.91 0.55 | -0.9737(315) | -16.2(258) | 6793(4754) | 0.06
0.59 | -1.0144(128) | 22.6(41) | 0.92 0.59 | -0.9668(318) | -19.1(269) | 7776(5013) | 0.06
0.62 | -1.0138(124) | 25.2(39) | 0.82 0.62 | -0.9618(442) | -21.3(359) | 8780(6582) | 0.09
0.66 | -1.0119(140) | 26.3(44) | 0.80 0.66 | -0.9663(436) | -15.4(348) | 7913(6313) | 0.04
0.69 | -1.0161(146) | 29.2(47) | 0.64 0.69 | -0.9603(535) | -19.1(443) | 9052(8136) | 0.02

A+ Bzx:18— > 32
c A B X%
0.38 | -1.0102(54) -2.8(22) | 0.51
0.42 | -1.0093(77) 1.4(32) 0.29
0.45 | -1.0088(78) 5.5(33) 0.23
0.49 | -1.0075(94) 9.1(37) 0.12
0 1

(
(
(
(
(
0.55 | -1.0034(154
(
(
(
(

0.52 | -1.0050(100) | 11.6(41) | 0.10

) | 14.2(61) | 0.13
0.59 | -1.0015(155) | 16.2(60) | 0.12
0.62 | -0.9990(181) | 18.0(72) | 0.24
0.66 | -1.0008(234) | 20.0(90) | 0.17
0.69 | -1.0009(214) | 21.8(89) | 0.17
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Z3/|mol?

A+ Bx : 16— > 32

c A B X%

0.38 | 0.6576(901) 36.3(313) 1.80

0.42 | 0.6139(1050) | 46.2(354) 1.46

0.45 | 0.5654(1457) | 63.7(515) 1.26

0.49 | 0.5291(1556) | 79.7(581) 0.96

0.52 | 0.4871(2004) | 103.1(703) 0.76

0.55 | 0.4919(2111) | 106.1(766) 0.64

0.59 | 0.5330(2284) | 102.7(798) 0.48

0.62 | 0.5164(3017) | 121.1(1038) | 0.38

0.66 | 0.5100(2771) | 132.4(1002) | 0.32

0.69 | 0.4375(3265) | 160.9(1108) | 0.31

A+ Bz + Cz? : 16— > 32
c A B C X%
0.38 | 1.0132(2401) -304.8(1901) | 67630(35062) 0.68
0.42 | 1.0613(2665) | -383.8(2293) | 85904(44424) | 0.13
0.45 | 1.0942(3827) -422.1(3321) | 94561(63499) 0.04
0.49 | 1.0736(4049) -430.1(3523) | 98404(68368) 0.09
0.52 | 1.1110(6180) -462.8(5185) | 108458(98729) 0.19
0.55 | 1.1861(6704) | -516.6(5838) | 118601(111345) | 0.25
0.59 | 1.1095(8214) -445.5(7100) | 111383(134804) | 0.34
0.62 | 1.0580(8899) -362.9(7838) | 91866(147559) 0.31
0.66 | 1.0049(8917) -312.5(7668) | 85061(146867) 0.31
0.69 | 0.9052(10656) | -222.3(9562) | 68733(185154) | 0.34
A+ Bzx:18— > 32

c A B X%

0.38 | 0.7313(1107) | -3.2(469) 2.37

0.42 | 0.7049(1173) | -6.3(473) | 1.11

0.45 | 0.6869(1511) | -11.0(659) | 0.64

0.49 | 0.6829(1754) | -4.9(733) 0.24

0.52 | 0.7162(2476) | -19.9(1134) | 0.06

0.55 | 0.7638(2977) | -30.9(1306) | 0.05

0.59 | 0.6390(3305) | 35.7(1406) | 0.05

0.62 | 0.7004(3683) | 18.0(1612) | 0.02

0.66 | 0.6653(4231) | 41.6(1828) | 0.06

0.69 | 0.7235(4749) | 26.8(2149) | 0.07
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Zs/ Ao

A+ Bx : 16— > 32

c A B X%

0.38 | -0.8870(598) -41.7(192) 1.67

0.42 | -0.8453(861) -51.0(270) 1.29

0.45 | -0.8085(847) -64.6(284) 1.05

0.49 | -0.8181(1140) | -64.9(390) | 0.81

0.52 | -0.7756(1469) | -83.2(479) 0.59

0.55 | -0.7767(1691) | -92.5(551) 0.52

0.59 | -0.7756(1680) | -92.3(578) 0.39

0.62 | -0.7776(2054) | -101.2(658) | 0.30

0.66 | -0.7797(2232) | -107.5(719) | 0.26

0.69 | -0.7880(2806) | -109.3(918) | 0.23

A+ Bz + Cz? : 16— > 32
c A B c X%
0.38 | -1.1501(1983) | 199.0(1717) | -45938(33066) 1.09
0.42 | -1.1668(2337) | 236.3(1980) | -55601(37484) | 0.27
0.45 | -1.1790(2610) | 266.4(2188) | -63190(41231) 0.05
0.49 | -1.1768(3484) | 281.4(3044) | -68678(57874) 0.03
0.52 | -1.2316(4365) | 320.9(3692) | -76599(69124) 0.08
0.55 | -1.1934(4876) | 291.1(4126) | -72494(77195) | 0.14
0.59 | -1.1481(5038) | 237.8(4385) | -63033(83545) 0.17
0.62 | -1.1426(5164) | 205.8(4427) | -55074(84515) 0.26
0.66 | -1.1471(6543) | 224.2(5506) | -62839(102644) | 0.27
0.69 | -1.0535(7305) | 128.7(6241) | -44541(117145) | 0.26
A+ Bzx:18— > 32

c A B X%

0.38 | -0.9414(934) -14.5(395) 2.52

0.42 | -0.9174(1081) | -11.6(437) 1.29

0.45 | -0.8647(1188) | -33.0(505) | 0.73

0.49 | -0.9041(1421) | -18.4(609) 0.28

0.52 | -0.9202(1843) | -12.9(774) 0.08

0.55 | -0.8857(2318) | -26.2(953) 0.03

0.59 | -0.9446(2490) | -12.9(1058) | 0.01

0.62 | -0.8983(2435) | -37.3(1063) | 0.03

0.66 | -0.9084(2836) | -41.6(1270) | 0.05

0.69 | -0.8834(3687) | -49.1(1539) | 0.08

193




C.0.3 Results: p=1.5

Z

Z3

Z3/|mol?

A+ Bz :16— > 32
c A B X%
0.38 | 2.0085(73) | 55.6(22) | 0.47
0.42 | 2.0118(94) | 44.5(31) | 0.26
0.45 | 2.0140(106) | 36.5(31) | 0.13
0.49 | 2.0200(106) | 29.3(32) | 0.05
0.52 | 2.0191(140) | 25.5(40) | 0.04
0.55 | 2.0221(143) | 21.9(43) | 0.02
0.59 | 2.0239(175) | 18.7(51) | 0.05
0.62 | 2.0227(204) | 17.7(58) | 0.04
0.66 | 2.0212(208) | 16.5(64) | 0.07
0.69 | 2.0230(203) | 14.4(60) | 0.04
A+ Bzx:16— > 32
c A B X%
0.38 | -1.0111(60) -1.8(17) | 0.77
0.42 | -1.0120(73) | 2.5(20) | 0.75
0.45 | -1.0144(90) 6.6(27) 0.72
0.49 | -1.0148(97) 9.9(29) 0.64
0.52 | -1.0161(132) | 12.7(38) | 0.87
0.55 | -1.0154(145) | 15.1(43) | 0.79
0.59 | -1.0124(164) | 16.1(47) | 0.79
0.62 | -1.0140(159) | 18.2(47) | 0.89
0.66 | -1.0151(199) | 20.5(59) | 0.81
0.69 | -1.0106(265) | 20.2(74) | 0.80
A+ Bzx:16— > 32
c A B X%
0.38 | 1.1464(7292) -495.3(2167) | 3.32
0.42 | 1.0970(8506) -492.6(2385) | 3.98
0.45 | 0.3874(12223) | -324.2(3687) | 4.33
0.49 | 0.4162(15682) | -337.7(4629) | 3.83
0.52 | -0.3203(15380) | -124.1(4552) | 3.67
0.55 | -0.7292(19374) | 49.3(5505) 2.82
0.59 | -1.7061(23725) | 341.1(7032) | 2.24
0.62 | -2.1576(24020) | 499.0(7064) | 1.82
0.66 | -2.8956(28018) | 726.0(8286) 1.36
0.69 | -2.8520(24640) | 783.3(7300) 1.09
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Zs/ Ao

A+ Bz :16— > 32

c A B X&

0.38 | -0.7884(2530) | -96.4(741) 3.43
0.42 | -0.6784(2761) | -119.8(840) 3.43
0.45 | -0.5415(3570) | -163.0(1086) | 3.22
0.49 | -0.4309(4458) | -188.8(1327) | 2.61
0.52 | -0.1779(3912) | -272.2(1203) | 2.14
0.55 | 0.0552(5495) | -331.5(1693) | 1.42
0.59 | 0.3009(6061) -420.6(1815) | 0.99
0.62 | 0.3389(6228) | -442.9(2033) | 0.62
0.66 | 0.6339(8993) | -546.0(2678) | 0.43
0.69 | 0.6070(9498) | -540.4(2648) | 0.24
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